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PRO 190-W Wrap-Around Hinged 
Stabilizing Brace
This updated version of the tried and true 190 Hinged 
Stabilizing Brace features a hinge that allows the user 
to set the extension stop at 0,15, 30 and 45 degrees. 
This new wrap-around design makes application and 
removal much easier than traditional pull-on models, 
especially in post injury or post surgical situations.

PRO 315 Rodeo Wrap
Originally designed for use by Professional Bull 
Riders in the treatment of groin strains and pulls. 
This reusable elastic wrap has proven useful in a 
variety of sports. A full 14' in length, with sewn in 
hook fasteners, this wrap contours easily to 
the thigh and waist providing custom tailored 
compression and support, machine washable. 
Available in 3" and 4" widths.

PRO 11 Super Pro Scissors
This update on a classic has been in Training 
Rooms for more than 30 years, features an 
Ergonomic bend for better leverage when cutting 
thicker materials. Larger finger rings provide more 
comfort to the user. The new power-lock screw 
replaces the old screw and nut adjustment system 
for better durability. The redesigned bandage tip 
allows for easier insertion under tape and wraps.

lists. Need a new PRO catalog- 
give us a call at 1-800-523-5611
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BECAUSE DIAMONDS

BEST FRIEND

THERE IS A REASOf THE WOMEN'S 

X2K KNEE BRACE INCORPORATES BREC'S 

DISTINCTIVE DIAMOND DESIGN TO 

PRODUCE A STRONG, LIGHTWEIGHT 

ORTHOSIS DESIGNED TO FIT HER. THE 

INHERENT STRENGTH OF THIS DESIGN TO 

RESIST VARUS/VALGUS BENDING IS MOST 

IMPORTANT FOR OPTIMAL KNEE GRAFT 

PROTECTION AS WELL AS UNLOADING 

FOR UNICOMPARTMENTAL OA. WITH HER 

WIDER HIP BASE, THE VALGUS FORCES ON 

THE KNEE ARE GREATER ON A FEMALE 

THAN MALE; THAT IS WHY THE DIAMOND 

IS SO IMPORTANT TO HER. TO LEARN 

MORE ABOUT THE X2K FOR WOMEN VISIT 

WWW.WOMENX2K.COM.

THE WOMEN'S 

X2K KNEE BRACE 

INCORPORATES 

BREG'S DISTINCTIVE 

DIAMOND DESIGN.

2611 Commerce Way 
Vista, California 92083 
800-321-0607 
760-598-6193 fax
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About the only time 

, your athletes

should be using water 

over Gatorade.

If you want your athletes to be better hydrated, make sure they're drinking Gatorade? Nothing 
is proven to hydrate and replenish athletes better during exercise than Gatorade. Not even 
water. Gatorade is scientifically formulated to provide fast absorption and encourage greater 
consumption. So - if you're looking to combat dehydration, think of it as 32 ounces of prevention.

www.gssiweb.com



RELIEF IN PRACTICE
POWERFUL PAIN RELIEF plus DEEP MUSCLE RELAXATION

NEW

Also available in neck-to-arm and menstrual varieties

Official
Back Pain Therapy 

of the
PGA TOUR and 

SENIOR PGA TOUR

• 8 hours of consistent, penetrating, low-level heat (40°C/104°F)
• Ultra-thin design for freedom of movement
• Air-activated and single-use
Studies show that for your patients in pain:
• Low-level heat increases blood flow at the site of pain and 

relaxes muscles1"
• ThermaCare significantly improves range of motion by 

up to 31% after 2 to 3 days of therapy1*
• ThermaCare provides superior muscle pain relief1 vs the 

active ingredients in the two leading QIC analgesics1
Visit www.thermacare.com or call 1-800-347-1565

'Compared with baseline.
'After! day of treatment.
References: 1 . Data on file. The Procter & Gamble Company. 2. DePace DM, Newton R. Anatomic and functional aspects of pain:
evaluation and management with thermal agents. In: Michlovitz SL, ed. Thermal Agents in Rehabilitation. 3rd ed. Philadelphia, Pa: FA
Davis Co; 1996:30-57.3. Cameron MH. Physical Agents in Rehabilitation: From Research to Practice. Philadelphia, Pa: WB Saunders Co;
1999:149-173.4. Irrgang JJ, Delitto A, Hagen B, et al. Rehabilitation of the injured athlete. Orthop Clin North Am. 1995:26:561-577.
©2001 Procter & Gamble PGB-1007 TJAN01107R1



Only Mueller has the 
Triaxial Hinge
U.S. PATENTS 4,573,455 4,844,057

Triaxial Hinge properly tracks 
the knee joint.

This is the only hinge that can 
recapture 16 mm of posterior shift 
of the instant center of the knee.*
No other brace can make 
this claim.

*Study available upon request.

HINGED KNEE BRACE
2333 Black SM - XXL

HINGED KNEE BRACE DELUL
B5333 Black SM - XXXL

HINGED WRAPAROUND KNEE BRACE
3333 Black REG or LG

ADVANCED 
HINGE DESIGN
Single axis and polycentric 
hinges were designed prior 
to research that measured the 
geometric characteristics of 

knee motion. All other hinges,
regardless of misleading 

^', names like "Multicentric",
are still simple single 

r axis or double axis 
hinges which are pro 
to promote a median 
mismatch that induce 
brace migration.

^ HINGE \

Comparisof 
hinge design using full 
sized sagittal plane plexi 
glass models of the knee 
shows that the simplistic 
movement of single axis 
and polycentric hinges 
are incompatible with the 
complex motion generated 
by the knee.

TRIAXIAL HINGE
The instant center is always posterior of the 
central axis and reproduces the near-nor 
mal posterior pathway of the knee.

POLYCENTRIC HINGE
Two centers of rotation allow only minimal pos 
terior displacement.

SINGLE AXIS HINGE
Hinge design is fixed at the center pivot and 
exhibits no posterior displacement.

10 15 20
I I 

Single Axis Hinge: 0 mm

Biaxial Hinge: 10 mm

Triaxial Hinge: 16 mm
i T 

Normal Knee: 17 mm

1-800-356-9522 • www.muellersportsmed.com



CHPSO
Providers Service Organizationpare

our rates, our benefits
and our service to your current 
professional liability coverage!

Assuming you're fully covered by your employer's malpractice insurance could jeopardize your 
financial security and your career. Protect yourself now because ... inadequate coverage provided 
by your employer can leave you responsible for unexpected expenses!

Compare our Rates:
  Just $175 a year for a full-time employed Athetic Trainer.
• Students pay just *20 per year.
• Recent graduates are eligible for 50% discount (off the full-time rate).

Compare our Benefits:
  Liability limits up to $6,000,000 aggregate, up to $1,000,000 each claim. — Higher Limits!
I/ Legal Fees - defense attorney provided, if necessary and investigative fees paid
I/ Off Duty Coverage - protects you on or off the job, 24 hours a day!

PLUS . . .

I/ Assault Coverage — Higher Limits!
I/ License Protection — Higher Limits!
I/ Deposition Fees and Expense Coverage
I/ Personal Liability Coverage
t/ Defendant Expense Benefit

I/ Personal Injury Coverage
I/ First-Aid Expenses
t/ Medical Expenses
%/ Property Damage — Higher Limits!

Compare our Service:
HPSO has been serving healthcare professions for over 25 years. We now protect over 
70 different professions and more than 650,000 healthcare workers. Our customer service 
representatives are there when you need them to offer support and advice.

w's easv •
Just complete the attached Application Form or apply 
on-line at WWW.hpSO.com. If you need more information,
can 1-800-982-9491.

Healthcare Providers Service Organization is a division of Affinity Insurance Services, Inc.; in NY and NH, AIS Affinity Insurance Agency; in MM and OK, AIS Affinity Insurance Agency, Inc.; and in CA, 
Aon Insurance Services. In FL, we are not an unaffiliated or independent not-for-profit entity. Affinity Insurance Services, Inc. is the program administrator for the insurer underwriting the policy. 
This program is underwritten by American Casualty Company of Reading, PA, a CNA company. CNA is in the process of seeking necessary regulatory approvals, which will enable them to offer the 
enhanced coverages described in this ad at this premium rate. If your state has approved the filing by the time your application is processed, your policy will be issued with these enhanced coverages 
and rates. If the filing has not been approved in your state by the time your application is processed then the current coverages and rates will be issued. Coverages, rates and limits may differ in some 
states. This material is for illustrative purposes only and is not a contract. Only the policy can provide the actual terms, coverages, amounts, conditions and exclusions. CNA is a service mark and trade 
name registered with the U.S. Patent and Trademark Office. 
© 2002 Affinity Insurance Services, Inc. APE-C302J



Professional Liability Insurance for Healthcare Professionals
EH YESy I want the protection of HPSO Malpractice Insurance up to $1,000,000 each claim/up to $6,000,000 aggregate (10)

APE-A2BA25SA

Name 
Address

5. Are you a member of a professional association?.................. DYes DNo
Name of Association ________________________

City. State. Zip.

1. I am: CD Full-time D Part-time* Tart-time is 24 hrs. or less a week

2. D I am an Athletic Trainer (APE-A2)
Employed: D Full-time ($175/yr.) D Part-time ($100/yr.) 

Self-Employed: D Full-time ($360/yr.) D Part-time ($180/yr.)
If you are incorporated or self-employed with employees please call 1-888-288-3534.

D Student ($20/yr.) Grad. Date / /
D Recent Graduate (within 12 mos.) Eligible for 50% discount (off the mil-time rate)

3. Date of Birth: ___/__/__ Social Security # ____ - ____ - ___
Telephone #: E-mail:

4. Requested Effective Date:
(Date should be within 60 
days from application date.)

Have you ever had professional liability insurance declined,
canceled or non-renewed for any reason other than for
non-payment of premium? (Not applicable tor MO residents.)................ DYes DNo
Has any claim or lawsuit for malpractice ever been brought
against you?............................................................................ DYes DNo
Within the last 5 years, have you been the subject of complaints, 
charges, or disciplinary action against you for any reason, by a court, 
licensing board or regulatory agency responsible for 
maintaining the standards of your profession? ...................... D Yes D No
If you answered " YES" to questions 6,7 or 6 please provide complete details 
on a separate sheet of paper and attach to application.

Do you currently carry: a) D Homeowner's policy b) D Condominium 
owner's policy, c) D Tenant's homeowner's policy, d) DNone of the above?

Insurance Agent: Nicholas C. Kihm, C.L.U., J.D. Florida License #203261003

D Enclosed is my check (Payable to HPSO). 
D Bill me for the annual premium.

Charge my credit card. DAMEX 
Credit Card # __________

D Discover D MasterCard D Visa 
____________ Exp. Date __ /_

I have answered these questions to the best of my knowledge. I have not withheld any information that would influence the judgment of the Insurance Company. My signing of the application does not bind the Company to complete 
the insurance. This application will be the basis of the contract should a Certificate of Insurance be issued.

FRAUD NOTICE - Where Applicable Under The Law of Your State
Any person who knowingly and with intent to defraud any insurance company or other person files an application for insurance or statement of claim containing any materially false information, or conceals 
for the purpose of misleading, information concerning any fact material thereto, commits a fraudulent insurance act, which is a crime and may be subject to civil fines and criminal penalties. (For New 
York residents only: and shall also be subject to a civil penalty not to exceed five thousand dollars and the stated value of the claim for each such violation.) (For Pennsylvania residents only: Any person 
who knowingly and with intent to injure or defraud any insurer files an application or claim containing any false, incomplete or misleading information shall, upon conviction, be subject to imprisonment 
for up to seven years and payment of a fine of up to $15,000.)

Signature X Date
THIS APPLICATION MUST BE FULLY COMPLETED, SIGNED AND DATED IN INK. WE WILL ISSUE YOUR CERTIFICATE OF INSURANCE UPON APPROVAL.

This program is underwritten by American Casualty Company of Reading, PA, a CNA company. Coverages, rates and limits may differ in some states. CNA is a service mark and trade name registered with the U.S. Patent and Trademark
Office. Healthcare Providers Service Organization is a division of Affinity Insurance Services, Inc.; in NY and NH, AIS Affinity Insurance Agency; in MN and OK, AIS Affinity Insurance Agency, Inc.; and in CA, Aon
Insurance Services. In FL, we are not an unaffiliated or independent not-for-profit entity. Affinity Insurance Services, Inc. is the program administrator for the insurer underwriting the policy. mot -r T T^^ x^v
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D Discover D MasterCard D Visa 
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who knowingly and with intent to injure or defraud any insurer files an application or claim containing any false, incomplete or misleading information shall, upon conviction, be subject to imprisonment 
for up to seven years and payment of a fine of up to $15,000.)

Signature X Date
THIS APPLICATION MUST BE FULLY COMPLETED, SIGNED AND DATED IN INK. WE WILL ISSUE YOUR CERTIFICATE OF INSURANCE UPON APPROVAL.
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The ultimate tool for teaching the 
treatment of the spine-injured athlete!

Spine Injury Management
Prahotprtal Core of the Injured Athlete

Vip » tbrog^M rf iphH^unriSpine Injury
fllanaaemen

Wdeo
PrehospitalCareofthe 

Injured WWete
r

national BIMelic Trainers' nssodaliw

Spine Injury Management Kit
2002 • ISBN 0-7360-4076-5 
$89.00 ($142.50 Canadian)

I he Spine Injury Management Education Kit, including a video, CD-ROM, 
palm card, and poster, builds on the latest information for treating spine- 
injured athletes in football, lacrosse, gymnastics, and a variety of other sports.

The video clearly explains the vital steps in the treatment of athletes with 
spinal injuries, including information on how to perform an initial assessment, 
immobilize and transport injured athletes, and prevent spine injuries.

The CD-ROM boasts an instructor guide, test bank, and PowerPoint 
presentation to help make spine injury management instruction more effective. 
It also includes a student booklet, competency work-sheets for students to 
track the skills they've learned, and a copy of "Prehospital Care of the Spine- 
Injured Athlete: A Document From the Inter-Association Task Force for 
Appropriate Care of the Spine-Injured Athlete"—a report every on-the-field 
health care professional should have.

The laminated palm card on athlete care and equipment removal acts as a handy cheat-sheet you can use to 
review critical issues before taking action. Purchase enough copies so that every athletic trainer and local 
emergency care professional can carry one.

The poster is a full-color visual description of appropriate care for spine-injured athletes, and should be hung 
prominently in every athletic training room and EMS facility.

The Spine Injury Management Education Kit is the ultimate tool for teaching the treatment of spine-injured athletes.

HUMAN KINETICS
The Information Leader in Physical Activity 
www.humankinetics.com

To purchase the 
components separately

Spine Injury Management CD-ROM 
2002 • ISBN 0-7360-4079-X ^ . 
$39.95 ($63.95 Canada)

Spine Injury Management Palm Cards 
Set of 10 laminated palm cards 
2002 • ISBN 0-7360-4357-8 
$10.00 ($15.95 Canada)

Spine Injury Management Poster
2002 • ISBN 0-7360-4425-6 
$15.00 ($23.95 Canada)

Spine Injury Management Video 
2002 • ISBN 0-7360-4077-3 
$39.95 ($63.95 Canada)

1219 To order, visit our Web site or call 1 -800-747-4457 (U.S.) or 1 -800-465-7301 (CAN)



The American College of Sports Medicine 
will be offering two Team Physician courses.

The Advanced Team Physician Course
(Offered in cooperation with the American Medical Society for Sports Medicine 

and the American Orthopaedic Society for Sports Medicine)

December 5-8, 2002, Marriott RiVerwo/k, Son Antonio, Texas

AI

CSM 
MSSM 
OSSM

ADVANCED TEAM 
PHYSICIAN COURSE

American College of 
Sports Medicine

American Medical
Society for Sports

Medicine
American Orthopaedic

Society for Sports
Medicine

Topics Include:
I lip Problems in the Athlete
Injections in Athletes: Scientific, Ethical and Legal Issues
Concussion: Can we Reach Consensus?
Superior Labrum Pathology: Slap, Slac and Superior Instability
Cardiopulmonary Problems in the Athlete: An Update
Elbow Problems in Athletes
Osteoarthritis and the Athlete: What are the Risks?
Update on Treatments for Osteoarthritis in Active People

Buying your Way Into the Training Room: Ethics and Legal
Issues
Medical Breakout Sessions: Cardiology Topics, Sideline
Evaluation Pearls, Commonly Misused Musculoskeletal
Diagnosis
Surgical Breakout Sessions: Practical Tips and How I Do It
When Can They Return to Play?
My Perfect Referral and My Perfect Consultation in Return:
What to Send and What we Need Back

Target Audience: The experienced and knowledgeable team physician, certified athletic trainer, physical therapist or coach 
concerned with the management or prevention of injuries to the team athlete.The course will present the latest information 
and application of medical information in the practice of sports medicine. ; I

ACSM Team Physician Course - Part II

(Managed by the American College of Sports Medicine)

February 19-23, 2003, Or/ondo, Florida
(Part I to be held in February 2004 - Parts need not be taken in sequential order)

ACSM
> TEAM
PHYSICIAN, COURSE p^t,,

AMERICAN COLLEGE of SPOUTS MEDICINE,

Topics Include:
Musculoskeletal - Knee, Hip, Foot and Ankle
Overuse Injuries
Rehabilitation
Pharmacology
Child
Environmental

Conditioning and Training
Nutrition
Dermatology
Organization and Administration
Lumbar Spine
Thoracic Spine

Target Audience: Physicians, certified athletic trainers, nurse practitioners and other clinicians interested in learning the 
basic information needed to perform the duties of a "team physician" from a variety of medical specialities.

Information and registration materials for both courses will be available in the summer.
Contact the ACSM Meetings - Department at Tel.: (317) 63 7-9200, fax: (3 1 7) 634-7817, or e-mail at akrug@acsm.org, www.acsm.org.

ACSM
MSSM
DSSM

AMERICAN COLLEGE 
of SPORTS MEDfCME.

Name:

ADVANCED TEAM 
PHYSICIAN COURSE

Please Provide me additional information about:

__ Advanced Team Physician Course 
__ ACSM Team Physician Course

Address: 

Tel.: Fax:

E-mail Address:

Please fill out the information above and mail to: American College of Sports Medicine • Attention ATPC/TPC • 401 West Michigan Street 
• Indianapolis, IN • 46203-3233 or send via Fax to (3 17) 634-7817. | NATA/02|



™eAircast 
Foundation inc

Orthopaedic Medicine 
Research Grants

Funding to Promote:
Excellence in scientific research and education in the area of Orthopaedic 
medicine with a focus on: optimizing function, biomedical research, and 
improving medical outcomes.

We encourage applications from young investigators* and issue grants 
in the spring and fall of each year. A maximum $100,000 initial award over 
two years for each individual grant.

For additional information, contact 
www.aircastfoundation.org

or 
r -:•'! 800.720.5516

* Those Pi's who have not received NIH grant support in their current field of investigation. 

A private foundation established in 1996, independent of

CEU Quiz
The CEU quiz for the June 2002 issue

(Volume 37, Number 2) of the
Journal of Athletic Training will be located

in the June 2002 NATA News.

25th Annual Student Writing Contest
Entries must be received at the following address by March 3, 2003

NATA Student Writing Contest 
Deloss Brubaker, EdD, ATC

Life College 
1269 Barclay Circle 
Marietta, GA 30060

For a detailed description of the contest rules, please visit 
www.journalofathletictraining.org/.
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Time is get your CEUs!
Earn quality CEUs via the Internet!

This is the last year in your CEU cycle, and if you don't yet 
have your required CEUs, PASS, the Professional Achievement 
Self-Study Program, is a great way to earn them! With 
PASS, you can earn relevant, practical, continuing education 
credits at your own pace and on your own time.

Take advantage of the PASS Program over the Internet with 
this new series of innovative courses. And be sure to visit 
our Web site to earn your CEUs before the clock runs out!

The Hand and Wrist in Sport
This is an interactive online course that will expand your 
understanding and provide a systematic approach to the 
clinical examination and rehabilitation of an athlete's hand 
and wrist.

Current Trends in the Use of Electrical Stimulation in 
Athletic Rehabilitation
This is an interactive online course that will give you an 
expanded, state-of-the-art understanding of techniques, 
protocols, instrumentation advances, and other concepts 
associated with electrotherapeutic intervention.

Care and Treatment of Asthma in Athletes
This interactive online course will help you understand, 
identify, and work with athletes who have exercise-induced 
asthma. Care and Treatment of Asthma in Athletes enhances 
your personal understanding of the pathology and basic 
mechanisms of asthma, as well as prevention and control 
techniques.

Professional 
Achievement 
Self-Study 
Program

Human Kinetics is recognized by the
NATA Board of Certification, Inc. (NATABOC)

to offer continuing education for
certified athletic trainers.

To order

U.S. 1-800-747-4457
Canada 1-800-465-7301

http://nata.hkeducationcenter.com

Visit the Human Kinetics Web site
for more information on these and other courses.

www.humankinetics.com

Visit our new Web site to learn more or to order:

http://nata.hkeducationcenter.com

N005 3/02



Journal of Athletic Training 2002;37(2):125
© by the National Athletic Trainers' Association, Inc
www.journalofathletictraining.org

ERRATUM

Hopkins JT, Ingersoll CD, Edwards J, Klootwyk TE. Cryotherapy 
and transcutaneous electric neuromuscular stimulation decrease ar- 
throgenic muscle inhibition of the vastus medialis after knee joint 
effusion. J Athl Train. 2002;37:25-31.

The title is incorrect. It should read, "Cryotherapy and transcutaneous 
electric nerve stimulation decrease arthrogenic muscle inhibition of 
the vastus medialis after knee joint effusion."
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2001 Outstanding Manuscript Awards

Congratulations to the winners and the runners-up of the 2001 Outstanding Manuscript Awards, as determined by the Editorial 
Board and the Associate Editors of the Journal of Athletic Training.

2001 Journal of Athletic Training Kenneth L. Knight Award for the Outstanding Research Manuscript
Winner: Shultz SJ, Perrin DH, Adams JM, Arnold BL, Gansneder BM, Granata KP. Neuromuscular 

response characteristics in men and women after knee perturbation in a single-leg, weight- 
bearing stance. 1:37-43.
Riemann BL, DeMont RG, Ryu K, Lephart SM. The effects of sex, joint angle, and the 
gastrocnemius muscle on passive ankle joint complex stiffness. 4:369-375.
Guskiewicz KM, Ross SE, Marshall SW. Postural stability and neuropsychological deficits 
after concussion in collegiate athletes. 3:263-273.

First Runner-Up: 

Second Runner-Up:

2001 Journal of Athletic Training Clint Thompson Award for the Outstanding Non-Research Manuscript
Winner: Kelly JP. Loss of consciousness: pathophysiology and implications in grading and safe return 

to play. 3:249-252.
Giza CC, Hovda DA. The neurometabolic cascade of concussion. 3:228-235.
Brindle T, Nyland J, Johnson DL. The meniscus: review of basic principles with application 
to surgery and rehabilitation. 2:160-169.

First Runner-Up: 
Second Runner-Up:

NATA

Research & Education Foundation 
Requests For Proposals

rp
J_ he NATA Research and Education Foundation currently has the

following five (5) active Requests for Proposals. Detailed infor 
mation regarding each RFP, as well as the application process, may 
be found at the NATA Foundation web site at www.natafoundation.org.

1. General Grants Program for 2002

Epidemiological Study for Pediatric Sports Healthcare 

National High School Injury Surveillance Study Data 

Athletic Training Outcomes Assessment Data

5. Exercise by Children and Adolescents in Warm and Hot Environments

6. Bone and Joint Decade

For additional information: 
NATA Foundation
2952 Stemmons Freeway 
Dallas, Texas 75247 
214-637-6282 ext 142 
214-637-2206 fax 
j ohno@nata.org
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E ditorial

Clinical Education Reform and Evidence- 
Based Clinical Practice Guidelines
Craig R. Denegar; Jay Hertel

The athletic training profession is in the midst of substantial educational reform. Changes in the structure of clinical education 
are an important component of that reform. No longer will the accumulation of hours be the standard on which the clinical 
education experience is judged. This standard is being replaced by a model that requires students to demonstrate proficiency 
in the many skills associated with the practice of athletic training. Clearly, the demonstration of specific skills is superior to 
the assumption that students will "get what they need" in 800 or more hours of supervised clinical training. With this change 
comes opportunity.

The phrase "clinical proficiencies," used to replace "hours," implies that these practices are effective interventions in the 
health care of the physically active population. We suggest that identifying specific clinical proficiencies that are essential for 
entry-level athletic training students to know requires the asking of a most critical question: What do certified athletic trainers 
do that makes a difference in the health care of the physically active?

The impact of modality application on treatment outcomes has been increasingly scrutinized over the past decade. Thus, we 
have selected therapeutic ultrasound to illustrate the issue of clinical efficacy. The new educational standards call for students 
to demonstrate proficiency in the use of continuous and pulsed ultrasound, as well as combination treatments with electric 
stimulation and phonophoresis. We call to your attention two recent review papers on therapeutic ultrasound addressing the 
biophysical effects and effectiveness of treatment. Baker et al 1 concluded, "there is currently insufficient biophysical evidence 
to provide a scientific foundation for the use of therapeutic ultrasound for the treatment of people with pain and soft tissue 
injury." Robertson and Baker2 concluded, "there is little evidence that active therapeutic ultrasound is more effective than 
placebo for treating people with pain or a range of musculoskeletal conditions or for promoting soft tissue healing."

Our puipose is not to debate the efficacy of ultrasound but to address a larger issue: How do we best prepare students in 
the art and science of evidence-based clinical practice? Conclusions such as those reached by Baker 1 and Robertson and Baker2 
cannot be dismissed if students and certified athletic trainers are to learn to seek evidence to support their practice decisions. 
These and similar reports should be openly discussed so that we adapt our practices and educational guidelines appropriately. 
Under the new clinical proficiency model, however, athletic training students will be required to demonstrate proficiency in 
applying a treatment modality, even though the professional literature may yield considerable evidence that the treatment does 
not improve clinical outcomes.

Each clinical proficiency should be thoroughly examined to determine its clinical effectiveness. In some areas, such as the 
role of body-weight monitoring to prevent dehydration and heat illness, the validity of practice and education is evident. In 
other areas such as clinical examination tests, data to support the validity of these tests must be discussed. For example, what 
is the sensitivity (true positive) and specificity (true negative) for the McMurray test for meniscal pathology when compared 
with the "gold standard" of magnetic resonance imaging? If the consensus among a group of medical and allied medical 
professionals, based on review of the scientific evidence, is that the McMurray test is useful, then it should be included in our 
educational programs. If, however, data demonstrate that this test lacks sufficient sensitivity and specificity, this practice should 
be abandoned and our students' time spent perfecting those assessments deemed most valid.

Demonstrating that what is done in clinical practice truly makes a difference in the outcome of patients' health care is a 
daunting challenge to researchers and clinicians alike. This challenge is being addressed across medical and allied medical 
disciplines through the development of evidence-based clinical practice guidelines. Scalzitti, 3 in the lead article of a recent 
issue of Physical Therapy devoted to evidence-based clinical practice guidelines developed by the Philadelphia Panel, stated 
that more than 5000 practice guideline papers were published between 1991 and 2000, with more than 700 appearing in the 
year 2000 alone. The athletic training profession has also started to provide practice guidelines. The Pronouncements Committee 
has supplied practice guidelines to protect the physically active from lightning and to address fluid replacement. To a great 
extent, these documents discuss procedure and prevention. All aspects of athletic training practice, however, warrant review, 
especially evaluation and treatment methods for specific injuries and athletes.
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The clinical proficiencies provide a strong framework to assess the common practices of athletic trainers. Critical review is 
needed to establish the guidelines that will define the educational preparation and clinical practice of certified athletic trainers 
in the 21st century. We, as a profession, have this opportunity, and we must seize it and define our future.

REFERENCES

1. Baker KG, Robertson VJ, Duck FA. A review of therapeutic ultrasound: biophysical effects. Phys Ther. 2001;81:1351-1358.
2. Robertson VJ, Baker KG. A review of therapeutic ultrasound: effectiveness studies. Phys Ther. 2001;81:1339-1350.
3. Scalzitti DA. Evidence based guidelines: application to clinical practice. Phys Ther. 2001;81:1622-1628.

Editor's note: Craig R. Denegar, PhD, ATC, PT, is a JAT Associate Editor and an Associate Professor in the Departments 
of Kinesiology and Orthopaedics and Rehabilitation at Pennsylvania State University, University Park, PA. Jay Hertel, PhD, 
ATC, is a JAT Editorial Board member and an Assistant Professor in the Department of Kinesiology at Pennsylvania State 
University.
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Differences in Postural Control During 
Single-Leg Stance Among Healthy 
Individuals With Different Foot Types
Jay Hertel; Michael R. Gay; Craig R. Denegar

Pennsylvania State University, University Park, PA

Jay Hertel, PhD, ATC, contributed to conception and design; acquisition and analysis and interpretation of the data; and 
drafting, critical revision, and final approval of the article. Michael R. Gay, MS, ATC, contributed to acquisition of the data and 
critical revision and final approval of the article. Craig R. Denegar, PhD, ATC, PT, contributed to conception and design; 
analysis and interpretation of the data; and critical revision and final approval of the article.
Address correspondence to Jay Hertel, PhD, ATC, Pennsylvania State University, 269 Recreation Building, University Park, PA 
16802. Address e-mail to jnh3@psu.edu.

Objective: To identify differences in postural control among 
healthy individuals with different architectural foot types.

Design and Setting: We compared postural control during 
single-leg stance in healthy individuals with cavus, rectus, and 
planus foot types in our athletic training research laboratory.

Subjects: Thirty healthy, young adults (15 men, 15 women; 
age, 21.9 ± 2.0 years; mass, 71.6 ± 16.7 kg; height, 168.4 ± 
13.6 cm) had their feet categorized based on rearfoot and fore 
foot alignment measures. The right and left feet of a subject 
could be classified into different categories, and each foot was 
treated as a subject. There were 19 cavus, 23 rectus, and 18 
planus feet.

Measurements: Subjects performed three 10-second trials 
of single-leg stance on each leg with eyes open while standing

on a force platform. Dependent measures were center-of-pres- 
sure (COP) excursion area and velocity.

Results: Subjects with cavus feet used significantly larger 
COP excursion areas than did subjects with rectus feet. How 
ever, COP excursion velocities were not significantly different 
among foot types.

Conclusions: Clinicians and researchers assessing postural 
control in single-leg stance with measures of COP excursion 
area must be cognizant of preexisting differences among foot 
types. If individuals' foot types are not taken into account, the 
results of clinical and research investigations assessing COP 
excursion area after injury may be confounded.

Key Words: stabilometry, postural sway, pes cavus, pes 
planus, pes rectus, foot classification

I nstrumented assessment of postural control has been used 
to quantify functional impairment in patients with various 
orthopaedic injuries, such as lateral ankle sprains, 1 "6 an 

terior cruciate ligament injuries,7"9 and lumbosacral pain. 10" 13 
In the past decade, the use of balance tasks to assess and re 
habilitate postural control in injured athletes has become more 
commonplace. Despite this increased interest in the assessment 
of postural control in the sports medicine setting, very few 
studies have been performed to examine if common lower ex 
tremity malalignments, such as foot type, have a role in per 
formance on instrumented postural control tests. Athletic train 
ers who use instrumented measures of postural control in 
clinical or research settings may benefit from a better under 
standing of the effects of common malalignments on such 
measures.

Postural control is often quantified by having a subject stand 
on a force platform as ground reaction forces and moments 
are measured. Center-of-pressure (COP) excursions are com 
puted from the ground reaction forces. Moments and excur 
sions in COP position provide an indication of postural control 
during quiet standing. 14 An individual with a high magnitude 
or velocity of COP excursions is thought to have impaired 
postural control. 14 During single-leg stance, control of upright 
posture is accomplished largely through corrective movements 
at the ankle joint. Subjects use visual, vestibular, and somato-

sensory information to plan and execute motor commands to 
maintain balance. Because muscles that act on the ankle com 
plex contract in an effort to control a stable upright posture, 
changes in ground reaction forces lead to COP migrations 
within the base of support.

Despite the fact that much assessment of postural control in 
the sports medicine setting occurs in the barefoot condition, 1 "6 
no published research reports have addressed the effect of dif 
ferent architectural foot types on postural control measures. 
Root et al 15 described 3 common types of foot postures: cavus 
feet are high arched and associated with excessive rearfoot 
varus, planus feet are flat arched and associated with rearfoot 
valgus and excessive forefoot varus, and rectus feet are "nor 
mal" and not associated with excessive forefoot or rearfoot 
malalignment. It is feasible that the interface between differ 
ently shaped feet and a forceplate could influence ground re 
action forces and, thus, postural control measures during ob 
jective assessment of postural stability during single-leg 
stance. If such differences do exist, they may influence the 
way measures of postural control in single-leg stance are in 
terpreted in clinical and research settings. Therefore, the pur 
pose of our study was to determine if differences exist in pos 
tural sway area and velocity among individuals with different 
architectural foot types.
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Table 1. Rearfoot and Forefoot Alignment Measures Table 2. Center-of-Pressure (COP) Excursion Area and Velocity

Foot Type Rearfoot Alignment Forefoot Alignment Foot Type COP Area, cm2 COP Velocity, cm/s

Cavus (n = 19) 
Rectus (n = 23) 
Planus (n = 18)

4.7° ± 1.4° varus 
0.3° ± 1.8° varus 
5.0° ± 2.0° valgus

5.6° ± 4.7° valgus 
2.2° ± 5.7° varus 
6.3° ± 3.6° varus

METHODS

Subjects

Thirty healthy, young adults (15 men, 15 women; age, 21.9 
± 2.0 years; mass, 71.6 ± 16.7 kg; height, 168.4 ± 13.6 cm) 
volunteered as subjects. Subjects were reported to be free of 
cerebral concussions, vestibular disorders, and lower extremity 
orthopaedic injuries in the 6 months before testing. All sub 
jects read and signed an informed consent form approved by 
the institutional review board (which also approved the study) 
before participating.

Assessment of Foot Type

Foot type was determined through an open kinetic chain 
assessment using the methods described by Root et al. 15 Go- 
niometric measurements of rearfoot and forefoot alignment in 
subtalar neutral positions were taken with subjects lying prone. 
The leg to be measured was extended over the end of the 
plinth. The contralateral limb was passively placed in a posi 
tion of hip abduction and external rotation with knee flexion 
so that the contralateral ankle lay across the posterior thigh of 
the limb being measured. Subjects were manually placed in 
subtalar neutral positions for both measurements.

Rearfoot alignment was assessed by drawing a line that rep 
resented the proximal axis, which bisected the posterior aspect 
of the lower leg from the level of the musculotendinous junc 
tion of the triceps surae to approximately 10 cm proximal to 
the insertion of the Achilles tendon. The distal axis was drawn 
by longitudinally bisecting the calcaneal tuberosity. The center 
of the goniometer was placed at a point that bisected the pos 
terior aspect of the ankle and equal in level with the distal tip 
of the lateral malleolus. The rearfoot angle was measured with 
the arms of the goniometer aligned with the line that bisected 
the lower leg and the line that bisected the calcaneus. Forefoot 
alignment was assessed by measuring the angle between a line 
parallel to the end of the plinth and a line parallel with the 
metatarsal heads.

Subjects' feet were assigned to the cavus, rectus, or planus 
group based on the foot type classifications originally de 
scribed by Root et al. 15 Each foot was analyzed individually, 
and the right and left feet of the same subject could be clas 
sified into 2 different categories. There were 19 cavus feet, 23 
rectus feet, and 18 planus feet (Table 1).

Instrumentation

Postural control was assessed using an AMTI Accusway 
force platform (AMTI Corp, Watertown, MA) interfaced with 
a laptop computer using Swaywin software (AMTI). Three- 
dimensional ground reaction forces were recorded at 50 Hz, 
and COP excursions were calculated by the software program. 
The origin of the COP path was the initial point of COP during 
each trial. Dependent measures of postural control included 
COP excursion sway area and velocity. Area represented the

Cavus 
Rectus 
Planus

5.14 ± 1.90* 
4.01 ± 1.06 
4.30 ±1.11

3.48 ± 0.64
3.58 ± 0.79
3.57 ± 0.90

*Postural sway area scores were significantly higher for cavus feet com 
pared with rectus feet (P = .031).

magnitude of distribution of COP excursions during a trial, 
whereas velocity represented the average speed of COP move 
ment during a trial.

Postural Control Task

Subjects performed 3 trials of quiet standing in single-leg 
stance on both the right and left limbs. Subjects stood with 
arms folded across their chest and eyes open while focusing 
on a stationary visual target located on a wall 1 m from the 
force platform. We instructed subjects to stand as motionless 
as possible. Each trial lasted 10 seconds. The initial stance leg 
was determined using a counterbalancing schedule. Trials were 
discarded and repeated if a touchdown (the nonstance leg 
touching the ground) occurred during the trial.

Statistical Analysis

The mean of the 3 trials for each dependent variable was 
calculated for each condition. Two separate analyses of vari 
ance were conducted, with foot type serving as the indepen 
dent variable and mean COP excursion area and mean COP 
excursion velocity serving as the dependent variables. Post hoc 
analyses were performed using the Tukey test. The level of 
significance was preset at P < .05.

RESULTS

Means and SDs for COP excursion area and velocity are 
shown in Table 2. A significant main effect for foot type was 
found in measures of COP excursion area (F2i57 = 3.55, P — 
.035). Post hoc analysis revealed that cavus feet were associ 
ated with significantly larger COP excursion area measures 
than rectus feet (P = .031). No significant differences were 
found in COP excursion velocity measures among foot types 
(F2 , 57 = 0.10, P = .91, 1 - (3 = .06).

DISCUSSION

Differences in postural control during single-leg stance are 
typically examined either with side-to-side comparisons of 
unilaterally injured subjects4- 6 or between healthy and injured 
subjects. 1 "3 - 5 Several studies have demonstrated no significant 
differences in postural control measures between the right and 
left limbs 16" 18 or dominant and nondominant limbs 19 of 
healthy subjects standing in single-leg stance. Very few re 
searchers have examined the role of lower extremity malalign- 
ments on postural control. Potter et al 20 demonstrated that in 
dividuals with simulated knee-flexion contractures had 
impaired postural control in bipedal stance, whereas Mahar et 
al21 reported that subjects with simulated leg-length discrep 
ancies had impaired postural control. Conversely, Murrell et 
al22 demonstrated that individuals with leg-length discrepan 
cies did not exhibit postural control impairments when com-
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pared with those without discrepancies. Previous investiga 
tors23 ' 24 have demonstrated that biomechanical measures, such 
as peak plantar pressure and malleolar valgus index, vary 
among different foot types during gait. To our knowledge, our 
study is the first to examine the effects of foot type on postural 
control in single-leg stance.

Our finding of greater COP excursion area scores among 
cavus feet is not easily explained. It may be that an individual 
with a cavus foot has less contact area between the plantar 
surface of the foot and the forceplate than an individual with 
a rectus or planus foot. Having less plantar contact area may 
inhibit postural control in 1 of 2 ways. First, as the cavus foot 
shifts the COP medially during pronation, there is no anatomic 
block between the medial aspect of the foot and the forceplate, 
as there may be with a rectus or planus foot. Instead, pronation 
is limited in the cavus foot by the physiologic limits of the 
subtalar and midtarsal joint ranges of motion. The second pos 
sibility is that a cavus foot has less plantar cutaneous sensory 
information on which to rely than a rectus or planus foot, 
because less overall area of the plantar surface of the cavus 
foot is in contact with the forceplate. Plantar afferent activity 
has been previously demonstrated to be important in the reg 
ulation of postural control. 25 ' 26 If individuals with cavus feet 
receive less afferent input from the plantar cutaneous recep 
tors, they may have less efficient mechanisms of control of 
their upright posture during single-leg stance. Further research 
is needed to validate this hypothesis.

There is no accepted "gold standard" measure of postural 
control in the sports medicine literature. We chose to measure 
COP velocity (directly proportional to length) and sway area 
because these are the most commonly reported measures of 
postural control. We used an overall measure of COP excur 
sion length rather than separating medial-lateral and anterior- 
posterior excursions because we thought it provided a more 
robust indication of postural control.

The differences found between cavus and rectus feet with 
area scores but not velocity scores are interesting. Velocities 
of COP excursion scores are proportional to length of COP 
excursion scores because velocity is simply the sum of the 
length of all excursions divided by the time of each trial (in 
our study, all trials lasted 10 seconds). The lack of significant 
differences in velocity scores, and thus COP length scores, 
appears to indicate no difference in the magnitude of COP 
excursions in individuals with different architectural foot 
types. However, individuals with cavus feet in our study used 
a significantly larger area to make their COP excursions than 
did those with rectus feet. It should be noted that one large 
COP excursion can drastically affect the area score. Because 
of the smaller base of support with cavus feet, it is possible 
that these subjects are at risk of making larger COP excur 
sions. Further research in this area is warranted.

A limitation of this study is our collection of only 10 sec 
onds of COP excursion data at 50 Hz. This provided us with 
500 data points for determination of COP excursion area and 
velocity. Because balancing in single-leg stance is a very dy 
namic task, collection of more COP excursion data points may 
provide a more robust analysis of postural control.

The methods we used to classify foot types have been pre 
viously reported to have good intratester reliability and to be 
valid in discriminating between foot types24'27"29 ; however, the 
ideal method to classify foot type is the subject of considerable 
debate. 27 '30"32 Our use of open kinetic chain measurements of 
rearfoot and forefoot alignment and subsequent assessment of

postural control in the closed kinetic chain may be open to 
debate, since previous authors have criticized the relationship 
between static foot posture and the functional kinematics of 
the rearfoot during the stance phase of gait. 33 - 34 Also, other 
investigators have documented high correlations between as 
sessment of static open kinetic chain foot alignment and closed 
kinetic chain foot function during dynamic activities. 29 - 3 -'s

In conclusion, our results indicate that healthy individuals 
with cavus feet use a significantly larger area for COP excur 
sions during single-leg stance than do individuals with rectus 
feet. Therefore, athletic trainers who are assessing postural 
control with measures of sway area for clinical or research 
purposes must be cognizant of potential differences in healthy 
individuals with different foot types. In the clinical setting, 
practitioners must be cautious when comparing postural con 
trol measures of patients with left and right feet of different 
foot types. In the research setting, we recommend that when 
selecting matched control subjects for single-leg stance pos 
tural control studies comparing healthy and injured subjects, 
subjects be matched for foot type and other characteristics, 
such as age, sex, and activity level.
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Objective: To evaluate the short-term effect of a semirigid 
foot orthotic device on response times and activation patterns 
of knee musculature in individuals with hyperpronation after a 
lower extremity perturbation in a single-leg, weight-bearing 
stance.

Design and Setting: We used a lower extremity perturbation 
device designed to produce a forward and either internal or 
external rotation of the trunk and femur on the weight-bearing 
tibia to evoke a reflex response. Subjects were tested both with 
and without orthotic devices.

Subjects: Seventeen (13 male, 4 female) volunteers (age, 
20.6 ± 1.8 years; height, 181.0 ± 8.1 cm; weight, 87.4 ± 19.5 
kg; naviculardrop, 12.1 ± 1.8 mm) with a navicular drop greater 
than 10 mm volunteered for this study.

Measurements: Long latency reflex times were recorded via 
surface electromyography for the medial and lateral hamstrings, 
gastrocnemius, and quadriceps muscles.

Results: A dependent-sample t test revealed a significant

decrease in navicular drop with orthotic intervention (P < 
.0001). With that confirmed, separate repeated-measures anal 
yses of variance with 2 within factors (orthotic condition and 
muscle) revealed no significant difference in muscle response 
time between orthotic and nonorthotic conditions for either in 
ternal or external rotation perturbation. Although we found a 
main effect for muscle for both internal (P < .0001) and external 
(P < .0001) rotation, indicating a preferred muscle activation 
order, this activation order did not differ between orthotic and 
nonorthotic conditions (internal rotation P = .674, external ro 
tation P = .829).

Conclusions: Our findings suggest that a short-term appli 
cation of a semirigid orthotic device does not alter muscle re 
sponse times or activation patterns of the muscles that stabilize 
the knee. Further research is needed to determine whether 
changes in activation patterns may occur over time since me 
chanical adaptations occur with long-term wear.

Key Words: hyperpronation, subtalar pronation, electromy 
ography, long latency reflex

S ubtalar joint pronation has been implicated as a predis 
posing factor in a variety of lower leg injuries 1 "7 and, 
in particular, noncontact anterior cruciate ligament in 

juries. 2 ' 7 Although researchers have found significantly greater 
navicular drop values in anterior cruciate ligament-injured 
subjects versus nonmatched controls, 2 '7 ' 8 investigators to date 
have failed to explore the mechanisms by which this static 
postural fault may influence dynamic joint control and injury. 
However, because the anterior cruciate ligament injury mech 
anism typically involves some combination of valgus, exten 
sion, or rotary moments,9 alignment faults that add to valgus 
or rotary stress at the knee during functional activity may in 
crease the risk of anterior cruciate ligament injury from these 
mechanisms. 8

Research indicates that hyperpronation significantly alters 
knee joint rotation, laxity, and biomechanical func 
tion. 1-3-8,10-12 v/hen hyperpronation occurs, the talus plantar

flexes and adducts on the calcaneus, 13 causing the tibia to fol 
low the talus medially, resulting in a compensatory increase 
in internal tibial rotation. 2 ' 3 '5 ' 7 ' 10 This increase in internal tibial 
rotation is thought to increase joint laxity and create a pre- 
loading, rotary stress to the knee joint during weight-bearing 
activities, particularly when the pelvis is rotating external- 
jy^ 1-4,14 These changes in laxity and biomechanical function 
may adversely influence proprioceptive orientation or feed 
back from the hip and knee, thus altering neuromuscular reflex 
behaviors and joint stabilization. 8 ' 11 Further, the mechanical 
efficiency and relative contribution of a muscle to knee joint 
stabilization are likely affected if the muscle's orientation or 
length-tension relationship is sufficiently altered. 15 ' 16 Others 
suggest that compensatory muscle activity, both proximal 17 
and distal 17 ' 18 to the knee, may occur to control for decreased 
foot stability and increased internal tibial rotation with exces 
sive pronation, leading to muscular fatigue and overuse. Given
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this theoretic framework, neuromuscular function and control 
of knee stability may be substantially affected in athletes with 
lower extremity malalignments, suggesting an increased risk 
of musculoskeletal stress and injury.

Efficient neuromuscular control is essential for dynamic 
joint stiffening and knee joint protection. 19 "27 Forces imposed 
on the knee joint during sport activity are often greater than 
the capacity of the ligament, requiring active muscle forces to 
adequately stabilize the joint. Hence, muscles serve as the pri 
mary active stabilizers of the knee during functional loading 
conditions, protecting against ligament injury. 23 '26 Neuromus 
cular factors that contribute to functional knee stability include 
preparatory muscle stiffness, 28"30 reflexive muscular activation 
(reflex latency and electromechanical delay), 16 - 22 '31 "34 muscle 
coactivity, 19 - 21 - 23"25 - 35 and order of muscle recruitment. 35"37 
Any factor that delays or inhibits one or more of these neu 
romuscular factors will likely compromise neuromuscular con 
trol of knee stability and, thus, the maximal load the knee can 
withstand.

Few researchers to date have evaluated reactive neuromus 
cular response and recruitment patterns at the knee joint in a 
functional environment. 35 - 38"40 However, factors such as mus 
cle preactivity, weight-bearing status, and trunk position can 
significantly influence the timing, extent, and relative contri 
bution of a particular muscle to knee joint stabilization. 21 - 25 '41 
Using a functional, weight-bearing, lower extremity perturba 
tion model, Shultz et al42 confirmed that neuromuscular acti 
vation patterns are, in fact, quite different from those previously 
reported using non-weight-bearing, partial weight-bearing, or 
uniplanar perturbation models. Moreover, evaluating response 
characteristics in a functional, weight-bearing stance provides 
an avenue by which to investigate the influence that lower ex 
tremity limb malalignments or their corrections may have on 
joint stress and reactive neuromuscular control of knee stability.

Traditionally, clinicians have sought to reduce lower ex 
tremity stress and to correct lower extremity malalignments, 
particularly those associated with hyperpronation, with the use 
of orthotic devices.43 Many researchers have investigated the 
short-term3 -44"48 and long-term >-43 - 49 effectiveness of an or 
thotic foot device in modifying pronation and lower leg align 
ment and mechanics. In the short term, orthotic devices have 
been reported to maintain the hyperpronated foot in a more 
neutral position,3 -46 decrease the amount of transverse tibial 
rotation, 3 - 50 and decrease the standing quadriceps angle (Q an 
gle).47 However, these findings are not without controversy, 
since other investigators have shown little or no change in 
pronation with orthotic devices.48 - 51

Whether changes in lower leg alignment and mechanics 
with orthotic intervention are sufficient to influence muscular 
timing or activation patterns, and thus neuromuscular control 
of knee stability, has received little attention to date. Only a 
few studies have investigated the influence of orthotic devices 
on muscle activity, 17 - 18 - 52 with only one study 17 assessing 
muscle activity both proximal and distal to the knee joint. Fur 
ther, the focus of these studies has been solely on the level of 
activation, and no measures of reactive muscular timing char 
acteristics were assessed. Tomaro and Burdett 18 appear to be 
the first to have studied the effects of orthotic devices on mus 
cle activity. Specifically, they evaluated the effect of a semi 
rigid orthotic device on electromyographic activity of the tib- 
ialis anterior, peroneus longus, and gastrocnemius muscles 
during treadmill walking. Although they found no difference 
in the average electromyographic activity of these muscles be

tween conditions, they noted a significantly longer duration of 
tibialis anterior activity after heel strike with orthotic wear. 
However, their data were limited to muscles of the lower leg, 
and no inferences can be made to muscle activation patterns 
around the knee.

Although not specifically using an orthotic device, Hung 
and Gross52 evaluated the effect of foot wedging on electro 
myographic activity of the vastus medialis obliquus and vastus 
lateralis muscles. In healthy subjects with normal foot align 
ments, they found no difference in normalized muscle activity 
of the vastus lateralis, vastus medialis obliquus, or vastus me 
dialis obliquus:vastus lateralis ratio among flat surface, 10° 
medial wedge, and 10° lateral wedge foot positions. The au 
thors conceded that these results were limited and could not 
be generalized to subjects with pronated or supinated feet. Fur 
ther, their findings were limited to quadriceps muscle activity, 
and no conclusions can be drawn as to whether the change in 
foot position influences reactive muscular timing or whether 
similar changes would be noted in the hamstrings or gastroc 
nemius muscles.

Nawoczenski and Ludewig 17 performed the only study we 
found that measured changes in muscle activity with orthotic 
devices in muscles both proximal and distal to the knee joint. 
They measured electromyographic amplitude in the tibialis an 
terior, medial gastrocnemius, vastus medialis, vastus lateralis, 
and biceps femoris muscles in recreational runners, with and 
without orthotic devices, during the first 50% of stance phase. 
Biceps femoris activity decreased and tibialis anterior activity 
increased with orthotic devices. Based on their previous work 
evaluating 3-dimensional kinematics in the same subjects,50 
the authors attributed the decrease in biceps femoris activity 
to a reduced need to control internal tibial rotation when or 
thotic devices were worn. 17 Whether similar changes would 
be noted in the medial hamstrings is unknown.

We found no published studies that directly evaluated the 
influence of orthotic intervention on protective neuromuscular 
response characteristics at the knee with sudden joint loading. 
Whether orthotic intervention in hyperpronating individuals 
has any impact on reactive neuromuscular responses around 
the knee may be important to our understanding of factors that 
influence neuromuscular control of knee joint stability and in 
jury prevention. Given the role of the hamstrings in stabilizing 
the tibia and protecting the anterior cruciate ligament from 
mechanical strain, factors that influence the timing and ade 
quacy of their response may have significant clinical impli 
cations for injury control. Considering the location of insertion 
of the medial hamstrings (MH) and lateral hamstrings (LH) on 
the proximal tibia, substantial changes in muscle response time 
and recruitment order may occur with reduction of compen 
satory internal rotation that results from orthotic control of 
excessive pronation. Therefore, our purpose was to evaluate 
the short-term effect of a semirigid foot orthotic device on 
muscle response times and recruitment order of the MH, LH, 
medial gastrocnemius (MG), lateral gastrocnemius (LG), medial 
quadriceps (MQ), and lateral quadriceps (LQ) muscles in hy 
perpronating individuals after a sudden, lower extremity pertur 
bation in a single-leg, weight-bearing stance.

METHODS

Subjects
Seventeen (13 male, 4 female) physically active volunteers 

(age, 20.6 ± 1.8 years; height, 181.0 ± 8.1 cm; weight, 87.4
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Lower extremity perturbation device. Testing was performed with 
the shoe only (no insole) and with the shoe plus orthotic device in 
place.

± 19.5 kg; navicular drop, 12.1 ± 1.8 mm; standing Q angle, 
11.5 ± 5.5°) met the following inclusion criteria: (1) hyper- 
pronation of the subtalar joint greater than 10 mm, as mea 
sured by navicular drop53 ; (2) no history of significant injury 
to the knee, ankle, or foot of the dominant leg within the last 
6 months that may have affected neuromuscular responses at 
the knee; (3) no orthotic device use during the 6 months before 
the study; (4) no history of ligamentous surgery to the dominant 
extremity; (5) no grossly excessive knee valgus angulation (as 
screened by standing Q angle); and (6) otherwise healthy with 
no complaints of pain that would prevent them from being able 
to perform a single-leg squat. All subjects read and signed an 
informed consent form, approved by an institutional review 
board for the protection of human subjects, before participating 
in the study. The board also approved the study.

Instrumentation

To invoke the perturbation and reflexive response, we used 
a custom-designed, lower extremity perturbation device 
(LEPD, University of Virginia, Charlottesville, VA) to pro 
duce a forward and either internal rotation (IR) or external 
rotation (ER) moment at the knee with the subject in a single- 
leg, weight-bearing stance (Figure). The design, reliability, and 
validity of this device have been previously reported.42 To 
record muscle activity, we placed bipolar Ag-AgCl surface 
electrodes measuring 10 mm in diameter, with a center-to-cen- 
ter distance of 2.5 cm, over the muscle bellies of the MQ. LQ, 
MH, LH, MG, and LG muscles. An 8-channel Noraxon Myo- 
system 2000 Surface Electromyogram (Noraxon, Scottsdale, 
AZ) measured the timing of muscular activation for each mus 
cle in the dominant leg after perturbation. The specifications

for the surface electromyography unit included an amplifica 
tion of 1 mV/V, a frequency bandwidth of 16 to 500 H/, com 
mon mode rejection ratio of 114 dB, input resistance of 20 
M17 to 1 Gil, and a sampling rate of 1000 Hz. We interfaced 
the electromyography and perturbation devices with Data Pac 
2000 Lab Application Software (Run Technologies, Laguna 
Hills, CA) to acquire, store, and analyze the data. At the time 
of trigger release, a voltage signal was sent from the LEPD to 
the computer software to mark the time of stimulus and begin 
data recording. We recorded muscle activity from 100 milli 
seconds before to 500 milliseconds after the perturbation stim 
ulus.

To standardize the subject's knee angle before perturbation, 
we attached an electrogoniometer (Penny and Giles, Santa 
Monica, CA) to the lateral aspect of the knee joint to consis 
tently reproduce a knee-flexion angle between 30° and 35°. 
Trunk position relative to the knee was standardized across all 
subjects and trials with the Chattecx Balance System (Chat 
tanooga Group, Inc, Hixson, TN) force platform by consis 
tently placing the subject's center of pressure over the midfoot. 
Using the visual training target of the Chattecx, we positioned 
each subject's foot on the force platform so that when he or 
she assumed the test position, the center of pressure was lo 
cated at the intersection of the horizontal and vertical midlines 
of the target.42

Procedures

We asked each subject to report to the laboratory on 2 sep 
arate occasions.

First Visit. During the first session, we recorded physical 
characteristics of age, height, weight, navicular drop, and 
standing Q angle and obtained an injury history. We measured 
navicular drop using a modification of the Brody method53 by 
assessing the difference in navicular height between standing 
subtalar joint neutral and standing relaxed with the subject 
barefoot. A single investigator (H.M.R.) took all measure 
ments, and we averaged 3 measurements to determine if sub 
jects met the inclusion criteria. Test-retest intratester reliability 
of this measurement method was found to be excellent (intra- 
class correlation coefficient [3,k], 0.92; SEM, 0.85 mm).

We then took a foot mold for fitting of a custom, full-length, 
semirigid sport orthotic device according to the manufacturer's 
guidelines (Foot Management, Pittsville, MD). We obtained 
foot molds of each subject while seated, with the knee and hip 
flexed to 90°, the talus aligned directly under the knee, and 
the second ray of the foot in line with the tibia. Foot molds 
were taken with the foot positioned in subtalar neutral, and 
the orthotic device was fashioned by creating a negative im 
pression of the mold. No additional posting was performed.

Second Visit. During the second session, we performed all 
perturbation trials for both orthotic and nonorthotic conditions. 
The subject wore the same, self-selected athletic shoe for both 
conditions. For the orthotic condition, the orthotic was placed 
in the participant's shoe with the insole removed. For the non 
orthotic condition, the participant wore only the shoe with no 
insole. To determine the degree of correction the orthotic de 
vice provided each subject, we measured navicular drop as 
before, but with the subject standing barefoot on the orthotic 
device. We performed all testing on the dominant leg (ie, the 
leg used to kick a ball).

We prepared the skin and placed electrodes in a parallel 
arrangement over the midline of the muscle bellies of the MH,
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Table 1. Muscle Reaction Times (in Milliseconds) for Internal Rotation Perturbation

Group

Orthotic 
Nonorthotic 
Total

Medial 
Gastrocnemius

55.3 ± 9.0 
59.6 ± 7.4 
57.4 ± 8.4

Lateral 
Gastrocnemius

55.4 ± 10.2 
55.9 ± 9.1 
55.7 ± 9.5

Medial 
Hamstrings

67.5 ± 13.3 
67.9 ± 12.7 
67.7 ± 12.8

Lateral 
Hamstrings

81.6 ± 28.4 
84.8 ± 21.5 
83.2 ± 24.8

Medial 
Quadriceps

86.8 ± 16.9 
88.0 ± 21.9 
87.4 ± 19.2

Lateral 
Quadriceps

88.0 ± 20.3 
95.7 ± 21.0 
91.9 ± 20.7

Table 2. Muscle Reaction Times (in Milliseconds) for External Rotation Perturbation

Group

Orthotic 
Nonorthotic 
Total

Medial 
Gastrocnemius

59.2 ± 9.7 
59.7 ± 7.8 
59.4 ± 8.7

Lateral 
Gastrocnemius

59.6 ±11.1 
59.1 ±11.0 
59.4 ± 10.9

Medial 
Hamstrings

68.8 ± 10.2 
66.2 ± 12.8 
67.5 ±11.5

Lateral 
Hamstrings

75.9 ± 17.8 
77.7 ± 17.6 
76.8 ± 17.5

Medial 
Quadriceps

86.6 ± 21.1 
87.7 ± 14.9 
87.2 ± 18.0

Lateral 
Quadriceps

94.5 ± 23.4 
89.9 ± 15.2 
92.2 ± 19.6

LH, MG, LG, MQ, and LQ muscles. We verified all electrode 
placements using manual muscle testing and checked for 
cross-talk from adjacent muscle groups. We secured an elec- 
trogoniometer to the lateral joint line and aligned the arms 
from the greater trochanter to the lateral femoral condyle and 
from the head of the fibula to the lateral malleolus. We then 
secured the electrodes and the electrogoniometer with an elas 
tic bandage to prevent cable tensioning and reduce movement 
artifact.

We then positioned the subject in the LEPD according to 
the protocol reported by Shultz et al.42 Subjects received a 
thorough explanation of testing procedures and were given at 
least 3 practice trials to become comfortable and acquainted 
with the task. With the subject standing on the dominant leg 
and in the testing position, either the left or right cable was 
released from the wall at random time intervals between 1 and 
10 seconds, causing IR or ER of the trunk and femur on the 
weight-bearing tibia. Subjects were instructed to look straight 
forward and, on cable release, to attempt to hold their single- 
leg balance. For both orthotic and nonorthotic conditions 
(counterbalanced to control for order effect), subjects per 
formed 5 trials each of IR and ER perturbations. The direction 
of rotational perturbation was randomized to minimize antic 
ipatory responses. Subjects were given a 30-second rest period 
between trials and were instructed to shift their weight to the 
nontest leg to avoid fatigue.

Statistical Analysis

For each orthotic (orthotic or nonorthotic) and perturbation 
(IR or ER) condition, we used the average of the first 3 ac 
ceptable trials for data analysis. An acceptable trial was de 
fined by the following criteria: (1) long latency reflex identi 
fied within 150 milliseconds after cable release; (2) baseline 
muscle activity sufficiently quiet and stable to ensure an ac 
ceptable signal-to-noise ratio; (3) readable signal obtained 
from all 6 muscle sites; and (4) signal free of movement ar 
tifact to allow clear interpretation of the signal.42 We deter 
mined muscle response time as the time delay from the onset 
of the perturbation to the onset of the long latency reflex. We 
used a 2-SD threshold from baseline activity (recorded for 100 
milliseconds before perturbation) to define the onset of muscle 
activity for the hamstrings and gastrocnemius and a 1-SD 
threshold for the quadriceps to improve onset sensitivity due 
to its greater baseline activity level.42 To determine whether 
muscular response times and activation order differed signifi

cantly between orthotic and nonorthotic conditions for either 
IR or ER perturbation, we used 2 separate, repeated-measures 
analyses of variance with 2 within variables (orthotic condition 
at 2 levels [orthotic, nonorthotic] and muscle at 6 levels [MG, 
LG, MH, LH, MQ, LQ]). We performed all analyses using the 
SPSS Statistical Software Package, version 9.0 (SPSS Inc, 
Chicago, IL). The a value was set a priori at P < .05.

RESULTS

To confirm that a treatment effect occurred, we compared 
navicular drop values for each subject with and without the 
orthotic device in place. Mean navicular drop values changed 
from 12.18 ± 1.8 mm to 8.4 ± 1.7 mm. A dependent t test 
confirmed that the change in navicular drop was significant 
(t = 7.07, P < .0001).

The muscle response times for IR and ER perturbation are 
listed in Tables 1 and 2, respectively. We found no significant 
differences in the overall muscle response times between or 
thotic and nonorthotic conditions for either IR (72.4 versus 
75.3 milliseconds) (F M6 = 2.004, P = .176, power = 0.265) 
or ER (74.1 versus 73.4 milliseconds) (F U6 = 0.154, P = 
.700, power = 0.066). We found a significant main effect for 
muscle for both IR and ER (P < .0001), indicating a prefer 
ential muscle activation order. For ER, pairwise comparisons 
with Bonferroni correction revealed no difference in response 
times for the MG (59.4), LG (59.4), and MH (67.5), which 
fired first, followed by the LH (76.8) after a significant delay, 
then by the MQ (87.2) and LQ (92.4) after another delay. 
Activation order was similar for IR but without a significant 
delay between the firing of the LH and the LQ and MQ (ie, 
MG = LG = MH < LH = MQ = LQ). However, when we 
evaluated the orthotic-by-muscle interaction, this activation or 
der did not differ between orthotic and nonorthotic conditions 
for either IR (F5 80 = 0.426, P = .829, power = 0.157) or 
ER (F5,80 = °- 635 ' p = - 674 > P°wer = 0.220).

DISCUSSION

Given the fact that previous studies have demonstrated sig 
nificant changes in lower leg kinematics44'45 '47 '54 and muscle 
activity 17 - 18 with short-term (less than 4 weeks' accommoda 
tion) orthotic control of hyperpronation, we hypothesized that 
protective reflexes would similarly be influenced by orthotic 
intervention. However, our primary finding indicates that a 
short-term application of a semirigid orthotic device does not
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Table 3. Effect Sizes for Each Muscle Between Orthotic and 
Nonorthotic Conditions

Muscle

Lateral quadriceps
Medial quadriceps
Lateral hamstrings
Medial hamstrings
Lateral gastrocnemius
Medial gastrocnemius

Internal 
Rotation

0.37
0.05
0.15
0.02
0.05
0.58

External 
Rotation

0.07
0.30
0.20
0.10
0.09
0.05

Table 4. Effect Sizes Between Orthotic and Nonorthotic 
Conditions for Those With a Greater Than 5-mm Change in 
Navicular Drop

Muscle

Lateral quadriceps
Medial quadriceps
Lateral hamstrings
Medial hamstrings
Lateral gastrocnemius
Medial gastrocnemius

Internal 
Rotation

0.51
0.35
0.02
0.88
0.34
1.13

External 
Rotation

0.39
0.41
0.04
0.03
0.07
0.91

significantly affect muscle response times or activation order 
of the muscles that stabilize the knee after a functional, lower 
extremity perturbation.

Neuromuscular control of knee stability is provided through 
both intentional (preparatory) and reactive (reflexive) respons 
es that are mediated by proprioceptive feed-forward and feed 
back mechanisms, respectively. 22 '55 - 56 Muscle coactivity and 
recruitment patterns also contribute to knee stabili 
ty^ 9,21,23,35,37 Thus, factors that alter proprioceptive feedback 
or neuromuscular function under sudden loading conditions 
may influence neuromuscular control of knee stability and the 
maximal load the joint can withstand. Such factors may in 
clude joint configuration, forces created by muscles crossing 
the joints, and forces affected by weight-bearing status and 
joint position." In fact, changes in limb position (ie, knee- 
flexion and hip-flexion angles) have been found to signifi 
cantly alter muscle coactivity patterns and joint stabili 
ty 15,21,25,41

Furthermore, limited evidence suggests that distal patholog 
ic conditions may affect reflex activation patterns when the 
lower extremity is in a weight-bearing environment. Beckman 
and Buchanan57 found changes in gluteus medius onset laten 
cy after an inversion ankle perturbation in subjects with chron 
ic ankle sprains. Although we recognize that hyperpronation 
represents a very different condition than a chronic ankle 
sprain (ie, structural alignment versus neurologic deficit), sig 
nificant changes in rotational and valgus stresses at the knee 
joint that result from lower leg malalignments (or their cor 
rection) may similarly alter protective neuromuscular activa 
tion patterns, and, thus, a muscle's contribution to knee sta 
bility. In the absence of any significant findings, we considered 
potential explanations for our results.

Statistical Power

We thought it was important to first explore whether our 
lack of significant findings was due to insufficient statistical 
power (ie, insufficient number of subjects evaluated) necessary 
to gain meaningful results. As we noted, power values were 
quite low, ranging from 0.066 to 0.265. However, the question 
remains of whether this low power was due to a low number 
of subjects or low effect size (ie, magnitude of difference be 
tween means). We suspected that it was due to a low effect 
size and confirmed this by calculating the effect size for each 
muscle between orthotic and nonorthotic conditions (Table 3). 
With the exception of the MG (0.58) and LQ (0.37) for IR 
perturbation, effect sizes ranged from 0.02 to 0.20, which by 
convention indicate very small differences between the 2 con 
ditions.58 '59 Hence, even if we were to add substantially more 
subjects to achieve statistically significant differences between

conditions, the actual difference would not be of clinical im 
portance.

Treatment Effect

Although researchers have demonstrated changes in trans 
verse tibial rotation when comparing orthotic with barefoot 
conditions,3 we found no changes in reflex response times with 
the application of an orthotic device. Although we did not 
directly measure changes in tibial rotation with orthotic wear, 
it may be that the changes were not of sufficient magnitude to 
cause a change in muscle activation patterns, as suggested by 
our effect size. Unfortunately, we did not simultaneously mea 
sure changes in joint kinematics to be able to make this direct 
comparison. However, we did note only a modest change in 
navicular drop values with the orthotic intervention in some 
of our subjects (mean, 3.8 ± 2.2 mm; range, 1-8 mm) and 
believe it is reasonable to suspect that this minimal change 
likely did not result in substantial changes in transverse tibial 
rotation or lower extremity alignment. Hence, changes in joint 
stresses, proprioceptive feedback, or muscle length-tension re 
lationships may not have been sufficient in these subjects to 
alter muscle response times to a lower extremity perturbation.

Although some investigators have demonstrated significant 
changes in subtalar position, 3 -46 transverse tibial rotation 3 - 50 
and standing Q angle47 with short-term orthotic application, 
others have observed insignificant changes in pronation with 
the use of orthotic devices. Comparing barefoot, shoe, and 
shoe-with-orthotic conditions, Rodgers and Leveau48 found no 
significant differences in maximum angular displacement in 
pronation, support time in pronation, or angular velocity of 
pronation. Similarly, Brown et al 51 observed no significant dif 
ferences in maximum pronation, maximum pronation velocity, 
or calcaneal eversion between shoe and shoe-with-orthotic 
conditions. Although it is somewhat difficult to adequately 
compare these studies because of the variety of methodologic 
differences, variables studied, and type of orthotic device used, 
it is apparent that controversy exists as to how effective or 
thotic devices may be in altering subtalar position and lower 
extremity alignment.

To further explore the relationship between degree of cor 
rection and changes in muscle activation patterns, we per 
formed a follow-up analysis by once again comparing the ef 
fect sizes between orthotic and nonorthotic conditions, but this 
time we only used the 5 subjects who showed a 5-mm or 
greater change in navicular drop with orthotic application (Ta 
ble 4). In this selected sample, the effect sizes were substan 
tially larger than those in our original sample (Table 3), par 
ticularly for the MQ and LQ (IR and ER), MG (IR and ER), 
and MH (IR). Although we realize this subgroup represents a
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very small sample and substantially more subjects would be 
needed to yield statistically significant findings, the increased 
magnitude of these effect sizes indicates that the degree of 
correction may influence muscle response times and, in par 
ticular, activation order. Further investigations should explore 
the magnitude of correction that is required to effect a change 
both kinematically and neuromuscularly.

Short-Term Versus Long-Term Adaptations

Our findings are limited to short-term changes in neuro- 
muscular response characteristics with orthotic intervention, 
since measures were taken immediately on application of the 
orthotic device. With continued wear, long-term adaptations in 
lower extremity mechanics may occur, resulting in alterations 
in activation patterns of the knee-stabilizing musculature over 
time. Because knee kinematics are improved with return to a 
more neutral foot alignment, proprioceptive feedback from the 
muscles and tendons surrounding the knee may change as joint 
loads are altered and the optimal length-tension relationship of 
the muscles is restored.60"62 Because these changes may not 
occur immediately, neuromuscular adaptations may be mani 
fested at some delay. Although the short-term versus long-term 
adaptive effects of orthotic devices on neuromuscular control 
have yet to be studied, others have recognized the significant 
contribution of muscle spindle receptors in modifying neuro 
muscular control strategies when joint kinematics are altered 
with anterior cruciate ligament injury and restored with recon 
struction.60"62 We recommend that further research explore 
changes in neuromuscular control over time with continued 
orthotic wear.

Interaction of Orthotic Device and Shoe

A potential confounding variable in this study is the inter 
active influence of the shoe with the orthotic device. Subjects 
were allowed to wear their own athletic shoes during testing, 
and we made no attempt to control shoe type (ie, court versus 
running shoe). Considering that subjects served as their own 
controls, we did not believe that this would be a significant 
confounding factor. We also believed this was a clinically rel 
evant approach, since orthotic devices are commonly placed 
in the shoes the athlete or patient provides the clinician. How 
ever, Nawoczenski and Ludewig 17 noted that the magnitude of 
change in muscle activity between orthotic and nonorthotic 
conditions was different between the 2 shoe types in one sub 
ject. Further studies exploring issues of shoe-orthotic device 
interaction are needed. In the interim, future investigators 
should consider using a standardized shoe to control for this 
potentially confounding variable when trying to elucidate the 
relationship among orthotic wear, lower extremity alignment, 
and neuromuscular response characteristics.

Influence of Other Lower Extremity Malalignments

Hruska" and London et al 8 contended that the most im 
portant contributing influence on knee stability is postural con 
trol of lower extremity alignment. With an anterior pelvic tilt, 
femoral rotation, hip flexion, genu valgus, genu recurvatum, 
subtalar eversion, and forefoot or rearfoot pronation increase. 
Therefore, instability of the pelvis and associated lower ex 
tremity positional changes may place the athlete in a hyper- 
extended and internally rotated position during dynamic activ

ity, accentuating subtalar joint pronation. It becomes apparent 
then that a combination of postural faults may affect knee joint 
mechanics, soft tissue strain, and proprioceptive input.

Furthermore, multiple lower extremity factors can be man 
ifested as a hyperpronated foot posture that may be more or 
less sensitive to orthotic correction of subtalar joint alignment. 
Hyperpronation can be the result of an anatomic disorder, such 
as forefoot varus, forefoot valgus, rearfoot varus deformities, 
or a plantar-flexed first ray of the foot. 5 Other contributing 
factors may include the state of alignment of the legs, such as 
genu valgus,63 and developmental conditions, such as internal 
femoral torsion, limb length discrepancy, or short hamstrings 
or iliopsoas muscle. 5 We did not explore the causative factor 
for the subject's hyperpronation or exhaustively evaluate lower 
extremity posture for other potential malalignments. However, 
we did measure and document standing Q angle (11.5° ± 5.5°) 
in an effort to control for excessive knee valgus angulation. 
Thus, depending on the cause of the hyperpronated posture 
and the presence of other lower extremity or postural malalign 
ments, an orthotic intervention alone may have a limited effect 
on factors that influence neuromuscular control of knee sta 
bility.

Hyperpronation continues to be implicated as a predisposing 
risk factor in anterior cruciate ligament injury. Evaluating neu 
romuscular response characteristics in a functional, weight- 
bearing stance provides a research model by which to inves 
tigate the influence of distal lower extremity malalignments on 
joint stress and reactive neuromuscular control of proximal 
joints. Our primary goal was to evaluate the short-term effect 
of an orthotic device on the muscular activation patterns at the 
knee in subjects with excessive subtalar joint pronation. Our 
findings suggest that a short-term application of a custom, 
semirigid orthotic device did not produce a change in reactive 
neuromuscular control at the knee. However, these findings are 
limited to this research model, and other weight-bearing test 
ing methods (ie, landing or cutting characteristics) may yield 
different results. Further, whether adaptations may occur over 
time with improved lower extremity mechanics and effect a 
change in neuromuscular control cannot be determined from 
this study, and additional research is needed to explore long- 
term adaptations in neuromuscular control with continued or 
thotic wear. Other considerations for future studies include de 
termining the degree of correction required to effect a change 
in muscular activity, controlling for shoe type, simultaneously 
quantifying both kinematics and electromyographic changes 
using a variety of functional weight-bearing testing models, 
and comparing muscular activation patterns between subjects 
with and without selected lower extremity malalignments. Un 
derstanding how hyperpronation and other lower extremity 
malalignments influence protective neuromuscular responses 
and dynamic control of knee stability under sudden loading 
conditions may make a significant contribution to our under 
standing of anterior cruciate ligament injury risk and preven 
tion.
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Objective: To compare the effects of shoulder bracing on 
active joint-reposition sense in subjects with stable and unsta 
ble shoulders.

Design and Setting: Two subject groups, with stable and 
unstable shoulders, participated in an active joint-reposition test 
of the shoulder under braced and unbraced conditions.

Subjects: Forty subjects (22 men, 18 women; age = 21.85 
± 3.12 years; height = 173.97 ± 10.08 cm; weight = 71.27 ± 
11.68 kg) were recruited to participate in this study. Twenty 
Division I athletes were referred to us for shoulder instability, 
which was subsequently confirmed with clinical assessment. 
The remaining 20 subjects were recruited from a similar student 
population and assessed as having stable shoulders.

Measurements: Each subject's ability to perceive joint po 
sition sense in space was tested by actively reproducing 3 pre 
set angles (10° from full external rotation, 30° of external rota 
tion, and 30° of internal rotation) with and without a shoulder

brace. Full, active external-rotation range of motion was as 
sessed before active joint-reposition sense testing.

Results: While wearing the shoulder brace, the group with 
unstable shoulders demonstrated significant improvement in 
the accuracy of active joint repositioning at 10° from full external 
rotation in comparison with the stable group. Furthermore, 
those with unstable shoulders demonstrated significantly less 
full external rotation than did those with stable shoulders, and 
the brace reduced full external rotation only for those with stable 
shoulders.

Conclusions: Our findings suggest that shoulder active joint- 
reposition sense in subjects with unstable shoulders can be im 
proved at close to maximal external rotation by wearing a shoul 
der brace. This effect does not appear to be related to 
restriction of shoulder external rotation.

Key Words: proprioception, glenohumeral joint, bracing

T he shoulder joint sacrifices stability for mobility and, 
therefore, coordinated dynamic control of the muscles 
about the joint is necessary for stability during arm mo 

tion.' Shoulder instability is a clinical condition in which the 
patient is unable to control the translation of the humeral head 
during dynamic functional activities, thus compromising the 
comfort and function of the shoulder. 2 Many patients who suf 
fer initial dislocations continue to complain of symptomatic 
instability without actual redislocation. Patients may complain 
of not "trusting the shoulder" or a feeling of it "slipping in 
and out." 3 The lack of dynamic muscular control may be due 
to deficits in proprioception, which may occur as the gleno 
humeral joint's mechanism of providing feedback for reflexive 
muscular contraction is interrupted. 1 '4"6

Several authors have studied the effect of shoulder instabil 
ity on proprioception and found that passive joint-reposition 
sense is negatively affected by injury. 1 '4'7 Subjects who have 
chronic, traumatic anterior shoulder instability demonstrate def

icits in passive reproduction of passive positioning when com 
pared with the contralateral normal shoulder and when com 
pared with healthy individuals. 1 ' 7 As a result of stress and 
injury to the support structures of the glenohumeral joint, def 
icits in joint and muscle receptor input compromise the indi 
vidual's ability to process proprioceptive information. 1 '4 - 7

Various bracing devices and taping techniques are used by 
athletic trainers prophylactically or when returning an athlete 
to play after injury. These methods provide stability8 '9 and 
aid in decreasing proprioceptive deficits that result from in 
jury. 10" 12 Extensive literature exists on bracing of the ankle 
and knee in the lower extremity, 10 ' 11 ' 13-20 - 21 and elastic knee 
bandages have been shown to have positive effects on joint 
position sense. 11 ' 13 - 17 ' 19 ' 21 In both healthy and injured individ 
uals, application of a knee bandage 1 '' 13 - 17 ' 19 '21 and taping or 
bracing of ankles 16 - 20 - 22 improved joint position as measured 
through reproduction of a set joint angle.

No studies concerning the effect of shoulder bracing on joint
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position sense were found in our literature search for this pa 
per. Based on findings from knee and ankle bracing studies, 
we hypothesized that a neoprene shoulder stabilizer for ante 
rior glenohumeral instability would enhance joint position 
sense. Enhanced joint position sense may be a result of stim 
ulation of cutaneous nerve receptors or mechanoreceptors in 
the muscles, ligaments, and joint capsule, or both. 11 ' 16 It is 
speculated that enhanced neuromuscular feedback as a result 
of bracing and taping may possibly help decrease future in 
cidences of injury. 1 '- 16 If the use of a shoulder brace helps to 
increase active joint-position sense, the improved propriocep- 
tive mechanisms may help prevent recurring dislocations, sub- 
luxations, or feelings of instability. Therefore, the purpose of 
our study was to examine the effect of a neoprene shoulder 
stabilizer on active joint-reposition sense in subjects with sta 
ble and unstable shoulders.

METHODS

Subjects

Forty subjects volunteered to participate in this study and 
completed an informed consent form approved by the insti 
tutional review board, which approved the study. All subjects 
were asked to complete a subject information questionnaire 
that included information such as height, weight, shoulder 
dominance, and any history of shoulder problems. The com 
position of each group was based on whether a previous 
dislocation was experienced. Group 1 subjects (stable group) 
(n = 20: 10 men, 10 women, age = 21.9 ± 2.5 years; height 
= 172.4 ± 12.3 cm; weight = 68.6 ± 10.5 kg), were re 
cruited from the University population and had no self-re 
ported history of a prior shoulder dislocation and no history 
of existing shoulder problems. Group 2 subjects (unstable 
group) (n = 20: 12 men, 8 women, age = 21.8 ± 3.7 years; 
height = 175.6 ± 7.2 cm; weight = 73.9 ± 12.5 kg) con 
sisted of Division I athletes who had a self-reported history 
of one or more anterior glenohumeral dislocations and had 
not had surgery to correct the instability. These subjects were 
referred to us by individuals familiar with the subject's injury 
history. The unstable group provided additional information 
on the questionnaire by elaborating on their complaints of 
instability such as feelings of not trusting the shoulder or of 
it "giving out." Clinical tests (apprehension test and anterior- 
posterior translation test) were performed only on the unsta 
ble group by the same certified athletic trainer (J.C.C.) to 
assess each subject's instability. These tests were performed 
in order to assess instability clinically, and the data gathered 
were considered along with the subjective complaints of each 
subject. Clinical tests were not performed on the stable group 
because we were not testing for shoulder laxity or congenital 
instability. Although the degrees of instability differed among 
subjects, all subjects in our unstable group met our criteria 
of having experienced a prior dislocation and demonstrating 
positive results on the clinical tests.

Bracing

The Sully Shoulder Stabilizer (The Saunders Group Inc, 
Chaska, MN) was used in this study (Figure 1). The brace is 
made of perforated, breathable neoprene, which grips the skin. 
Elastic straps attached with hook-and-loop tape serve to func-

Figure 1. The Sully Shoulder Stabilizer.

Figure 2. Positioning for active joint-reposition sense testing.

tionally stabilize, assist, or restrict movement according to the 
specific needs of the athlete.

Assessment of Active Joint-Reposition Sense

The Cybex II isokinetic dynamometer (Lumex, Ronkonko- 
ma, NY) was used to test active joint-reposition sense (Figure 
2). The dominant shoulder, defined as the subject's throwing 
arm, was tested in the stable group, and the affected shoulder 
was tested in the unstable group. Each subject was positioned 
supine on the Upper Body Exercise Table (UBXT) (Lumex, 
Ronkonkoma, NY), with the shoulder joint axis aligned with 
the axis of rotation of the Cybex. The subject's upper extrem 
ity was placed in 90° of elbow flexion, 90° of shoulder ab 
duction, and forearm pronation. The testing arm was strapped 
into the Cybex II shoulder rotation device with an elastic wrap 
placed around the forearm and wrist to minimize cutaneous 
sensation. A blindfold and headphones playing white noise 
were placed on the subject to decrease visual and audio cues, 
respectively. The order of testing with the shoulder brace on 
or off and the order of the preset testing angles were counter 
balanced (ie, alternated).

Before initiating the testing procedure, full external rotation 
was measured by having the subject actively externally rotate
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Table 1. Joint-Reposition Sense Absolute Error Scores (Mean ± Standard Error) (°)

10° from Full External Rotation 30° of External Rotation 30° of Internal Rotation

Group

Stable 
Unstable

Unbraced

8.10 ± 
8.37 ±

1.0 
1.3

Braced

8.85
4.55

± 0.93 
± 0.65*

Unbraced

5.45 ± 
5.92 ±

0.6 
0.89

Braced

6.02 
5.03

± 0.8 
± 0.99

Unbraced

5.37 
4.80

± 0.6 
± 0.68

Braced

3.58 ± 0.41 
4.82 ± 0.59

*Significant change from the stable group and the unbraced condition.

Table 2. External Rotation Range of Motion (Mean ± Standard 
Error) (°)

Group

Stable
Unstable
Condition Mean

Unbraced

121.55 ±
96.35 ±

108.95 ±

4.34
6.62f
4.4

Braced

111.15 ±
96.45 ±
103.8 ±

4.04*
6.64f
4.01*

Group Mean

116.35 ±
96.4 ± 4

3.0
.63f

*Significantly less than the unbraced condition. 
fSignificantly less than the stable group.

the testing shoulder while supine on the UBXT. Ten degrees 
were subtracted from full external rotation, and this angle was 
designated as the preset angle, 10° degrees from full external 
rotation. This preset angle differed for the braced and unbraced 
conditions because full external rotation should have been lim 
ited by wearing the shoulder brace. The other 2 preset angles 
(30° of external rotation and 30° of internal rotation) remained 
unchanged for the 2 test conditions.

To test active joint-reposition sense, each subject was in 
structed to slowly move the shoulder from neutral rotation (90° 
of shoulder abduction and 0° of internal rotation/external ro 
tation) to one of the 3 preset target angles: 10° from full ex 
ternal rotation, 30° of external rotation, and 30° of internal 
rotation. Once the target angle had been reached, the electric 
goniometer was turned off and the shoulder held in this po 
sition for 10 seconds while the subject concentrated on this 
target angle. The subject then actively returned the shoulder 
to the starting position by moving to a mechanical stop set at 
0°. After a 5-second pause, the subject was asked to actively 
reposition the shoulder and to say "stop" when he or she felt 
the previous target angle had been reached. The angle at which 
the subject stopped was recorded and subtracted from the ini 
tial preset angle. This difference was termed the degree of 
error. The procedure was repeated 2 more times at the same 
angle for a total of 3 trials. An average of the absolute value 
of the 3 errors was used for statistical analysis. This procedure 
was repeated for the remaining target angles.

The above procedure was repeated for either the braced or 
unbraced condition (depending on what was tested first) im 
mediately after testing under the first condition. To offset po 
tential learning effects, the 2 testing conditions and the 3 test 
angles were counterbalanced.

Assessment of Range of Motion
To test the effects of the brace on joint range of motion, 

maximum external rotation of the braced and unbraced con 
ditions was compared for the stable and unstable shoulder 
groups. All range-of-motion testing was done before joint re 
position-sense testing.

Data Analysis
For joint reposition sense, the average error scores were 

analyzed using a mixed-design analysis of variance (ANOVA)

with group (stable, unstable) as the between-subjects variable 
and test condition (braced, unbraced) and angle (10° from full 
external rotation, 30° of external rotation, and 30° of internal 
rotation) as the 2 within-subjects variables. For range of mo 
tion, a separate mixed-design ANOVA was completed with 
group and bracing as between and within factors, respectively. 
Tukey post hoc analyses were performed for significant ef 
fects. An alpha level of P < .05 was set for all statistical 
analyses.

RESULTS
The ANOVA for joint reposition sense revealed a significant 

brace-by-angle-by-group interaction (^2,16 = 5.271, P < .05). 
Tukey post hoc analysis revealed that at 10° from full external 
rotation, the unstable group had significantly less mean error 
when tested under the braced condition in comparison with 
the unbraced condition (Table 1). At 10° from full external 
rotation, subjects had a significantly greater mean degree of 
error score (7.5° ± 0.562°) than at 30° of external rotation 
(5.6° ± 0.492°) and 30° of internal rotation (4.6° ± 0.314°). 
There was no significant difference in subjects' mean error 
between 30° of external rotation and 30° of internal rotation. 
A main effect for test angle was also found (F2jft = 8.804, 
P < .001) but not considered important based on the presence 
of the interaction. We noted no main effect (F) 38 = 3.454, 
P = .071, observed power = .44) for braced versus unbraced 
test conditions and no difference (F] 38 = 1.674, P = .204, 
observed power = .243) between the stable and unstable 
groups.

For external range of motion (Table 2), the ANOVA re 
vealed a significant brace-by-group interaction (F| 38 = 8.466, 
P = .006). There was also a main effect for brace (F| 38 = 
8.147, P = .007), with the braced group having less range of 
motion (unbraced = 109.0° ± 27.8°, braced = 103.8° ± 
25.4°), and a main effect for group (F U8 = 6.83, P = .013), 
with the stable group having more range of motion (stable = 
116.4° ± 19.2°, unstable = 96.4° ± 29.3°). Post hoc analysis 
revealed that the brace reduced external rotation for the stable 
group but had no effect on the unstable group.

DISCUSSION
The major finding of our study was that the braced condition 

significantly improved active joint-reposition sense at 10° from 
full external rotation in the unstable group. While wearing the 
brace, subjects with unstable shoulders were better able to per 
ceive glenohumeral joint position near maximal external ro 
tation compared with not wearing a brace. This effect was seen 
despite the brace's having no effect in reducing shoulder ex 
ternal rotation in the unstable group. Conversely, for the stable 
group, the brace did limit external rotation with no effect on 
reposition sense.

The improvement in active joint-reposition sense might be 
attributed to the increased cutaneous input received at the
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shoulder joint. A recent study of the healthy elbow joint re 
vealed significant improvement in joint position sense with the 
application of an elastic bandage. 23 Several authors have also 
found similar results at other joints of both healthy and injured 
subjects. For example, significant improvements in knee joint 
proprioception have been noted with the application of a knee 
bandage or brace. 10 - 1 us, 17,19,21 Perlau et al 11 suggested that 
the movement of an elastic bandage on skin stimulates rapidly 
adapting superficial receptors in the skin and layers beneath 
muscle such as free nerve endings, hair end organs, and Mer- 
kel discs. These receptors react strongly to new stimuli, such 
as increased pressure of the bandage on underlying muscula 
ture and joint capsule. Elastic bandages and braces appear to 
provide cutaneous stimulation, which may enhance afferent 
input from proprioceptive mediators such as articular, mus 
cular, and cutaneous structures. 19 '23

Subjects in our unstable group described feelings of the 
shoulder "giving out" and "not trusting it" during daily ac 
tivities. Apprehension resulting from instability may explain 
why external rotation was significantly limited in the unstable 
group in the unbraced condition. By encompassing the entire 
glenohumeral joint, the brace may have increased the sense of 
stability for the subjects with unstable shoulders and possibly 
enhanced joint position sense. Furthermore, since the brace 
clearly did not limit maximal external rotation in the unstable 
group, mechanical restriction of external rotation does not ex 
plain our findings. Our supposition is supported by the findings 
of previous research on knee support devices. Elastic knee 
bandages, although offering little or no mechanical support, 
appear to provide injured subjects with the feeling of improved 
stability. 13 - 21 Birmingham et al 21 speculated that wearing a 
knee sleeve may affect subjects' cognitive interpretation of 
joint position in some way, thereby improving test perfor 
mance. Based on previous studies, it appears that the feeling 
achieved while wearing a knee bandage or sleeve may help to 
improve the performance of patients with poor joint-position 
sense. 13 - 21

Subjects in the stable group of our study showed no signif 
icant changes in active joint-reposition sense while wearing 
the shoulder brace despite a significant decrease in external 
rotation. Our finding contradicts those of previous studies, 10 - 11 
which found that bandaging or bracing improved propriocep 
tion in healthy knees. Differences between the shoulder and 
knee joints and in measuring active versus passive joint-re 
position sense may have contributed to our findings.

We also found a main effect for angle at 10° from full ex 
ternal rotation. Both the stable and unstable groups showed a 
greater mean degree of error at this angle as compared with 
30° of external rotation and 30° of internal rotation. Our find 
ings concur with those of Zuckerman et al, 24 who found that 
position sense was less accurate in the maximum ranges of 
flexion, abduction, and external rotation. In accordance with 
Smith and Brunolli,4 we hypothesize that, as the shoulder joint 
approaches extreme angles, more proprioceptive recruitment 
may be necessary to detect the sensation of joint position in 
space.

In the unbraced condition, the 2 groups were not different 
from each other in mean degree of error at any of the 3 preset 
angles. This finding differed from previous studies in which 
subjects with injured shoulders demonstrated decreased pro 
prioception when compared with the contralateral uninvolved 
side of healthy subjects. 1 '4 - 7 Lephart et al7 tested subjects with 
histories of chronic, recurrent, traumatic anterior shoulder dis

location or subluxation and found significant differences be 
tween the unstable and uninvolved shoulders for both thresh 
old to detection of motion and passive joint-reposition sense. 
Smith and Brunolli4 studied shoulder proprioception by mea 
suring what they called threshold to sensation of movement, 
angular reproduction, and end-range reproduction (passive 
joint-reposition sense). They found that shoulder propriocep 
tion was significantly deficient in subjects with a history of 
anterior glenohumeral joint dislocation.4 These authors theo 
rized that subjects who have experienced a previous disloca 
tion suffer from damaged stabilizers of the glenohumeral joint. 
The consequent impaired ability to detect joint position and 
movement are possibly due to the reduced number of receptors 
available for activation after injuries such as glenohumeral dis 
locations and ankle sprains.4 - 25 Increased joint laxity as a result 
of repetitive trauma or stretching of capsular and ligamentous 
structures may cause articular receptor damage and result in a 
distortion of proprioception. 25 Individuals with previously dis 
located shoulders may have insufficient signals and motor re 
flexes, be subject to excessive movement, and, thus, be pre 
disposed to recurrent dislocation.4 Subjects with previous 
dislocations performed significantly worse in the unstable 
shoulder in comparison with the uninvolved shoulder, possibly 
due to these interrupted proprioceptive pathways. 3 -4 - 7

Our findings may not agree with previous research because 
of the broad inclusion criteria established for the unstable 
group. Subjects of varying shoulder instabilities were accepted 
and tested for this group. The possibility that the lack of kin- 
esthetic differences in the unbraced condition was due to the 
broad inclusion criteria is supported by Glencross and Thorn- 
ton, 25 who hypothesized that degree of error depended on se 
verity of injury. Their results showed that the group with the 
most severely injured ankle joints had the greatest error, and 
the mildly injured group had the least error. 25 Although all 
subjects in our study met the criteria of a previous anterior 
glenohumeral dislocation and positive clinical test findings, 
their degree of function differed greatly. For example, 7 of the 
20 unstable subjects were Division I athletes, most of whom 
competed their entire season without any problems.

A second possible reason why we did not find a significant 
difference in joint reposition sense between groups in the un 
braced condition may be that we measured active joint-repo 
sition sense as opposed to passive joint-reposition sense, which 
was measured in previous shoulder proprioception studies.3 '4-7 
Although lower absolute error scores for shoulder active (ac 
tive reproduction of active positioning) versus passive (passive 
reproduction of passive positioning) testing have been report 
ed,26 this pattern is not consistent for the lower extremity. 15 - 18 
For example, Gross 15 found that in both subjects with healthy 
ankles and those with recurrent lateral sprains, passive joint- 
reposition sense is significantly better (less error) than active 
joint-reposition sense, and Kaminski and Perrin 18 found sim 
ilar results in the healthy knee. Thus, it is possible that errors 
associated with active joint positioning were too great to allow 
detection of significant differences.

The degree to which proprioceptive receptors in the skin, 
muscles, and joint capsule each contribute to joint position 
sense and detection of motion remains controversial. 23 In re 
cent studies, no difference in passive position sense was de 
tected after lidocaine injection of the glenohumeral and elbow 
joints. 23 - 24 Zuckerman et al24 suggested that, after lidocaine 
injection is performed, extracapsular receptors provide the 
necessary feedback to ensure intact proprioceptive abilities. 24

144 Volume 37 • Number 2 • June 2002



However, in addition to intraarticular receptors, processing and 
interpretation of input from muscle afferent and efferent struc 
tures may result in increased error during active move 
ments. 15 ' 18 These errors may have led to the greater mean error 
scores in the unbraced condition observed in our study com 
pared with the one conducted by Lephart et al. 7

We conclude from our study that the brace improved active 
joint-reposition sense at 10° from full external rotation for sub 
jects with unstable shoulders. This particular shoulder brace 
may help to minimize shoulder instability by enhancing pro- 
prioception. The facilitation of deficient neuromuscular input 
at the extreme ranges of shoulder external rotation may help 
to prevent or decrease recurrent dislocations or subluxations. 
By providing an increased sense of security, subjects with un 
stable shoulders may feel more stable wearing the brace.

Further research should be conducted on the effect of shoul 
der bracing on kinesthesia, as measured by threshold to detec 
tion of passive motion. Other commercial shoulder braces 
should also be studied to determine whether the results of our 
study can be generalized to all shoulder braces.
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Ice-Water Immersion and Cold-Water 
Immersion Provide Similar Cooling Rates in 
Runners With Exercise-Induced 
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Objective: To assess whether ice-water immersion or cold- 
water immersion is the more effective treatment for rapidly cool 
ing hyperthermic runners.

Design and Setting: 17 heat-acclimated highly trained dis 
tance runners (age = 28 ± 2 years, height = 180 ± 2 cm, 
weight = 68.5 ± 2.1 kg, body fat = 11.2 ± 1.3%, training vol 
ume = 89 ± 10 km/wk) completed a hilly trail run (approxi 
mately 19 km and 86 minutes) in the heat (wet-bulb globe tem 
perature = 27 ± 1°C) at an individually selected "comfortable" 
pace on 3 occasions 1 week apart. The random, crossover de 
sign included (1) distance run, then 12 minutes of ice-water 
immersion (5.15 ± 0.20°C), (2) distance run, then 12 minutes 
of cold-water immersion (14.03 ± 0.28°C), or (3) distance run, 
then 12 minutes of mock immersion (no water, air temperature 
= 28.88 ± 0.76°C).

Measurements: Each subject was immersed from the shoul 
ders to the hip joints for 12 minutes in a tub. Three minutes 
elapsed between the distance run and the start of immersion. 
Rectal temperature was recorded at the start of immersion, at 
each minute of immersion, and 3, 6, 10, and 15 minutes post- 
immersion. No rehydration occurred during any trial.

Results: Length of distance run, time to complete distance 
run, rectal temperature, and percentage of dehydration after

distance run were similar (P > .05) among all trials, as was the 
wet-bulb globe temperature. No differences (P > .05) for cool 
ing rates were found when comparing ice-water immersion, 
cold-water immersion, and mock immersion at the start of im 
mersion to 4 minutes, 4 to 8 minutes, and the start of immersion 
to 8 minutes. Ice-water immersion and cold-water immersion 
cooling rates were similar (P > .05) to each other and greater 
(P < .05) than mock immersion at 8 to 12 minutes, the start of 
immersion to 10 minutes, and the start of immersion to every 
other time point thereafter. Rectal temperatures were similar 
(P > .05) between ice-water immersion and cold-water immer 
sion at the completion of immersion and 15 minutes postim- 
mersion, but ice-water immersion rectal temperatures were less 
(P < .05) than cold-water immersion at 6 and 10 minutes post- 
immersion.

Conclusions: Cooling rates were nearly identical between 
ice-water immersion and cold-water immersion, while both were 
38% more effective in cooling after 12 minutes of immersion 
than the mock-immersion trial. Given the similarities in cooling 
rates and rectal temperatures between ice-water immersion and 
cold-water immersion, either mode of cooling is recommended 
for treating the hyperthermic individual.

Key Words: hyperthermia, body cooling, cooling rates, ex- 
ertional heat illness

H yperthermia is common during exercise and is exag 
gerated when the exercise session occurs in the heat. 1 
When the thermoregulatory systems are overwhelmed 

for a sustained period of time, hyperthermia can progress into 
exertional heat stroke. 2 Exertional heat stroke is a life-threat 
ening condition that occurs when the accumulation of heat 
dramatically exceeds the body's ability to dissipate heat. 3 Fac 
tors such as dehydration, medications, illness, sleep depriva 
tion, history of heat illness, increased body mass index, poor

physical condition, alcohol and drug abuse, electrolyte imbal 
ances, equipment and clothing, and not being acclimated may 
also predispose a person to having a heat stroke.4 Although 
many modes of caring for heat illnesses exist, no single treat 
ment for patients who experience exertional heat stroke is uni 
versally accepted. What is known, however, is that the mor 
tality rate associated with exertional heat stroke is positively 
correlated with the length of time it takes to cool the athlete; 
thus, the need for rapid cooling is strong.4^6
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When heat stroke occurs, core temperature must be lowered 
as rapidly as possible to prevent organ and tissue damage.'-7 
Many modalities have been implemented to cool hyperthermic 
runners, including application of ice packs to the large arteries 
of the neck, axillary region, and groin; evaporative cooling 
(water splashed on the body and evaporated by compressed 
air spray or by fanning); combining cold packs with evapo 
rative cooling; ice-water immersion with or without massage; 
cold-water immersion with or without massage; application of 
wet towels or sheets; helicopter rotary blade downdraft; and 
warm air sprays. 5 '7" 10

Since 1959, experts in the field have disagreed about which 
modality of cooling is the most efficient because many have 
been effectively employed. 1 ' 5 ' 11 - 12 Some authorities prefer 
evaporative cooling, stating that it is associated with effective 
cooling rates, is more sanitary (ie, does not have vomit or 
diarrhea in the water, which may occur with immersion), does 
not interfere with patient monitoring and other treatments such 
as intravenous administration of fluids and medications. 8 Oth 
ers have concluded that cold-water immersion results in cu 
taneous vasoconstriction, a paradoxical increase in core tem 
perature with increased heat production at skin temperatures 
of less than 28°C, and patient discomfort. 6 A very enlightening 
point to consider, however, is that people lost at sea suffering 
from prolonged immersion in very cold water do not die of 
hyperthermia but of hypothermia. 13 Thus, the body's ability to 
cool must be stronger than the vasoconstriction that may be 
evoked by the immersion, and immersion has been found to 
be the most rapid and effective method of body cooling. 5 - 14 - 15 
Although there may have been isolated reports of dysrhyth- 
mias and seizures related to ice baths, never has one of these 
conditions been reported in the history of the Falmouth Road 
Race (12-km running race held in mid-August in Massachu 
setts). 12 In addition, the American College of Sports Medi 
cine,7 the United States Military,5 the International Amateur 
Athletic Federation, 16 and the National Athletic Trainers' As 
sociation 17 all advocate the use of ice- or cold-water immer 
sion.

Although there has been some research on ice-water and 
cold-water immersion separately, to our knowledge, no one 
has compared the two in a single study using human subjects. 
In 1980, this research question was addressed using dogs. 18 
The investigators compared ice-water immersion (1 to 3°C), 
cold-water immersion (10 to 11°C), and tap-water immersion 
(15 to 16°C) and found no significant differences among the 
3 immersions. 18

Whether ice-water or cold-water immersion produces su 
perior cooling rates in humans was unknown. Therefore, the 
purpose of our study was to assess if ice-water immersion 
(5.15 ± 0.20°C) is the superior medical protocol for rapidly 
cooling hyperthermic runners when compared with cold-water 
immersion (14.03 ± 0.28°C).

METHODS

Subjects
We recruited 17 highly trained, heat-acclimated distance 

runners from a college cross-country team and the local run 
ning community. Screening information was obtained to en 
sure that subjects met the following criteria: (1) no chronic 
health problems, (2) no previous history of heat illness, and
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Figure 1. Timeline of experimental protocol. I indicates immersion; 
PI, postimmersion.

(3) no history of cardiovascular, metabolic, or respiratory dis 
ease. The physical characteristics of the subjects (3 women, 
14 men) were (mean ± SEM) age, 28 ± 2 years; height, 
180 ± 2 cm; weight, 68.5 ± 2.1 kg; body fat, 11.2 ± 1.3%; 
and training volume, 89 ± 10 km/wk. The subjects were ac 
tively competing in 5-km or longer distance races.

Subjects attended a briefing meeting and signed an informed 
consent statement before any experimentation to ensure un 
derstanding of the testing parameters and the benefits and risks 
of the study. All subjects completed medical and training his 
tory questionnaires. The protocol was approved by the Insti 
tutional Review Board for Studies Involving Human Subjects. 
Subjects were paid for their participation in the study.

Experimental Protocol
Before each of their 3 experimental trials, subjects were 

provided with a preparation checklist. An investigator con 
ducted a brief meeting after each trial to remind the subject of 
the proper procedures to follow for the subsequent trial. At 
least 1 week separated the trials. Each trial consisted of 8 
discrete time components. These included arrival, a 20-minute 
equilibration period, baseline, two 45-minute distance runs, 
preimmersion, one of 3 different immersions (mock immer 
sion, ice-water immersion, or cold-water immersion), and pos 
timmersion (Figure 1). Wet-bulb globe temperature (WBGT) 
was measured at several points during each trial to gain an 
indication of overall environmental stress. 7 No rehydration oc 
curred during any trial.

Arrival. On the morning of each experimental trial, the sub 
jects reported in a euhydrated state to an outdoor pavilion be 
tween 11:00 AM and noon. The pavilion had a roof, but all 
sides were open to the outside air. Hydration status was de 
termined via urine color and urine specific gravity. A urine 
specific gravity > 1.020 precluded data collection on that day. 
Each subject then inserted a rectal thermistor 10 cm past the 
anal sphincter and sat in the shade of the pavilion for 20 min 
utes.

Baseline. After the 20-minute equilibration period, we col 
lected baseline measures of body weight and rectal body tem 
perature (Tre ).

Distance Runs. Immediately after the collection of mea 
sures, the subjects proceeded to the starting line to begin their 
distance runs. We selected the course of each hilly trail run, 
which consisted of an 8.05-km (5-mile) loop that all subjects 
completed and a 1.61-km (1-mile) road (asphalt) loop that 
some subjects continued on; this course was completed twice. 
Each loop ended at the pavilion. We chose each subject's run 
ning distance based on running ability (8.05, 9.66, 1 1.27 km 
[5, 6, or 7 miles, respectively] per loop), with a total distance 
per trial of 16.09, 19.31, or 22.53 km (10, 12, or 14 miles), 
based on an in-depth discussion with each subject to determine 
normal training pace, normal training volume, and normal 
training distance. We decided which length could be complet-
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Table 1. Preimmersion Values*

Time of
Distance Run (s)

Mock immersion
Ice-water immersion
Cold-water immersion

5142 ±
5242 ±
5208 ±

108
110
109

Baseline
Tre O

36.89 ±
37.02 ±
36.89 ±

-)

0.08
0.09
0.14

Preimmersion
Tre O

39.31 ±
39.51 ±
39.62 ±

Percentage of WBGT
D) dehydration (°C)

0.
0.
0.

.15
18
15

3.60
3.89
3.61

± 0.22
± 0.22
± 0.16

27 ±
27 ±
27 ±

1
1
1

*WBGT indicates wet-bulb globe temperature. There were no significant differences (P > .05). Values expressed as mean ± SEM.

Table 2. Mean Cooling Rates (°C-min- 1 ) ± SEM During and After 
Immersion*

Time

SI to 8 min
SI to 10 mint
SI to 12 mint
SI to 3 min Pit
SI to 6 min Pit
SI to 10 min Pit
SI to 15 min Pit

Mock 
Immersion

0.13
0.11
0.10
0.09
0.07
0.07
0.06

± 0.02
± 0.01
± 0.01
± 0.00
± 0.01
± 0.00
± 0.00

Ice-water 
Immersion

0.18
0.16
0.16
0.13
0.12
0.10
0.09

± 0.03
± 0.02
± 0.01
± 0.01
± 0.01
± 0.01
± 0.01

Cold-water 
Immersion

0.16
0.17
0.16
0.13
0.11
0.09
0.08

± 0.01
± 0.02
± 0.01
± 0.01
± 0.01
± 0.01
± 0.01

*SI indicates start of immersion; PI, postimmmersion.
tlce-water immersion and cold-water immersion showed significantly
greater cooling rates than mock immersion (P < .05).

a:
0)

_c"5 
o 
o

8 to 12 minutes

Time of Immersion
Figure 2. Cooling rates during immersion. SI indicates start of im 
mersion; IWI, ice water immersion; CWI, cold water immersion; Ml, 
mock immersion. *IWI and CWI had significantly greater cooling 
rates than Ml (P < .05).

ed in approximately 90 minutes (of total running) and be con 
ducted at a "challenging yet comfortable" pace. The total dis 
tance for each trial was kept constant for each subject. The 
subjects were briefly stopped (for 3 minutes, not included in 
the total time of the distance run) midway through the run 
distance to assess Tre (for subject safety). The average distance 
run was 19 ± 0.5 km (11.81 ± .03 miles).

Preimmersion. After the distance run, the subjects came 
into the pavilion, where we measured body weight and Tre . 
All subjects began immersion 2 to 4 minutes after completing 
the distance run.

Immersion. Using a random, crossover design, the subjects 
were assigned to mock immersion (no water, air temperature 
= 28.88 ± 0.76°C), ice-water immersion (5.15 ± 0.20°C), or 
cold-water immersion (14.03 ± 0.28°C). Each subject was im 
mersed from the shoulders to the hip joints 19 ' 20 for 12 minutes 
in a tub (dimensions: 145 cm long, 69 cm wide, 26 cm deep)

that was set up in the shaded pavilion. During each immersion, 
we measured Tre and water temperature each minute.

Postimmersion. After immersion, we measured Tre at min 
utes 3, 6, 10, and 15. During this time, the subjects dried off 
and were allowed to walk around and stretch. They were re 
quired to stay within the shaded pavilion during this time.

Measurements
We measured urine specific gravity using a refractometer 

(Atago URICON-NE, Farmingdale, NY), urine color using a 
validated urine color chart,20 '21 Tre using a rectal temperature 
probe (YSI Inc, Yellow Springs, OH), and water temperature 
using a thermometer (Model 4600, YSI Incorporated). Wet- 
bulb and dry-bulb temperatures were determined using a sling 
psychrometer (Bacharach Inc, Pittsfield, PA), black globe tem 
perature via a homemade device, and WBGT via a standard 
calculation. 7 We measured body weight using a Tanita scale, 
model BWB-800A (Tanita Corp, Tokyo, Japan) and analyzed 
body fat using a handheld bioelectric impedance analyzer 
(model HBF-301, Omron, Vernon Hills, IL). 22 Percentage of 
dehydration was calculated using the difference between the 
prerun body weight and the preimmersion body weight (no 
food or fluid was consumed during this time). Cooling rates 
were determined by the decrease in rectal temperature (in °C) 
over a set period of time (per minute).

Statistical Analyses
We analyzed variables using a 2-way (condition X time) 

analysis of variance with repeated measures (Statistica, 
StatSoft, Tulsa, OK). The 3 conditions were mock immersion, 
ice-water immersion, and cold-water immersion. Significant F 
ratios were analyzed using a Newman-Keuls post hoc test. The 
level of significance was chosen as P < .05. All data are 
presented as mean ± standard error of the mean.

RESULTS
Prerun Tre , preimmersion Tre , WBGT, and percentage of de 

hydration preimmersion were not significantly different (P > 
.05) among treatments (Table 1).

Ice-water immersion and cold-water immersion had signif 
icantly greater (P < .05) cooling rates than mock immersion 
at 10 minutes and every point thereafter (Table 2). Even 
though these values were not statistically significant, there was 
a trend for ice-water immersion and cold-water immersion to 
have greater cooling rates than mock immersion for the first 
4 and 8 minutes (Figure 2).

Rectal temperatures were greater (P < .05) for mock im 
mersion than ice-water immersion or cold-water immersion at 
12 minutes of immersion and 3, 6, and 15 minutes postim- 
mersion (Figure 3). Rectal temperatures were less (P < .05) 
for ice-water immersion than for cold-water immersion and
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u

Immersion (0 to 12 minutest Postimmersion (12 to 27 minutes)

Figure 3. Changes in rectal temperatures during the 12 minutes of 
immersion and 15 minutes of postimmersion. IWI indicates ice wa 
ter immersion; CWI, cold water immersion; Ml, mock immersion. 
15 minutes = 3 minutes postimmersion, 18 minutes = 6 minutes 
postimmersion, 22 minutes = 10 minutes postimmersion, 27 min 
utes = 15 minutes postimmersion. *MI > IWI and CWI (P < .05). f, 
IWI < CWI. £MI > IWI.

mock immersion at 6 and 10 minutes postimmersion (Figure 
3).

DISCUSSION
At present, views conflict as to the best mode of rapidly 

cooling hyperthermic athletes. Given that immersion is a wide 
ly accepted mode of body cooling, endorsed by organizations 
such as the American College of Sports Medicine, the Inter 
national Amateur Athletic Federation, and the United States 
Military, we conducted this study to determine whether ice- 
water immersion or cold-water immersion is superior in cool 
ing hyperthermic runners. The cooling rates found in this study 
are consistent with immersion cooling rates found by other 
investigators. In soldiers suffering from heat stroke with Tre 
of 41°C or higher, ice-water immersion had a cooling rate of 
0.15°C-min ' with a mean time of 19.2 minutes of immer 
sion. 5 In an earlier study, male and female distance runners 
with a preimmersion Tre of 41.7 ± 0.2°C were cooled at rates 
of 0.20 ± 0.02°C-min-' in ice water (1 to 3°C) for 5.6 ± 0.6 
minutes. 15 We found that cooling rates with torso immersion 
in cold water were similar to those in a recent study. 23 The 
cooling rates we found for ice-water immersion and cold-water 
immersion are greater than reported cooling rates for other 
modes of cooling: passive cooling (0.054°C-min~ 1 ), 6 cold 
packs placed on large arteries of the neck, axillae, and groin 
(0.0490C-min~ ] ), body covered with 24 to 48 cold packs 
(0.074°C-min~ 1 ), evaporative cooling in which water was 
splashed onto the body and evaporated by a compressed air 
spray (0.081°C-min~'), evaporative cooling plus 6 cold packs 
(0.086°C-min- 1 ), and whole-body immersion at 25°C 
(0.075°C-min~ i ). 8 Whole-body immersion at 12°C (between 
our 2 temperatures) had a significantly greater cooling rate 
(0.262°C-min- 1 , P < .01) than the other modes of cooling. 8 
In the only previous study comparing ice-water immersion and 
cold-water immersion cooling rates, researchers found no dif 
ference between ice-water immersion (1 to 3°C) and cold-wa 
ter immersion (15°C to 16°C) in dogs. 17

With similar Tre at the start of all immersions, we found 
that ice-water immersion (0.16 ± O.O^C-min" 1 ) and cold-wa

ter immersion (0.16 ± 0.01°C-min ') at 12 minutes induced 
cooling rates that were both significantly greater (P < .05) 
than mock immersion (0.10 ± 0.01°C-mirr '), although ice- 
water immersion and cold-water immersion cooling rates were 
not significantly different from each other (P > .05) (see Table 
2). The significant difference between ice-water immersion 
and cold-water immersion cooling rates as compared with 
mock immersion was not observed until after 8 minutes of 
immersion. This implies that hyperthermic athletes being 
cooled by immersion in water at 5° or 14°C may need to be 
immersed for longer than 8 minutes. In addition, in the ice- 
water and cold-water immersion groups, rectal temperatures 
continued to decrease significantly faster postimmersion. Thus, 
water-immersion times similar to our protocol may provide 
additional cooling when the athlete must be transported for 
additional medical treatment.

We measured rectal temperatures in this study for the prac 
tical ease and validity of measuring core temperature. How 
ever, it is likely that core temperature was changing more rap 
idly in the 2 water-immersion therapies than we could measure 
with the rectal temperature, given that rectal temperatures usu 
ally lag behind true core temperatures by about 10 minutes. 24 
This would explain why we did not find a statistical difference 
in cooling rates between the immersion therapies and the mock 
immersion after 8 minutes.

There are several possible explanations for why ice-water 
immersion and cold-water immersion did not lead to different 
cooling rates. The 2 temperatures (5° and 14°C) may have been 
too similar to cause a physiologic difference in cooling rates. 
Another explanation is an alteration in the magnitude of pe 
ripheral vasoconstriction between the 2 modes of cooling. The 
vasoconstriction was not enough to interfere with body cool 
ing; although the peripheral vasoconstriction may have been 
different between the water-immersion groups, it was not 
enough to alter the cooling rates. 13

Consistent with the data regarding cooling rates, the im 
mersion therapies led to lower Tre than mock immersion at the 
completion of immersion and throughout the postimmersion 
period (Figure 3). Also, ice-water immersion induced lower 
Tre than cold-water immersion at 6 and 10 minutes postim 
mersion. Ice-water immersion stimulated a greater cooling rate 
after removal from the immersion bath, but this was negated 
by 15 minutes postimmersion. It is critical to note that these 
rectal temperatures do not translate into different cooling rates 
between ice-water immersion and cold-water immersion, due 
partly to the slightly higher (although not significantly differ 
ent) preimmersion rectal temperatures in the cold-water im 
mersion treatment group.

The superior cooling rates for ice-water immersion and 
cold-water immersion may have significant practical implica 
tions for the athletic trainer. Body cooling is known to be 
advantageous in lowering rectal temperature, as we have 
shown immersion (at either 5° or 14°C) to be superior to no 
immersion. At the onset of immersion (less than 8 minutes), 
no significant differences among ice-water immersion, cold- 
water immersion, and mock immersion were found, yet there 
was a trend toward greater cooling rates with ice-water and 
cold-water immersion as compared with mock immersion. The 
known lag in rectal temperatures behind the actual core tem 
peratures could have prevented significant differences from be 
ing found. Therefore, we recommend ice-water or cold-water 
immersion even when time is limited before the arrival of 
emergency medical service personnel.
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Potential side effects of ice-water immersion and cold-water 
immersion, such as hypothermic overshoot, peripheral vaso- 
constriction hindering a cooling response, and cardiogenic 
shock, did not occur during our study. The absence of these 
side effects is consistent with previous findings using immer 
sion to cool hundreds of hyperthermic individuals. 5 In our 
study, cooling did continue after removal from the ice-water 
or cold-water immersion. Although this continued cooling re 
stored rectal temperature more quickly, normal baseline mea 
sures were not overshot.

We acknowledge some limitations to this study. Even 
though we found no significant differences between the 
WBGT in the crossover design and the averages were similar 
for all 3 treatments, this was a field study and the same weath 
er conditions were not present for each individual trial. In ad 
dition, the hyperthermia of our subjects was of a limited nature 
compared with that normally found in exertional heatstroke 
patients. In future endeavors, we intend to compare the effects 
of ice-water and cold-water immersion on cooling rates of ex 
ertional heat stroke patients from a large-scale event, so as to 
not have to extrapolate our findings. We also aim to compare 
cooling rates via different modes in a controlled laboratory 
environment. Additionally, examining what effect movement 
of the water has during immersion therapy may be important 
because it may increase cooling rates.

Based on this study, we suggest using either ice-water or 
cold-water immersion when treating hyperthermic athletes. 
When an immersion tub is not available, alternative measures 
of cooling (cold-wet towels, ice packs, evaporative cooling) 
should be used until medical assistance arrives.
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Objective: To determine blood serum creatine kinase (CK) 
levels in football players undergoing 2-a-day football practices 
and to determine if CK levels are related to fitness. Our hy 
potheses were that CK levels in each subject would increase 
over the course of practices and that higher levels of fitness 
would result in smaller increases in CK.

Design and Setting: Creatine kinase measurements were 
taken 4 times over 10 days of preseason, 2-a-day practices: 
before beginning practices (CKM1) and on the mornings of the 
4th (CKM2), 7th (CKM3), and 10th (CKM4) days of practice.

Subjects: Twelve male Division I football players from a mid- 
western university.

Measurements: Fitness tests included percentage of body 
fat, body mass index, anaerobic capacity, and peak power from 
a 1-leg step test and 1-repetition maximum bench press and 
squat lifts. Changes in CK levels were calculated as the differ 
ence between the second CK measure (CKM2) and the first CK 
measure (CKM1).

Results: Differences were significant between the CK mea 
surements (P = .0002). Post hoc analysis revealed that CKM2 
and CKM3 levels were statistically higher than CKM1 levels. No 
other statistically significant differences between CK measures 
were noted. Pearson product moment correlation coefficients 
showed that athletes who generated higher peak power during 
a 15-second step test had smaller increases in CK levels from 
CMK1 to CMK2 (r = -.64). Although the correlations with an 
aerobic capacity (r = -.54, P = .071), body mass index (r = 
-.51, P = .090), and percentage of body fat (r = -.52, P = 
.082) approached statistical significance, no other correlations 
were statistically significant. The mean CKM2 level was 5124.7 
U-L 1 ± 5518.1, approximately 30 times the norm for men.

Conclusions: Participation in 2-a-day football practices re 
sulted in significant serum CK elevations, which remained ele 
vated for at least 7 days. Participants who had higher peak 
power had smaller increases in CK.

Key Words: exertional rhabdomyolysis, muscular damage, 
peak power

M uscular damage resulting from vigorous exercise is 
a common and normal event. Athletes often feel 
muscular soreness between 8 and 24 hours postex- 

ercise, with peak levels occurring at around 48 hours.' This 
soreness is thought to be the result of the muscular damage 
that can occur with any type of high-intensity workout and has 
been reported to occur at the level of the sarcolemma, Z discs, 
or both. 2 Although it is normal to sustain muscular damage 
with exercise, excessive damage can cause a condition known 
as exertional rhabdomyolysis. Exertional rhabdomyolysis is 
defined as the degeneration of skeletal muscle caused by ex 
cessive unaccustomed exercise and has been known to cause 
death in healthy athletes. 3"5

One of the most valid and reliable methods for assessing 
muscular damage is to check for increases in blood serum 
levels of creatine kinase (CK), the primary enzyme regulating 
anaerobic metabolism, because a high percentage of the body's 
CK is present in skeletal muscle tissue. 2 Assessing CK levels 
has been commonplace for more than 3 decades in studies 
investigating muscular damage. 6 Creatine kinase is located in 
the sarcolemma and mitochondrial intermembrane space of

healthy muscle cells and is responsible for catalyzing the 
movement of phosphate from phosphocreatine to adenosine 
diphosphate, forming adenosine triphosphate (ATP) and crea 
tine. 7 ' 8

Creatine kinase is present in the body as 3 isozymes: the 
skeletal muscle, cardiac muscle, and brain tissue types. In 
some clinical situations, it may be relevant to check for one 
of the 3 types of isozymes. If cardiac pathology is suspected, 
increases in the cardiac muscle type can be expected. In cases 
of head injury, increases in the brain tissue type can be ex 
pected. However, strenuous exercise that damages skeletal 
muscle cell structure results in an increase in total CK, with a 
mixture of all 3 isozymes. 2 - 9 Therefore, when analyzing CK, 
one may mistakenly conclude that physical exercise caused 
damage to heart or brain tissue. However, most research shows 
the increase in the cardiac and brain CK isozymes to be a 
negligible amount of the total exercise-induced increase in 
CK.9JO Also, most studies indicate that the CK elevation is 
from skeletal muscle, not cardiac muscle. 2 ' 11

Nosaka and Clarkson 12 pointed out that the exact mecha 
nism by which CK enters the general blood circulation is un-
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known; however, it is thought that when acute damage occurs 
to the muscle cell structure, CK leaks into the interstitial fluid 
and is picked up by the lymphatic system. The CK then travels 
through the lymphatic system and is eventually emptied back 
into the general blood circulation, which results in an increase 
in serum levels of CK. 9 Thus, increases in blood levels of CK 
are one indicator of muscular trauma. Normal resting levels 
of CK for men are 55 to 170 units per liter (U-L^ 1 ), and for 
women, 30 to 135 units per liter (U-L~'). 13

When strenuous exercise results in excessive muscular dam 
age, a condition known as exertional rhabdomyolysis can de 
velop. Postexercise CK levels 5 to 10 times the normal limit 
for men or women have been defined as laboratory evidence 
that exertional rhabdomyolysis may be present, although it is 
possible to reach much higher levels.4 ' 14 Line and Rust4 pre 
sented the case of a runner who was diagnosed with exertional 
rhabdomyolysis and had a CK level of 108000 U-L '. Ep- 
stein2 noted that a high CK level in the blood without other 
laboratory and physical evidence does not indicate the pres 
ence of exertional rhabdomyolysis. Other laboratory evidence 
of rhabdomyolysis may include increased serum levels of po 
tassium, phosphate, uric acid, creatinine, or lactate dehydro- 
genase, while blood calcium and pH may be decreased. 15 
Physical signs include muscular weakness, swelling, pain, 
cramping, and darkened or tea-colored urine. 15

Risk factors for exertional rhabdomyolysis include exercis 
ing in very hot and humid environments, not drinking enough 
water (dehydration), weight lifting, poor physical conditioning, 
fatigue, and prior history of heat exhaustion.4 Although the 
prevalence and incidence of exertional rhabdomyolysis are not 
known due to the inherent fatigue, dehydration, and blunt trau 
ma that occur while playing football, exertional rhabdomyol 
ysis is a primary concern for athletes such as football players.

The purpose of our study was to determine if participation 
in 9 days of 2-a-day football practices resulted in changes in 
plasma CK levels. Secondary purposes included examination 
of the differences in CK levels for the preseason levels, the 
first 6, the second 6, and the third 6 practices (4th, 7th, and 
1 Oth days of practice) and determination if a relationship ex 
isted between measures of fitness and CK levels.

Although studies of muscular damage and CK are somewhat 
common, most have been conducted in the controlled envi 
ronment of the laboratory. Few studies have been done on 
athletes participating in their competitive activity. We found 
no studies that examined CK levels in football players under 
the stress of high-intensity exercise combined with high levels 
of heat and humidity (2-a-day football practices) in a literature 
search of MEDLINE, the Internet, and SPORT Discus. Re 
garding football players, we found one case report of a player 
who eventually died due to complications of exertional rhab 
domyolysis. 5 Of the studies that have been done on athletes 
on the field, most involved marathon runners. 11 As a result, 
very little is known about the blood CK levels of football 
players. More data on this subject are needed to aid us in 
preventing exertional rhabdomyolysis.

METHODS

Subjects
Sixteen sophomore, junior, or senior members of a Division 

I football team from a large midwestern university were re 
cruited to participate in this study (Table 1). Freshman players

Table 1. Subjects' Physical Characteristics

Subject

1
2
3
4
5
6
7
8
9

10
11
12

Mean ±
SD

Position

defensive back
defensive back
receiver
offensive lineman
defensive back
linebacker
offensive lineman
tight end
full back
defensive lineman
receiver
defensive lineman

Age (y)

23
23
21
23
21
19
22
19
19
21
21
19

20.9 ±
1.6

Height (cm)

179.07
176.53
176.53
196.22
181.61
182.88
190.50
198.76
186.69
185.42
180.34
190.50

185.40 ±
7.30

Weight (kg)

79.6
90.0
79.1

145.9
87.7

102.7
132.7
115.5
111.4
124.5
79.5

122.7

105.9 ±
22.9

did not participate because they were required to perform early 
morning conditioning sessions in addition to the normally 
scheduled practices that all players were required to attend. 
Subjects were volunteers from a pool of athletes that remained 
on campus for most of the 1997 summer and participated in 
the team off-season conditioning program designed by the 
team strength and conditioning coaches. For this reason, we 
assumed that the participants in the study were acclimated and 
in proper condition to exercise in the study environment. Four 
subjects were dropped from the study as a result of muscu- 
loskeletal injuries, leaving 12 subjects (75%) to complete the 
research protocol. Each subject signed an informed consent 
form in accordance with the institutional review board of the 
university, which approved the study. The intent of the study 
and the risks involved were explained before participation.

Procedures and Protocols
Before beginning 2-a-day practices, each participant com 

pleted a questionnaire that was used to help determine whether 
factors in the lives of the participants other than exercise might 
be responsible for any increases seen in the CK levels. Each 
participant also performed the following fitness tests to permit 
generalizations regarding the relationship of conditioning and 
CK levels: (1) percentage of body fat assessment using the 
methods described by Jackson and Pollock with the sum of 7 
skinfolds, 16 ' 17 (2) body mass index (BMI) assessment (body 
weight in kg/height in meters)2 , (3) 1-repetition maximum (1- 
RM) strength tests for squat and bench press, (4) 60-second 
1-leg step test to estimate anaerobic capacity, and (5) 15-sec- 
ond 1-leg step test to estimate anaerobic peak power.

Skinfolds were measured with Lange skinfold calipers (Beta 
Technology Inc, Santa Cruz, CA). We took 3 nonconsecutive 
measures at each of the 7 standard sites on the right side of 
the body, and the average of the 3 measures was used as the 
skinfold thickness. Within-day intraclass reliability was cal 
culated to be 0.9998. The 7 sites measured were the chest, 
subscapular, midaxillary, suprailiac, abdominal, triceps, and 
thigh areas. Body density was determined from the Jackson 
and Pollock equation, 17 which has been found to be the most 
valid skinfold body density equation for football players and 
male athletes aged 18 to 29 years old. 16 Percentage of body 
fat was calculated with the Siri equation. 16

The 1-RM strength tests were performed using standard 
free-weight equipment. The athletes had been on a structured
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lifting routine for the summer, so each subject, along with the 
strength and conditioning coaches, already knew his 1-RM 
weight. After the athlete lifted his former 1-RM weight, weight 
was added in 2.27-kg (5-lb) increments to determine the true 
1-RM weight. Athletes were allowed as much time between 
lifts as necessary to feel that recovery was obtained.

We obtained peak power and anaerobic capacity using the 
single-leg step test described by Adams. 18 The step test was 
performed using a steel step 40 cm in height. The subject stood 
perpendicular to the step, so that one foot was planted on the 
top of the stepping surface and the other was positioned on 
the floor at the base of the step. Each step consisted of raising 
the body to the level of the step (40 cm) and then lowering it 
back down to the ground in concentric and eccentric fashion. 
The nonplanted leg was dangled in the air during the upward, 
concentric stepping action and then lowered back to the 
ground during the lowering, eccentric stepping action. The 
subject was not allowed to bounce up from the floor and was 
cued to keep his back straight at all times. Subjects practiced 
the stepping procedure for 2 to 3 repetitions. After a short rest 
period, the athletes were encouraged to perform the stepping 
procedure with maximal effort for 1 minute. We used the num 
ber of steps completed in the first 15 seconds to compute peak 
power and the number of steps completed in 60 seconds to 
compute anaerobic capacity, following the procedures of Pe- 
tersen. 19 The anaerobic step test has been found to be a valid 
and reliable test for the estimation of anaerobic power and 
capacity. 18 - 19

Creatine kinase levels were assessed by having a blood 
specimen drawn from an antecubital vein. Approximately 3 to 
4 mL of blood were drawn during the preseason physical ex 
amination (CKM1), which was the morning before the first 
day of 2-a-day practices. The same quantity of blood was also 
drawn the morning before the 4th (CKM2), 7th (CKM3), and 
10th (CKM4) days of 2-a-day practices, allowing 6 practices 
between each blood draw. Blood was drawn before breakfast, 
between 5:00 AM and 6:00 AM, and practice generally began 
at 9:00 AM. All blood was collected following Centers for 
Disease Control and Prevention guidelines. The antecubital 
fossa was cleaned with an alcohol swab and thoroughly dried 
with a sterile gauze pad. Either the median cephalic vein or 
the median basilic vein (whichever was most accessible) was 
punctured using standard sterile technique, and blood was 
drawn into the Vacutainer tube (Becton, Dickinson and Co, 
Franklin Lakes, NJ). A piece of sterile gauze was used to stop 
bleeding at the blood draw site, and a bandage was placed 
over the needlestick site. All equipment contaminated with 
body fluids was handled and disposed of according to the 
guidelines. Venipuncture was performed by a registered nurse, 
and CK analysis was performed by the laboratory at the local 
community hospital. The blood was refrigerated and trans 
ported immediately to the laboratory. It was then centrifuged 
and the serum drawn off for analysis. The laboratory uses the 
Dade Dimensions CK Analyzer (Dade Behring, Deerfield, IL), 
which is accurate to ±5%. All necessary blood-drawing equip 
ment was supplied by the hospital. This equipment consisted 
of Vacutainer tubes and needles, tourniquets, and rubber ex 
amination gloves.

We measured temperatures and relative humidity on the 
field before each practice with a sling psychrometer. Mean 
temperature was 22.5°C and mean relative humidity was 64% 
over the 10 days for which measurements were taken.

Table 2. Creatine Kinase Measures*

Subject

1
2
3
4
5
6
7
8
9

10
11
12

Mean ±
SD

CKM1

315
233
269
92

209
174
270
122
144
179
256
182

203.8 ±
67

CKM2

9867
11 634
18823

602
4342
1425
2496
2422
3676
2244
693

3272

5124.7 ±
5518.1

CKM3

6890
5069

13399
485

2938
1933
2048
2314
1097
1396
594

2275

3369.8 ±
3658.9

CKM4

3320
1605
2907
352
1939
694
937
975
769
217
836
613

1263.7 ±
990.6

*CKM indicates creatine kinase measure in U-L

Statistical Analysis
We performed statistical analyses using the Statistics Pack 

age for the Social Sciences (version 6.1, SPSS Inc, Chicago, 
IL). A one-way, repeated-measures analysis of variance (AN- 
OVA) was calculated to test the differences between the means 
of each group of CK measures. A Student-Newman-Keuls post 
hoc comparison test was used to determine where differences 
existed. We plotted CK group means versus practice day as a 
line graph to show the rise and fall of CK from measure to 
measure. Pearson product moment correlation coefficients al 
lowed us to determine whether there was a relationship be 
tween the measures of physical fitness and the difference be 
tween the first 2 measures of CK. The difference between the 
first 2 CK measures was used because one of the goals of this 
research was to determine a factor that was associated with 
less muscular damage in the football players, as indicated by 
lower levels of CK in the blood. A within-day reliability co 
efficient was calculated for the 3 skinfold measures completed 
at each skinfold site using ANOVA. All alpha levels were set 
at .05.

RESULTS

The CK analysis test results for each of the subjects are 
presented in Table 2. The ANOVA revealed statistically sig 
nificant main effects for the 4 CK measures (F344 = 8.67, 
P = .0002). Power for the ANOVA was .9831 (alpha = .05 
level). The Student-Newman-Keuls post hoc test showed that 
plasma CK levels at the second (CKM2) and third measures 
(CKM3) were statistically higher than CK levels at baseline 
(CKM1) (Figure 1). However, the differences between CKM1 
and CKM4, CKM2 and CKM3, and CKM3 and CKM4 were 
not statistically significant.

We calculated Pearson product moment correlations (r) to 
determine whether a relationship existed for the difference be 
tween CKM1 and CKM2 (CKDiff = CKM2 - CKM1) and 
the measures of fitness. Differences between CKM1 and 
CKM2 were used because the greatest increase was between 
the first 2 measures, and one of our goals was to determine if 
there was a relationship between fitness indices and increases 
in serum CK. Athletes who generated higher peak power dur 
ing a 15-second step test had lower increases in CK levels 
from CKM1 to CKM2 (r = -.64, P = .025) (Figure 2). There 
were no other statistically significant correlations, although the
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Figure 1. Mean values for creatine kinase on the four test days. 
Creatine kinase measure 1 (CKM1) was significantly different than 
CKM2 and CKM3. There was no significant difference between 
CKM1 and CKM4, CKM2 and CKM3, and CKM2 and CKM4.
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Figure 2. Visual representation of the Pearson product moment 
correlation between anaerobic peak power and CKDiff (r = -.64).

correlations with anaerobic capacity (r = —.54, P = .071), 
body mass index (r = —.51, P = .090), and percentage of 
body fat (/• = —.52, P = .082) did approach statistical sig 
nificance.

DISCUSSION
A description of normal 2-a-day practices is important in 

understanding our findings. Generally, the team warmed up 
with approximately 10 minutes of static stretching and form 
running. Then, the team broke into groups based on position 
played and performed position-specific drills that were gen 
erally very physical with full contact. The position-specific

drills were generally done for approximately 80 minutes, after 
which the team met for approximately 30 minutes for the 
heavy contact drills, usually an offense versus defense scenar 
io. Because plasma concentrations of various substances are 
affected by hydration status, we kept track of temperature and 
humidity. The average temperature and humidity for the du 
ration of the study were 22.5°C and 64%, respectively. In ad 
dition, all blood was taken in the morning before any activity 
to give the athletes maximal potential for rehydration during 
the night.

Examination of CKM1 (the prepractice measure for this 
study) shows that, even though the subjects had not begun 2- 
a-day practices yet, the mean CK level was 203.8 ± 67.0 
U-L~', which is higher than the published CK norms for 
healthy men. Norms for CK levels in healthy men are 55 to 
170 U-L' 1 . 13 '20 The high CK levels found in CKM1 can likely 
be explained by the summer conditioning program in which 
the subjects participated. Hortobagyi and Denahan9 showed 
that it is not uncommon for healthy exercising athletes to have 
blood CK levels ranging from 100 to 1000 U-L' 1 . These high 
resting CK levels were attributed to decreased enzyme removal 
from the blood, permanently damaged muscle cell membranes 
as a result of chronic physical stress, higher lean body mass 
of athletes, higher levels of protein breakdown, or a combi 
nation of all these factors. If the muscle damage that occurs 
is a one-time event, normal clearance of CK from the blood 
can generally be expected in 2 to 3 days. Peak levels usually 
occur approximately 18 hours after the injury. 13

One of the hypotheses tested in this study was that an in 
crease in serum CK levels would be noted in each consecutive 
CK measure. However, a statistically significant rise was noted 
only between CKM1 and CKM2 (Figure 1). A gradual de 
crease from CKM2 to CKM4 was then demonstrated, even 
though the intensity, length, and collision content of the prac 
tices remained the same for the duration of 2-a-day practices. 
The difference between CKM2 and CKM3 was not statisti 
cally significant, nor was the difference between CKM3 and 
CKM4. The initial rise in CK levels may have resulted from 
muscle cell damage due to the unaccustomed activity, coupled 
with the blunt trauma occurring to the body during tackling 
and hitting drills. The initial rise followed by a gradual de 
crease in blood levels of CK seen in this study supports the 
hypothesis of Byrnes et al21 that there may be a "pool" of 
injury-prone fibers in the human skeletal muscle system. 
Byrnes et al21 studied serial CK measures in 3 groups of 
downhill runners. Each group performed 2 bouts of downhill 
running with 3, 6, or 9 weeks separating each bout. Both group 
1 and group 2 had significantly lower CK increases in the 
blood after the second bout as compared with the first bout, 
indicating that a muscular adaptation had taken place. In group 
3, however, the postexercise CK increases were similar for the 
2 bouts of downhill running. The researchers hypothesized that 
9 weeks was too long for the "pool" of injury-prone fibers to 
maintain the damage-resistant adaptation that had occurred.

Another possible explanation for the high CKM2 reading, 
combined with the gradually decreasing CKM3 and CKM4 
results, is that during the practices between CKM1 and CKM2, 
the players were required to wear "shells." "Shells" consist 
of a helmet, shoulder pads, jersey, and shorts. No thigh or hip 
padding was worn during this time. After CKM2, full pads 
were worn for every practice. The consecutively lower blood 
concentrations in CKM2, CKM3, and CKM4 might be indic 
ative of the protective effects of full pads as opposed to just
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wearing "shells." Also, it is possible that a physiologic ad 
aptation occurred to allow greater elimination of CK from the 
blood more quickly or that the muscle cells adapted to inhibit 
damage.

All subjects in this study showed laboratory evidence of 
exertional rhabdomyolysis. Line and Rust4 and Rucker and 
Tanner 14 defined laboratory evidence of exertional rhabdo 
myolysis as CK levels 5 to 10 times greater than the normal 
levels for the sex. All athletes had at least a 5-fold increase in 
serum CK concentrations between CKM1 and CKM2, while 
9 of 12 athletes had a more than 10-fold increase between 
CKM1 and CKM2. Whether the athletes exhibited any phys 
ical signs and symptoms of exertional rhabdomyolysis, such 
as muscular weakness or pain, muscular swelling, cramping, 
or darkened or tea-colored urine is unknown. Also unknown 
is whether the athletes in this study exhibited any other lab 
oratory evidence of exertional rhabdomyolysis, such as elec 
trolyte imbalances, pH disturbances, creatinine and lactate de- 
hydrogenase increases, or the presence of myoglobinuria, as 
these were not tested. 15 However, none of the athletes who 
had large increases in CK had any heat-related illnesses or 
medical issues that required them to take time away from the 
practice schedule. The data from this study imply that large 
increases in CK concentrations can occur in the blood of foot 
ball players without the athletes' leaving practice secondary to 
injury of any kind.

Overall, the fitness measures were negatively correlated to 
CKDiff; however, only 1 of the 6 coefficients was statistically 
significant, with 3 others showing a trend toward significance. 
These data show a trend toward lower increases in CK in the 
athletes who were more fit (including BMI and body fat per 
centage).

The 2 fitness variables most strongly correlated with CKDiff 
were peak power (r = —.64, P = .025) and anaerobic capacity 
(r = —.54, P = .071). Peak power was the only fitness mea 
sure that was statistically related to CKDiff. The athletes with 
the lowest peak power tended to have greater increases in CK 
concentrations in the blood from CKM1 to CKM2. Although 
anaerobic capacity and CKDiff were not significantly corre 
lated statistically, the P value obtained was not much higher 
than the preset alpha of .05. As a result, although not statis 
tically significant, there was a trend for low scores on the 
anaerobic capacity test to be associated with higher levels of 
CK in the blood.

If a nonstatistical comparison is made among the 3 athletes 
who scored the highest on the test of anaerobic power (sub 
jects 7, 9, and 10) with the athletes who scored the poorest on 
the test (subjects 1, 3, and 11), we find that the athletes who 
scored high generally had much lower increases in CK (Table 
2). Where subjects 7, 9, and 10 had CK values that were more 
than 14, 21, and 13 times, respectively, the normal limits for 
men, subjects 1, 3, and 11 had CK values that were more than 
58, 110, and 5 times, respectively, the normal limits. We 
should recall that all the athletes in the study were conditioned 
in the same manner. When a nonstatistical comparison was 
made between the high (subjects 5, 9, and 12) and low (sub 
jects 1, 3, and 11) scorers on the test of anaerobic capacity, 
similar results were noted. Subjects 5, 9, and 12 had 25, 21, 
and 19 times, respectively, the normal limits for men, while 
subjects 1, 3, and 11 had, as mentioned earlier, CK values that 
were more than 58, 110, and 5 times, respectively, the normal 
limits. These results may suggest that football players who 
were not as anaerobically fit sustained greater muscular dam

age, as indicated by higher concentrations of CK in the blood, 
and thus, were at higher risk for laboratory evidence of ex 
ertional rhabdomyolysis. Although the topic does not seem to 
have been addressed in past literature, our results support the 
suggestion that training football players to increase anaerobic 
peak power and anaerobic capacity may offer protection from 
excessive muscular damage.

Body mass index (/• = — .51, P = .090) and percentage of 
body fat (r = —.52, P = .082), while not statistically signif 
icant, were also negatively correlated with CKDiff. There was 
a trend toward greater muscular damage, as indicated by high 
CK concentrations in the blood with lower BMI and lower 
percentage of body fat levels. It may be that the players who 
had more body fat were afforded extra protection from trauma 
to the muscles during body contact in football. Thus, the extra 
body fat may have provided a "cushioning effect," giving the 
skeletal muscle more protection. Another plausible explanation 
for the effect of lower CK levels seen with higher body fat 
percentages and BMIs is related to position played. It could 
be that, since the players who had higher levels of body fat 
were the offensive- and defensive-line players, they were not 
subjected to the quantity of high-velocity body contact to 
which some of the players in other positions were subjected. 

An interesting contrast to the data included in the above 
analysis is the data collected on one subject who did not follow 
the research protocol and was thus not included in the statis 
tical analysis. This subject sustained a neck injury that allowed 
him to perform conditioning activities (sprinting, jogging, stair 
stepping, stationary bicycle) with the rest of the participants 
in the study but kept him from any contact in practice. The 
CK measures for this subject were 104 U-L ' (CKM1), 901 
U-L ' (CKM2), 183 U-L ' (CKM3), and 1651 U-L ' 
(CKM4). The initial increase in this participant's CK concen 
tration from CKM1 to CKM2 was caused solely by physical 
conditioning. Then, even though this athlete continued to con 
dition with the same intensity, his CK concentration dropped 
drastically (CKM3), presumably due to the same mechanism 
as the other subjects. Immediately after the blood was drawn 
for CKM3, the team physician cleared this participant for full 
physical contact during practice. The dramatic rise in CKM4 
for this subject suggests that muscular trauma, resulting from 
the collisional nature of football, is responsible for the increase 
in CK in the blood. The data from this subject could be used 
as a case study of what may have happened to the other sub 
jects under similar circumstances.

As with any study performed in the field, internal validity 
is sacrificed for external validity, as illustrated by several lim 
itations present in our study. One limitation is the small num 
ber of subjects, which limits extrapolation of these results. For 
example, we do not know if football players at this institution 
differed from football players at other institutions. Thus, a 
larger and more representative sample is needed. Other limi 
tations include temperature and humidity variations from prac 
tice to practice and day to day, fitness and hydration status of 
the participants, and nutritional status. Benefits include the fact 
that these results could be easily applied to a practical situa 
tion.

Our findings offer several implications for further study. We 
measured CK serum levels only. Elevated levels of myoglobin 
in the blood can have a toxic effect on the glomerular filtration 
rate, causing potential renal failure, especially in instance of 
dehydration. Therefore, a more thorough investigation of CK 
levels in the blood coupled with myoglobin levels, electro-
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lytes, and blood urea nitrogen and creatinine would provide 
useful information. Also, exploring factors that can affect pre- 
season conditioning status and factors that allow, for example, 
proactive rehydration strategies for these players in hot and 
humid environments, would help us to understand if such mea 
sures can aid in the prevention of exertional rhabdomyolysis 
in the football athlete.
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Objective: To determine if 35 days of creatine supplemen 
tation (Cr) followed by 28 days of no supplementation altered 
lower leg anterior compartment pressure (ACP) at rest and after 
exercise.

Design and Setting: Subjects were divided into 2 treatment 
groups: (1) high dose (0.3 g Cr-kg body mass~ 1 -d- 1 for 7 days 
followed by 0.03 g Cr-kg body mass^-d^ 1 for 28 days), or (2) 
low dose (0.03 g Cr-kg body mass^-d" 1 for 35 days). After 35 
days, supplementation was terminated, and no Cr was ingested 
for 28 days.

Subjects: Sixteen physically active, healthy, college-aged 
males (Vo2max = 47.6 ± 5.1 mL-kg 1 -min~ 1 ).

Measurements: At baseline, 7 days and 35 days of supple 
mentation, and 28 days postsupplementation, ACP was mea 
sured preexercise and immediately, 1, 5, 10, and 15 minutes 
postexercise after a treadmill run at 80% Vo2 max.

Results: For ACP, there was no significant group-by-time in 
teraction, but there was a significant time effect for group when 
the data were combined. ACP was significantly increased at 
preexercise, immediately postexercise, and 1, 5, and 10 min 
utes from baseline to 7 days. ACP remained significantly ele 
vated from baseline at 35 days immediately postexercise and 
1 minute postexercise. After 28 days of no supplementation, 
ACP began to return to presupplementation levels, with only 
the 1-minute postexercise measurement significantly elevated 
from baseline.

Conclusions: Creatine supplementation increased ACP at 
rest and after exercise, and ACP began to return to normal after 
28 days of no supplementation.

Key Words: ergogenic aids, phosphocreatine, sports medi 
cine, side effects

P ain in the lower leg during or after exercise is a frequent 
occurrence in athletes and active individuals after an in 
crease in activity. 1 "5 Typically, this pain is attributed to 

acute shin splints or periostitis. This discomfort may also be 
attributed to stress fractures, 1 ' 2 accumulation of metabolic 
waste,6 and soft tissue and arterial injuries. 3 Symptoms some 
times diminish after a few weeks of training; however, they 
may persist and become more severe until exercise becomes 
exceptionally painful or even impossible. If the symptoms per 
sist and become more severe, a condition known as chronic 
compartment syndrome can occur. 7

Chronic compartment syndrome has been defined as a recur 
rent, exercise-induced increase in pressure in skeletal muscle ac 
companied by pain, swelling, and impaired muscle function. 8 
Chronic compartment syndrome can occur in the anterior, super 
ficial, lateral, or deep posterior (proximal or distal or both) com 
partment of the lower leg. The anterior compartment is most 
commonly affected. 1 -6 Chronic compartment syndrome develops 
when pressure within skeletal muscle, an inelastic compartment

surrounded by fascia, increases. An abnormal increase in com 
partment pressure greatly limits the space available for the mus 
cles within this compartment. 9 As the pressure increases within 
this inelastic compartment, local tissue circulation and function 
may become impaired. Functionally, individuals may experience 
muscle weakness, limited passive motion of distal digits, or even 
paresthesia with increased activity or sustained exercise.6 These 
symptoms tend to disappear with cessation of exercise, but in 
some individuals, they may persist long after exercise has been 
discontinued. In chronic compartment syndrome, relief typically 
follows a fasciotomy or fasciectomy of the constricted compart 
ment.

Creatine (Cr) supplementation has been promoted as a use 
ful ergogenic aid for some types of athletic performance 10 - 11 
but not all. 12" 15 Its side effects, especially those related to 
training and competition, necessitate examination. 16 Specific 
side effects associated with Cr supplementation include gas 
trointestinal distress and muscle cramping in college-aged ath 
letes. 17' 19
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Recently, we documented an increase in anterior compart 
ment pressure (ACP) in the lower leg after Cr supplementa 
tion. 20 - 21 Schroeder et al 20 demonstrated a significant increase 
in resting and postexercise pressure after 6 and 34 days of Cr 
supplementation compared with a placebo group. We21 also 
documented exceptionally high pressures at rest and postex 
ercise in the anterior compartment of the lower leg in a young 
male consuming Cr supplementation. 21 A sustained increase 
in ACP may lead to the development of symptoms resembling 
those of people with exercise-induced compartment syndrome. 
The individual's ability to exercise decreases, and he or she 
may eventually require medical attention. In fact, Robinson 19 
recently reported on acute quadriceps compartment syndrome 
and rhabdomyolosis that required several days of hospitaliza- 
tion in a weight lifter using high-dose Cr supplementation.

Creatine supplementation has become widespread, and it is 
important that the implications and contraindications of this 
supplement be determined for the health and safety of indi 
vidual consumers. Based on recent data, 19"21 it would seem 
prudent to determine the effects of varying doses of Cr sup 
plementation and whether discontinuation of supplementation 
influences ACP in active individuals. Therefore, our purpose 
was to determine the effects of 35 days of Cr supplementation 
followed by a 28-day period of no supplementation on lower 
leg ACP at rest and after a 20-minute run at 80% of Vo2max. 
Additionally, we wanted to examine the influence of Cr sup 
plementation on body mass, body composition, resting blood 
pressure, and lower leg volume.

METHODS

group for 35 days. The subjects then stopped consuming the 
Cr supplementation for 28 days. All dependent measures were 
taken at baseline, 7 and 35 days of Cr supplementation, and 
after 28 days of no Cr supplementation.

Maximal Exercise Testing
During the first visit to the laboratory, the subjects were 

measured for Vo2max during a graded exercise test on a Quin- 
ton treadmill (model 24-72, Quinton Instrument Co, Bothell, 
WA). The graded exercise test began with a 2-minute warm- 
up at 180 m-min" 1 . This was followed by an increase in ve 
locity of 20 m-min" 1 every 2 minutes until the subject reached 
a velocity of 240 m-min" 1 . Thereafter, the running speed re 
mained constant, and the grade was increased 2% every 2 
minutes until the subject reached volitional fatigue. Heart rate, 
using a Polar Favor monitor (Polar Electro Inc, Woodbury, 
NY), and rating of perceived exertion, using the 15-point Borg 
scale,22 were measured and recorded 10 seconds before the 
end of each 2-minute exercise stage. Expired gases were col 
lected and analyzed by a SensorMedics 2900 metabolic mea 
surement cart (SensorMedics, Yorba Linda, CA). A 3-L sy 
ringe and standard gases were used to calibrate the cart prior 
to each test. For validation of a maximal exercise test, the 
subject was required to meet 3 of the following 4 criteria: (1) 
leveling of Vo2 (^ 2.0 mL-kg^-min" 1 ) with an increase in 
exercise intensity; (2) achievement of a heart rate ± 10 
beats-min" 1 of age-predicted maximal heart rate; (3) respira 
tory exchange ratio >1.10; and (4) rating of perceived exer 
tion >18.23

Subjects
Sixteen healthy, physically active male subjects (age = 24.5 

± 3.1 years) participated in this study. In accordance with 
guidelines set forth by the Advisory Committee for Human 
Experimentation at the University of Kansas (which approved 
the study), all subjects read and signed an informed consent 
form and completed a health history questionnaire. The inclu- 
sionary criteria for participation in this study were (1) per 
formed lower body exercise at least 3 days per week for the 
6 months prior to participation in the study, and (2) normo- 
tensive (resting blood pressure < 139/89 mm Hg). Subjects 
were excluded from the study if they used Cr supplementation 
within 3 months of starting the investigation, used anabolic 
steroids, or were vegetarian dieters. Subjects were also 
screened for exclusionary criteria consisting of a previous his 
tory of lower leg conditions involving the musculoskeletal, 
neurologic, or vascular structures.

Experimental Design
The subjects reported to the laboratory for testing on 5 sep 

arate occasions, having abstained from exercise for 48 hours 
and from caffeine and alcohol for 24 hours before testing. The 
initial testing determined the subject's maximal oxygen con 
sumption (Vchmax) and familiarized him with the protocol to 
be used on subsequent testing days. For the 4 experimental 
testing sessions that followed, the subjects reported to the lab 
oratory for the muscle biopsy and the measurement of body 
mass, body composition, blood pressure, lower leg volume, 
and ACP. After baseline testing, subjects were randomly as 
signed to either a high-dose or a low-dose supplementation

Experimental Measurements
With the subject in shorts and T-shirt, we measured body 

mass using a calibrated electronic Toledo scale (model 8134, 
Toledo Scale, Toledo, OH). Body composition was measured 
using a Lunar dual-energy X-ray absorptiometer (DEXA) (Lu 
nar Corp, Madison, WI). The subject was scanned in a hospital 
gown after removing all jewelry. He was positioned supine on 
the DEXA scanning surface with hands palms down, fingers 
together, and arms tucked against hips. After the scan, the 
subject remained on the DEXA scanning surface. The same 
technician then measured resting blood pressure twice using a 
sphygmomanometer and standard stethoscope. The 2 measure 
ments were averaged for statistical analysis.

Lower leg volume was determined by means of 6 anthro- 
pometric measurements and 2 skinfold measurements taken 
from the right leg while the subject stood erect in the anatom 
ical position. We used a Gulick II measuring tape (Country 
Technology Inc, Gays Mills, WI) to measure leg circumference 
at 90° to the longitudinal axis of the lower leg. The 6 sites 
were the minimal ankle circumference, middle-calf circumfer 
ence, half the distance between the ankle and calf points, sub- 
patellar circumference, half the distance between the calf and 
subpatellar circumference, and the knee joint-line circumfer 
ence. We measured skinfold thickness using Lange calipers 
(Beta Technology Inc, Santa Cruz, CA) at the medial and lat 
eral sites of the maximal mid-calf circumference. Tibial and 
femoral intercondylar diameters were measured using anthro- 
pometric calipers. Three measurements were taken at each site, 
and the mean values were used in the calculation of lower leg 
volume. 24

Muscle biopsies were obtained from the superficial portion
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of the vastus lateralis using the procedures outlined by Berg- 
strom, 25 with suction applied to ensure adequate sample size. 26 
After the muscle sample was removed from the needle, it was 
immediately frozen in liquid nitrogen and stored at — 70°C 
until analysis. Tissue samples were later dissected for removal 
of connective tissue, freeze dried, powdered, and analyzed for 
adenosine triphosphate (ATP), Cr, phosphocreatine (PCr), and 
total creatine (TCr) concentrations. 27 Total creatine was cal 
culated as the sum of the PCr and Cr concentrations.

Anterior Compartment Pressure Measurement
After the muscle biopsy was collected, ACP was measured 

using a Stryker Intracompartmental Pressure Monitor System 
(Stryker Instruments, Kalamazoo, MI). Subjects were in a su 
pine position for all compartment pressure measurements. A 
rolled towel supported the subject's knee in 10° of flexion, 
with the ankle in a neutral position and the first toe of the foot 
pointed vertically.28 The subject was asked to completely relax 
the lower leg to avoid producing excessive tissue-fluid pres 
sure. We calibrated the Stryker System before insertion ac 
cording to guidelines provided by the manufacturer.

The area of skin that was penetrated by the catheter was 
sterilized with Betadine solution (The Purdue Frederick Co, 
Norwalk, CT) and anesthetized with 0.5 mL of 1% lidocaine 
and 0.5 mL of 0.5% bupivicaine hydrochloride. The catheter 
was inserted into the anterior compartment 15 cm distal to the 
tibial tuberosity and 2 cm lateral to the tibial crest. The skin 
and fascia of the lower leg were pierced at approximately a 
30° angle to the long axis of the leg. The Stryker System was 
then directed superiorly at an approximate angle of 45° until 
it was situated 1 to 4 cm into the anterior compartment. The 
syringe within the pressure monitor was filled with a saline 
solution that provided a gradient for the pressure monitor to 
read. Once the catheter was inserted into the anterior com 
partment, the pressure was allowed to stabilize, and the value 
was recorded from the monitor display.

After the pressure was measured, the catheter was removed 
and the subject began exercising. The subject ran at approxi 
mately 50% of Vo2max for a 2-minute warm-up. Thereafter, 
the intensity was increased to 80% of Vo2max, and the subject 
ran for 20 minutes. Immediately after the run, the subject po 
sitioned himself supine on an examination table and the cath 
eter was reinserted. The time it took for the subject to stop 
running and have the catheter reinserted was approximately 10 
to 15 seconds. Anterior compartment pressure was recorded 
immediately postexercise and at each minute for 15 minutes 
postexercise.

Creatine Supplementation
Each subject in the high-dose group was given Cr mono- 

hydrate (Nutrasense, Shawnee Mission, KS) in tablet form in 
a dose of 0.3 g Cr-kg body mass '-d~' for 7 days followed by 
a 28-day period of 0.03 g Cr-kg body massed '. Each subject 
in the low-dose group was given 35 days of Cr monohydrate 
in a dose of 0.03 g Cr-kg body mass'M" 1 . These dosages 
were based on the work of Hultman et al. 29 The subjects con 
sumed the Cr supplement in 2 to 4 equal doses with water 
throughout the supplementation period. Subjects were instruct 
ed to limit caffeine intake during the entire study because this 
substance has been shown to interfere with the physiologic 
mechanism causing the ergogenic action of Cr loading.30 - 31

After the 35-day supplementation period, subjects discontin 
ued Cr supplementation for 28 days. All subjects continued 
with their normal training regimens throughout the study. We 
elected to not have a placebo group based on prior research 
from our laboratory demonstrating no change in ACP during 
34 days of placebo supplementation. 20

Statistical Analysis
We calculated descriptive statistics, including means and 

standard deviations, for all data. A 3-factor (group-by-period 
by-time) analysis of variance with repeated measures on period 
and time was used to identify significant differences in ACP. 
A 2-factor (group-by-period) analysis of variance was used to 
determine significant differences in the remaining dependent 
variables. Post hoc paired t tests were performed to identify 
differences among the means when significant F values were 
obtained. Pearson product moment correlations were calculat 
ed to determine if there were any significant relationships 
among the dependent variables. Significance was set at P ^ 
.05 for all statistical tests.

RESULTS

Physical Characteristics and Maximal Aerobic 
Power

We observed no significant differences between the high- 
dose and low-dose groups for any physical characteristics or 
maximal aerobic power (high-dose group age = 24.9 ±3.2 
years, height = 69.5 ± 2.5 cm; low-dose group age = 24.1 
± 3.2 years, height = 69.5 ± 1.6 cm). Maximal aerobic power 
was 45.5 ± 5.1 mL-kg~'-min~ 1 for the high-dose and 48.5 ± 
3.9 mL-kg~ l -min~ 1 for the low-dose groups.

Body Mass, Body Fat, Leg Volume, and Blood 
Pressure Measurements

We found no statistically significant differences (F3M = 
2.48, P >.05) between groups for body mass at baseline, 7 
days or 35 days of Cr supplementation, or at 28 days post- 
supplementation. Body mass increased from baseline to 7 days 
of supplementation by 1.4 kg in the high-dose group and by 
0.4 kg in the low-dose group (Table 1). The increase in body 
mass was retained throughout the 35-day supplementation pe 
riod in both groups. The high-dose group demonstrated an 
overall increase in body mass from baseline to 35 days of 
supplementation of 1.9 kg, while the low-dose group showed 
an overall increase of 1.5 kg throughout this period. No sta 
tistically significant differences (F3 n = 2.56, P > .05) be 
tween groups for percentage of body fat at any of the mea 
surement times were noted (Table 1). There were also no 
statistically significant differences (F3 j | = 1.45, P > .05) in 
leg volume at baseline, 7 days and 35 days of supplementation, 
and 28 days postsupplementation (Table 1). Leg volume did, 
however, show an increase from baseline in the high-dose 
group of 12.1 mL and 26.0 mL after 7 days and 35 days of 
supplementation, respectively. No statistically significant 
differences for systolic (F3iM = 0.55, P > .05) or diastolic 
0^3,11 = 0-45, P > .05) blood pressures were found between 
groups at baseline, 7 days and 35 days of supplementation, 
and 28 days postsupplementation, yet there was a gradual in-
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Table 1. Body Mass, Body Fat, Leg Volume, Systolic Blood Pressure, and Diastolic Blood Pressure at Baseline and After 7 and 35 
Days of Creatine Supplementation (Supp), and 28 Days of No Supplementation (No Supp)*

Body mass (kg)
High-dose group 
Low-dose group

Body fat (%)
High-dose group 
Low-dose group

Leg volume (mL)
High-dose group 
Low-dose group

Systolic blood pressure (mm Hg)
High-dose group 
Low-dose group

Diastolic blood pressure (mm Hg)
High-dose group 
Low-dose group

*No significant differences between

Baseline

82.2 ± 10.4 
74.9 ± 7.6

18.7 ± 6.4 
15.0 ± 4.4

1025.5 ± 226.4 
969.9 ± 195.2

114.4 ± 6.7 
112.8 ± 5.3

70.8 ± 7.0 
73.5 ± 7.2

groups were found for any

7 d Supp

83.6 ± 10.3 
75.4 ± 7.2

19.0 ± 6.8 
15.5 ± 5.0

1037.6 ± 222.7 
959.1 ± 191.6

115.9 ± 9.1 
117.3 ± 7.1

72.8 ± 10.5 
74.6 ± 8.2

35 d Supp

84.1 ± 10.5 
76.4 ± 7.9

19.0 ± 5.3 
15.2 ± 5.6

1051.5 ± 232.9 
975.4 ± 187.9

117.4 ± 7.9 
120.8 ± 6.5

74.5 ± 7.9 
75.5 ± 6.7

28 d No Supp

85.6 ± 10.7 
76.7 ± 8.3

17.2 ± 5.2 
15.1 ± 6.3

1031.7 ± 232.9 
981.5 ± 211.0

121.0 ± 4.8 
117.4 ± 8.9

77.0 ± 8.9 
75.6 ± 8.2

of the dependent variables. Values are mean ± SD.

Table 2. Anterior Compartment Pressures (mm Hg) Measured at Baseline, 7 Days 
Days of No Supplementation (No Supp) for High-Dose and Low-Dose Groups and

Preexercise
Low-dose group 
High-dose group 
Combined

Immediately postexercise
Low-dose group 
High-dose group 
Combined

1 min postexercise
Low-dose group 
High-dose group 
Combined

5 min postexercise
Low-dose group 
High-dose group 
Combined

10 min postexercise
Low-dose group 
High-dose group 
Combined

15 min postexercise
Low-dose group 
High-dose group 
Combined

Baseline

18.4 ± 8.2 
17.0 ± 6.2 
17.7 ± 7.0a

57.1 ± 19.8 
47.5 ± 22.7 
52.3 ± 21. 2a

37.6 ± 22.1 
30.4 ±11.6 
34.0 ± 17.5a

25.1 ± 15.9 
23.5 ± 7.0 
24.3 ± 11.9"

22.5 ± 12.3 
21.6 ± 5.5 
22.1 ± 9.2a

19.9 ± 10.4 
20.6 ± 5.7 
20.3 ± 8.1 a

7 d Supp

26.6 ± 15.7 
24.1 ± 6.5 
26.3 ± 11.5"

69.1 ± 22.3 
84.0 ± 23.8 
76.6 ± 23.6b

50.6 ± 17.9 
60.9 ± 23.3 
55.8 ± 20.8b

38.3 ± 15.1 
43.4 ± 20.4 
40.8 ± 17.5b

32.1 ±11.7 
37.1 ± 18.8 
34.6 ± 15.3b

29.5 ± 10.0 
31.5 ± 14.4 
30.5 ± 12.0a

and 35 Days of Supplementation (Supp), and 28 
Combined*

35 d Supp

20.1 ± 5.9 
23.0 ± 6.3 
21.6 ± 6.1 a ' b

62.0 ± 26.1 
90.1 ± 34.2 
76.1 ± 32.8b

43.4 ± 16.6 
59.3 ± 33.0 
51.3 ± 26.5 b

27.6 ±11.5 
41.3 ± 26.9 
34.4 ± 21.2a ' b

25.6 ± 9.2 
35.0 ± 26.1 
30.3 ± 9.5a'b

23.5 ± 7.4 
31.8 ± 21.0 
27.6 ± 15.8a

28 d No Supp

24.4 ± 3.1 
20.8 ± 5.7 
22.5 ± 4.9a ' b

66.4 ± 21.7 
63.1 ± 24.2 
64.7 ± 22.3a ' b

44.4 ± 18.9 
47.6 ± 22.9 
46.1 ± 20.5b

33.4 + 16.2 
32.9 ± 12.4 
33.1 ± 13.8a ' b

29.8 ± 13.7 
33.4 ± 15.9 
30.3 ± 12.8a ' b

25.9 ± 12.2 
27.6 ± 10.1 
26.8 ± 10.8a

*Means with the same letter are not significantly different. Values are means ± SD.

crease in both of these measurements throughout the supple 
mentation period (Table 1).

Anterior Compartment Pressure Measurements
We found no significant differences between groups for 

compartment pressures (F2 ,54 = -96, P > .05) at baseline, 7 
days and 35 days of supplementation, and 28 days postsup- 
plementation. However, the period-by-time interaction was

significant (F2,54 = 318, P < .05). Therefore, the treatment 
groups were combined and the data are reported as one group 
(Table 2). Preexercise ACP increased significantly from base 
line to 7 days of supplementation. Although still elevated, 
preexercise ACP was not significantly different from baseline 
at 35 days of supplementation and 28 days postsupplementa- 
tion. Immediate postexercise ACP increased significantly from 
baseline to 7 days of supplementation by 24.3 mm Hg. Im 
mediate postexercise ACP remained significantly elevated
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Table 3. Creatine (Cr), Phosphocreatine (PCr), Total Creatine (TCr), and Adenosine Triphosphate (ATP) concentration (mmol-kg ' dm) 
of Vastus Lateralis Muscle at Baseline, 7 Days and 35 Days of Supplementation (Supp), and 28 Days of No Supplementation (No 
Supp)

Baseline 7 d Supp 35 d Supp 28 d No Supp

Cr
High-dose
Low-dose

PCr
High-dose
Low-dose

TCr
High-dose
Low-dose

ATP
High-dose
Low-dose

group
group

group
group

group
group

group
group

45.0 ±
44.9 ±

83.5 ±
84.0 ±

128.5 ±
128.8 ±

25.6 ±
25.5 ±

2.7a
1.8a

3.0a
3.0a

3.1 a
3.1 a

1.3a
1.0a

50.6
47.0

91.0
87.9

141.6
134.8

25.6
26.4

± 2
± 1

.Ob

.6b

± 2.0b
± 1,

± 2,
± 1,

± 1,
± 1.

.8a

,6b
,8a

.4a
,6a

51.6
48.1

92.4
90.5

144.0
138.5

26.5
25.4

± 1
± 1

± 2,
± 1,

± 2.
± 1.

± 1.
± 1.

.3C

.7C

.1°
,3a

,0°
,4a

,3 a
1 a

47.6 ±
45.2 ±

87.6 ±
86.0 ±

135.2 ±
131.2 ±

25.6 ±
25.0 ±

2.0d
1.6d

2.1 d
1.7"

3.3d
2.2a

1.0-
1.0-

*Means with the same letter are not significantly different. Values are means ± SD.

from baseline at 35 days of supplementation. Immediate post- 
exercise ACP decreased at 28 days postsupplementation and 
was not significantly different from the baseline measurement. 
At 1 minute postexercise, ACP increased significantly above 
baseline at 7 days and 35 days of supplementation and 28 days 
postsupplementation by 21.8, 17.3, and 12.1 mm Hg, respec 
tively. The increase in 5-minute postexercise ACP from base 
line to 7 days of supplementation of 16.5 mm Hg was signif 
icant. No other significant differences were found in 5-minute 
postexercise ACP after 35 days of supplementation and 28 
days postsupplementation when compared with baseline. At 
10 minutes postexercise, ACP increased significantly from 
baseline to 7 days of supplementation by 12.6 mm Hg. We 
noted no other significant differences in 10-minute postexer 
cise ACP at 35 days of supplementation or at 28 days post- 
supplementation when compared with baseline. There was no 
significant difference in 15-minute postexercise ACP at any 
measurement time.

Muscle Tissue Analysis
The time effect for muscle Cr (F3 , 2 = 72.9, P < .05), PCr 

(F3>12 = 163.4, P < .05), and TCr (F3)12 = 184.9, P < .05) 
concentrations within both groups was significant (Table 3). 
For the high-dose group, muscle Cr increased significantly 
from baseline to 7 days and 35 days of supplementation. We 
noted no significant difference in Cr between baseline and 28 
days postsupplementation. For the low-dose group, Cr in 
creased significantly from baseline to 7 days and 35 days of 
supplementation. After 28 days postsupplementation, Cr was 
not significantly different from baseline. There was a signifi 
cant increase in PCr in the high-dose group from baseline to 
7 days and 35 days of supplementation and 28 days postsup 
plementation. For the low-dose group, PCr increased signifi 
cantly from baseline to 7 days and 35 days of supplementation, 
but no significant difference was seen between baseline and 
28 days postsupplementation. The TCr increased significantly 
in the high-dose group from baseline to 7 days and 35 days 
of supplementation and 28 days postsupplementation. The 
low-dose group showed a significant increase in TCr from 
baseline to 7 days and 35 days of supplementation, but no 
significant difference was noted between baseline and 28 days 
postsupplementation. The ATP was not significantly different

for any of the measurement times between (F3 )2 = 2.03, 
P > .05) or within groups (F3il2 = 1.07, P > .05).

Relationships Among Dependent Variables

We found no significant correlations among any of the mea 
sured dependent variables. These included measures of muscle 
Cr, PCr, TCr, body mass, blood pressure, lower leg volume, 
and resting and postexercise ACP.

DISCUSSION

Our principal intentions were to assess the effects of 35 days 
of Cr supplementation, followed by a 28-day period of no 
supplementation, on ACP of the lower leg at rest and after 
exercise. The data from this study indicate that Cr supplemen 
tation can significantly increase resting and postexercise ACP 
above presupplementation levels; ACP begins to return to nor 
mal following a 28-day period of no supplementation.

Measuring compartment pressures after the sport activity 
that may be responsible for increasing those pressures may be 
the optimal method for identifying exercise-induced chronic 
compartment syndrome.4 Pedowitz et al32 formulated criteria 
based on intramuscular ACP recorded with a slit catheter after 
exercise in 210 muscle compartments without chronic com 
partment syndrome. For abnormally elevated compartmental 
pressures, they recommended criteria of (1) a 1-minute post- 
exercise pressure of >30 mm Hg, or (2) a 5-minute postex 
ercise pressure of >20 mm Hg. According to these criteria, 
the mean pressures recorded in the high-dose and low-dose 
groups (and the combined group data) at the baseline mea 
surements were within the normal limits for 1 minute and 5 
minutes postexercise. However, after 7 days of Cr supplemen 
tation, the preexercise and postexercise measures were abnor 
mally elevated. Furthermore, after 35 days of supplementation, 
preexercise and postexercise pressures remained abnormally 
elevated and exceeded the normal criteria. Pedowitz et al32 
suggested that compartment pressures measured 15 minutes 
after exercise should return to normal preexercise levels. De 
spite declining pressures after exercise at 7 days and 35 days 
of supplementation, pressures remained elevated above nor 
mal. After 28 days of no Cr supplementation, ACP was not
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significantly different from baseline for any of the measure 
ment times except 1 minute postexercise.

Critical to this investigation was the use of Cr supplemen 
tation to establish an increase in muscle Cr, PCr, and TCr and 
then examining the ACP. Both groups had significant increases 
in these dependent measures from baseline at 7 days and 35 
days of supplementation, and the values were comparable with 
previously reported data from our laboratory. 20 The changes 
in the intramuscular metabolites agree with previous findings. 
For example, Harris et al 33 showed an approximate 20% in 
crease in PCr in subjects who were supplemented with 5 g of 
Cr 4 to 6 times per day. Additionally, Hultman et al29 deter 
mined that 20 g of Cr for 6 days significantly elevated the TCr 
and that the ingestion of 2 g Cr-d" 1 for 30 days helped main 
tain the elevated TCr levels.

While the mechanism for creatine's inducing an increase in 
ACP is not known, we offer the following hypothesis. After 
creatine is ingested in supplement form, blood creatine con 
centration increases. 34 The transport of creatine from the blood 
into the muscle fiber requires the cotransport of sodium.35 As 
long as the blood creatine concentration is elevated, creatine 
is taken by the muscle fiber until the tissue becomes loaded 
with creatine and creatine uptake decreases. After creatine sup 
plementation, total body mass increases, which has been attri 
buted to either an increase in total body water 10 '29 or an in 
crease in fat-free mass. 10 ' 31 -36 Creatine uptake may contribute 
to increased water uptake into the muscle fiber during supple 
mentation, which may result in swelling of the muscle fiber. 
While the mechanism for inducing protein synthesis during Cr 
supplementation remains unclear, Cr has been demonstrated to 
increase skeletal and cardiac protein synthesis. 37

Due to the rigidity of the anterior compartment of the lower 
leg, an increase in water content or de novo protein synthesis 
in the muscle fiber will likely result in higher compartment 
pressures, both at rest and after exercise. Previous researchers 
have found a 20% increase in tissue volume of the lower leg 
compartments during exercise. This increase results from the 
increased blood flow to that region. 38 ' 39 If that particular com 
partment is unable to allow for this exercise-induced increase 
in fluid volume, pressure will rise within the osteofascial 
space.40

Individuals suffering from compartment syndrome may 
complain of lower extremity aching, cramping, a burning pain, 
or tightness in the affected compartment.40 Complaints of 
tightness and burning pain in the region of the anterior com 
partment during the exercise protocol were noted in subjects 
from both groups after Cr supplementation and persisted for 
approximately 5 to 10 minutes after exercise. Consequently, 
these findings suggest that despite the potential ergogenic ben 
efits of Cr supplementation, the risk of abnormally elevating 
ACP may contribute to placing those individuals at a higher 
risk for developing compartment syndrome.

The changes in body mass and percentage of fat observed 
in the present investigation were similar to those observed pre 
viously in our laboratory. 20 While resting blood pressure and 
lower leg volume tended to increase with Cr supplementation, 
the lack of statistical significance was likely due to the intra- 
individual variability. Future investigations should focus on 
the effects of Cr supplementation on these dependent mea 
sures, as this is the second investigation that has demonstrated 
a trend toward increased blood pressure and higher leg vol 
ume.

The lack of significant correlations among the major depen

dent variables was disappointing but not surprising. Several 
factors, including the physical characteristics of the surround 
ing tissues, the fluid volume of the interstitial space, and the 
total amount of fluid in the cells, can contribute to elevations 
in compartment pressure.41 While our subjects were physically 
active, the individual variability in those factors that would 
predispose one to elevated compartment pressures likely con 
tributed to a lack of significant correlations among intramus 
cular Cr, PCr, or TCr and anterior compartment pressure.

In response to the changes in anterior compartment pressure 
reported here and previously,20 '21 it is extremely important that 
all sports medicine personnel be aware of this potentially neg 
ative side effect associated with Cr supplementation. When 
evaluating lower leg pain, information about Cr supplemen 
tation should be obtained from the patient. This may provide 
insight into treatment options. For example, cessation of Cr 
supplementation may alleviate the lower leg pain before more 
invasive medical procedures are required. In order to elucidate 
the influence of Cr supplementation on ACP and potential 
complications, future investigations into such issues as nerve 
conduction and blood flow should be performed.
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Objective: To examine the effects of repetitive impact forces 
on lacrosse helmets and increase awareness of helmet safety 
standards about reconditioning and recertification practices.

Design and Setting: The independent variables for this 
study consisted of 4 lacrosse helmets of various design: 2 
contemporary helmets (Sport Helmets Cascade and Cascade 
Air) and 2 traditional helmets (Sport Helmets Ultralite and 
Bacharach Ultralite). The dependent variable was attenuation 
of impact forces as measured by the Gadd Severity Index 
(GSI). Helmets were tested at an independent testing facility 
certified by the National Athletic Equipment Reconditioners 
Association.

Measurements: Helmets were raised to 152 cm and re 
leased onto an anvil padded with a 1.27-cm rubber modular 
elastomer programmer. Ten treatments to a front (FD) and right 
rear boss drop site (RD) were performed. A triaxial acceler- 
ometer within the head form measured impact force. Peak ac 
celeration data were integrated into the GSI. We performed a

1-way analysis of variance and calculated descriptive statistics 
and the Tukey post hoc test.

Results: A statistically significant difference was seen in FD 
GSI score (F336 = 9.680, P < .05) and in the RD GSI score 
(F336 = 28.140, P < .05) between helmet types. Mean GSI 
scores were 1166.1, 1117.6, 857, and 1222.8 for the FD and 
974.5, 1022.1, 1376.3, and 1496.5 for the RD for Sport Helmets 
Cascade, Cascade Air, Ultralite, and Bacharach Ultralite, re 
spectively. With repetitive drops, GSI scores increased, indi 
cating a greater chance for cerebral injury. Percentage increas 
es in GSI scores from drops 1 to 10 were 48.8, 54.3, 45.6, and 
18.8 on the FD and 22.6, 35.9, 71.7, and 57.4 on the RD for 
the Sport Helmets Cascade, Cascade Air, Ultralite, and Bach 
arach Ultralite, respectively.

Conclusions: Our findings indicate differences between hel 
mets at the 2 drop sites and decreasing capacity of the helmets 
to dissipate forces with repetitive impacts.

Key Words: Gadd Severity Index, National Operating Com 
mittee on Standards for Athletic Equipment, head injury

A n estimated 300000 sport-related traumatic brain in 
juries occur annually in the United States. 1 - 2 Athletes 
who participate in contact sports, such as men's la 

crosse, are at particular risk. Lacrosse is the oldest sport in 
North America and originated with Native American Indi 
ans.3"6 Comparable with football and ice hockey, men's la 
crosse involves high-mass, high-velocity, body-to-body colli 
sions and low-mass, high-velocity, object-to-body impacts3"5 
that are inherent to the sport and can cause serious, life-threat 
ening injuries. 7" 10 During the 1999 National Collegiate Ath 
letic Association men's lacrosse season, head injuries account 
ed for 13% of game-related incidents, with most of those 
diagnosed as concussions. 11 The precise threshold at which 
acute traumatic brain injury occurs is unknown. Children who 
have experienced a previous head injury face an increased risk 
of traumatic brain injury. 2 - 12 - 13 Repeated mild brain injury 
may cause cumulative damage and lead to chronic neurologic 
sequelae. 14 - 15

To prevent injury, male lacrosse players are required to wear 
helmets. In recent years, manufacturers have redesigned helmets 
in an effort to improve their products. The new designs are 
lighter, shaped differently than traditional lacrosse helmet de 
signs, and popular (they are worn by most players at secondary 
and collesiate-level institutions). However, some athletic train

ers have postulated that these new helmets may increase the 
risk of cerebral concussions in men's lacrosse players.5

Helmet manufacturers and reconditioners test helmets and 
use quantitative criteria to ensure that consumers have a rea 
sonable level of protection. Tolerance curves, such as the Head 
Injury Criterion and the Gadd Severity Index (GSI), have been 
developed. These tolerance curves define a criterion for dis 
tinguishing between impacts likely to produce brain injury 
from impacts that are less serious.2J6~ 18 However, in lacrosse, 
no revisions have been implemented in the GSI standards since 
1990.19 Therefore, the purpose of our study was to examine 
various lacrosse helmets, comparing each design based on its 
ability to attenuate forces when subjected to repetitive impacts. 
We hope that our results will promote increased awareness 
regarding the importance of improving helmet safety standards 
while adhering to proper reconditioning and recertification 
practices.

METHODS

Helmets
We used 4 new National Operating Committee on Standards 

for Athletic Equipment (NOCSAE)-approved helmets in our

164 Volume 37 • Number 2 • June 2002



I

Figure 3. Sport Helmets Ultralite traditional design model.

Figure 1. Sport Helmets Cascade contemporary design model. 
Photo courtesy of Sport Helmets.

Figure 2. Sport Helmets Cascade Air Fit contemporary design model.

study. Two were contemporary-model lacrosse helmets: the 
Sport Helmets Cascade (SC) and Cascade Air Fit (SA) (Sport 
Helmets, Liverpool, NY). Two were traditional-model lacrosse 
helmets: the Bacharach Ultralite (BU) (Bacharach Rasin Sport 
ing Goods, Towson, MD) and Sport Helmets Ultralite (SU) 
(Sport Helmets, Liverpool, NY) (Figures 1 through 4). All 
helmets were of medium size and designed to fit a human head 
measuring 58.8 to 59.9 cm in circumference. All helmets pos 
sessed sun visors. Helmets were stressed in a guided free fall 
using a NOCSAE-recommended head form, triaxial acceler- 
ometer, and drop testing carriage assembly (Southern Impact 
Research Center, Knoxville, TN).

Figure 4. Bacharach Ultralite traditional design model.

instrumentation

The NOCSAE head form, which was developed by Dr Voigt 
Hodgson at Wayne State University, has a high degree of bio- 
fidelity, accurately simulating the human head response to im 
pact accelerations. 20 - 21 The medium-sized head form measures 
575 mm in circumference and weighs 4.8 kg, including the 
neck. It incorporates a 3-dimensional piezoelectric acceler- 
ometer (354MO3, PCB Piezotronics, Inc, Depew, NY), 
mounted at the center of gravity, and glycerin is sealed in the 
cranium. A polychlorinated biphenyl triaxial accelerometer 
(354MO3) is designed to measure the peak acceleration of 
gravity in 3 orthogonal directions: the x-axis (anterior-poste 
rior), the y-axis (superior-inferior), and the z-axis (left to 
right). 2 - 2I ~28 The peak acceleration of gravity occurs at the 
head form's moment of impact.
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Evaluative Criteria
The GSI is a commonly used biomechanical criterion that 

provides researchers with a standard to evaluate sport helmet 
safety. 28 The GSI is defined as a measure of the severity of 
impact with respect to the immediate acceleration experienced 
by the head form at impact '6,17,20-23,25,26.

GSI - A 2 - 5 dt

where T = pulse duration in seconds, A = acceleration in g, 
2.5 = weighting factor, and t = time interval in seconds.

The GSI predicts a helmet's ability to decrease forces at 
impact and effectively protect the brain. 28 The NOCSAE sets 
standard GSI threshold limits for the increased probability of 
sustaining a cerebral injury. These GSI values may not ex 
ceed 1200 for football helmets and 1500 for lacrosse hel- 
mets. 2 - 19 -26 '29

Calibration Protocol
Before data collection, the triaxial accelerometer located at 

the head form's center of gravity was calibrated according to 
the NOCSAE protocol by dropping a medium-sized NOCSAE 
head form. The head form, without helmet, was released from 
3 specified heights onto an anvil padded with a calibration 
modular elastomer programmer (MEP) (Southern Impact Re 
search Center, Knoxville, TN). The calibration MEP pad rests 
on top of the anvil and is a 7.6 X 15.2-cm-diameter cushion 
molded from polyurethane thermoplastic elastomer.

Calibration began with a drop to the front of the head form 
from a height of 144.7 cm, followed by a drop to the side 
from 132 cm, and finally a drop to the crown from 111.7 cm. 
Resulting GSI values for each of the 3 drops were within ac 
ceptable limits (1200 GSI ± 2%). Air and helmet temperature 
were ambient and maintained at 22°C ± 2°C, as recommended 
by NOCSAE. 19 '29-31

Test Protocol
After calibration, helmets were placed on a medium-sized 

NOCSAE head form. Their intended model face masks were 
intact, and 4-point buckle systems were fastened according to 
manufacturers' specifications. Helmet positioning was checked 
before each impact test. The helmet's ear holes were aligned 
concentric with the head form's index ear holes, and the hel 
met's front rim was positioned properly by using a nose 
gauge. 19

Helmets were raised using the carriage assembly to a height 
of 152 cm, as specified by NOCSAE standards (Figure 5). Next, 
the helmets were released in a gravity-induced free fall. Two 
wires guided the helmets into a rigid anvil padded with a 1.3 
X 15.2-cm-diameter, 45-durometer hardness testing MEP pad 
(Southern Impact Research Center, Knoxville, TN) that is de 
signed to simulate the playing surface (Figure 6). '9,23-27,32-34 
First, all helmets hit the front drop site (FD) 10 times, mimick 
ing a head-on collision. This was followed by 10 impacts to a 
right rear boss drop site (RD), mimicking a blind-sided impact. 
The front impact location was adjusted to ensure the helmets 
hit the MEP without contacting the visor. 19 -20'29 '32-34 Approxi 
mately 60 seconds separated successive impacts to a specified 
helmet at both the FD or RD treatments. 19 Approximately 80

Figure 5. Drop testing carriage assembly with head form and con 
temporary helmet in testing position for a front drop test.

± 5 minutes separated all helmets' FD and RD treatments. Each 
helmet was tested 20 times, for a total of 80 impact tests.

Data Analysis
Impact attenuation was determined for each helmet by mea 

suring the head form's resulting peak instantaneous accelera 
tion on contacting the MEP pad. Results for the 3 orthogonal 
axes were recorded by the head form's internally mounted tri 
axial accelerometer (Figures 5 and 6). 19~22'29 '32-34

Statistical Analysis
To analyze impulse criteria, we used a NOCSAE-recom- 

mended Severity Index Computer (KME Series 200 Data An 
alyzer, KME Co, Troy, MI). The computer recorded impulse 
signals from the triaxial accelerometer using a 4-pole, 1650- 
Hz filter, then used an integration equation to synthesize data 
into the GSI. 19 '32~34 '35 Two 1-way analyses of variance, taking 
into account variations due to helmet design, were performed 
to determine whether the treatment of repetitive impacts had
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Figure 6. Front drop impact location onto anvil and testing modular 
elastomer programmer pad with a contemporary helmet design.

a significant effect on the dependent variables (FD GSI, RD 
GSI). Post hoc Tukey tests were conducted to assess the dif 
ferences between the helmets. We preset a at P < .05 for 
statistical significance.

RESULTS
The FD GSI values (F3>36 = 9.680, P < .05) and the RD 

GSI values (F3 36 = 28.140, P < .05) were significantly dif 
ferent among helmet types (Table 1). The mean GSI statistics 
for FD and RD on each of the 4 helmet types are shown in 
Table 2. Three helmets scored above 1100.0 on the GSI. The 
BU helmet recorded the largest mean FD GSI score of 1222.8, 
which exceeds the NOCSAE recommendation for football hel 
mets. The SU helmet design recorded the lowest mean GSI

BU

800 900 1000 1100 1200 1300 

MEAN GSI OVER 10 DROPS

* Standard deviation (SD)
Figure 7. Standard deviations of front drop site mean Gadd Sever 
ity Index (GSI) values. SC indicates Sport Helmets Cascade; SA, 
Cascade Air Fit; SU, Sport Helmets Ultralite; and BU, Bacharach 
Ultralite.

score of 857.0 for the FD trials. Contemporary helmets re 
corded the lowest mean GSI values of 974.5 for SC and 
1022.0 for SA helmets in RD trials. Traditional helmets re 
corded the highest mean GSI values of 1376.3 by SU and 
1496.5 by BU helmets in the RD trials.

After repetitive impacts, helmets generally exhibited con 
comitant increases in GSI scores (Table 3, Figures 7 and 8). 
Helmet GSI scores plotted by impact trial for each treatment 
site are provided in Figures 9 and 10. Significant differences 
were revealed in GSI scores between traditional and contem 
porary designs for both FD and RD treatments (Tukey post 
hoc, P < .05) (Tables 4 and 5).

DISCUSSION
Men's lacrosse has the potential for serious and catastroph 

ic acute injuries to the head and neck. 3 '5 ' 8 ' 10 The 1999 Na 
tional Collegiate Athletic Association Injury Surveillance 
Report on men's lacrosse concluded that player contact 
caused more than half of the reported game injuries. Thirteen 
percent of total game injuries involved the head; most were 
concussions. 11

Our study is the first to quantify the impact response of 4 
different lacrosse helmets by using a guided free-fall drop test. 
The NOCSAE, which was formed in response to the increas 
ing number of football fatalities during the late 1960s and 
early 1970s, has examined and devised standards for lacrosse

Table 1. Helmet Impact Responses Exceeding Certain Gadd Severity Index Values*

Helmet

Sport Helmets Cascade
Sport Helmets Cascade Air Fit
Sports Helmets Ultralite
Bacharach Ultralite
Total

n

10
10
10
10
40

FD > 1000

9
8
1
9

27

FD > 1200

6
5
0
6

17

FD > 1500

0
0
0
0
0

RD > 1000

4
7
9

10
30

RD > 1200

0
0
5
4
9

RD > 1500

0
0
3
6
9

*FD indicates front drop site; RD, right rear boss drop site.
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Table 2. Gadd Severity Index Values for Front Drop and Right 
Rear Boss Drop Sites*

RDGSI

Helmet Type and Drop Site

Sport Helmets Cascade 
FD 
RD

Sport Helmets Cascade Air Fit 
FD 
RD

Sport Helmets Ultralite 
FD 
RD

Bacharach Ultralite
FD 
RD

Total
FD 
RD

Mean

1166.10 
974.50

1117.60 
1022.10

857.00 
1376.30

1222.80 
1496.50

1090.88 
1217.35

± SE

± 48.19 
± 23.07

± 68.38 
± 33.22

± 47.92 
± 58.19

± 38.92 
± 42.79

± 33.57 
± 42.79

SD

152.40 
72.95

216.23 
105.07

151.54 
211.39

123.08 
184.00

212.29 
270.66

*FD indicates front drop site; RD, right rear boss drop site.

Table 3. Increases in Gadd Severity Index Scores (GSI), Trials 1 
Through 10*

Helmet Type

Sport Helmets Cascade
Sport Helmets Cascade Air Fit
Sport Helmets Ultralite
Bacharach Ultralite

FD GSI
Increase,

%

48.8
54.3
45.6
18.8

RD GSI
Increase,

%

22.6
35.9
71.7
57.4

*FD indicates front drop site; RD, right rear boss drop site.

helmets. 29 We chose the FD to mimic a head-on collision and 
the RD to simulate forces from a blind-sided impact. We at 
tempted to provide a true representation of the potential con 
tact forces placed on a lacrosse helmet during actual compe 
tition.

Our data demonstrate apparent differences among helmet 
designs based on each helmet's decreasing ability to dissipate 
impact energy throughout repeated contact. The SU traditional 
design was more efficient at attenuating impact forces at the 
FD location than all other helmet designs. At the RD, the SU 
and BU helmets exhibited the highest mean GSI values in the 
study, demonstrating significant differences between the tra 
ditional and contemporary helmet designs at the RD.

These findings suggest 2 important points of interest. First, 
the SC and SA contemporary helmet designs may attenuate 
RD impact forces more effectively than the traditional SU and 
BU helmets. Second, the SU traditional helmet design is more 
effective at attenuating FD impact forces when compared with 
the other helmet designs in our study. These observations sup 
port the effect of helmet design on energy attenuation.

Repeated impacts at subconcussive intensities could have 
injurious, cumulative effects, both histopathologically and 
cognitively. 35 - 36 We know of no such studies of men's lacrosse 
players. However, neuropsychological studies of soccer play 
ers have revealed reduced cognitive functioning after repeated 
heading of the ball. 37 Neuropsychological studies involving 
the cumulative effects of repeated head impacts in football 
have shown significant but perhaps reversible neuropsycho-

900 1000 1100 1200 1300 1400 1500 1600

MEAN GSI OVER 10 DROPS 

* Standard deviation (SD)

Figure 8. Standard deviations of right rear boss drop site mean 
Gadd Severity Index (GSI) values. SC indicates Sport Helmets Cas 
cade; SA, Cascade Air Fit; SU, Sport Helmets Ultralite; and BU, 
Bacharach Ultralite.

logical impairment after a single minor head injury, but po 
tential long-term consequences remain to be explained.38"40

Naunheim et al2 made an effort to quantify the frequency and 
level of head acceleration experienced by high school athletes. 
Their purpose was to provide a basis for the correlation of lon 
gitudinal neurologic evaluations with the number and severity 
of subconcussive-level exposures. A triaxial accelerometer, 
which was mounted inside the helmets of secondary school ice 
hockey and football players, recorded an average of 24.7 and 
40.5 impacts, respectively, per player-hour. The average peak 
acceleration was 29.2 ± l.lg for football-related impacts and 
35.0 ± l.lg for ice hockey. We found average peak acceleration 
measures for contemporary helmets of 47.34 ± 3.0g by the SC 
and 47.93 ± 3.0g by the SA. We also noted average peak mea 
sures for traditional helmets of 45.62 ± 3.0g by the SU and 
49.12 ± 2.9g by the BU. Threshold criterion values of 200g or 
1500 on the GSI for a serious traumatic impact have been 
shown.2 '22 All observed peak acceleration values in our study 
fall below the 200g predicted for a traumatic brain injury. How 
ever, reasonable questions exist regarding the cumulative effects 
of frequent subconcussive impacts and their potential to cause 
neurologic dysfunction over time.2 The precise low-level GSI 
magnitude and frequency of impacts resulting in cumulative 
neurologic effects are unknown.

We analyzed percentage increases in GSI values from trials 
1 through 10 in both the FD and RD treatments to determine 
which helmet design influences the capacity to attenuate re 
petitive impact energy. Similar experiments have been per 
formed on football helmets using GSI criterion to compare 
factors of internal padding and outer shell design. Bishop et 
al22 tested 81 football helmets with various internal padding 
designs on a right rear boss impact site. Suspension helmets 
were inferior to padded-suspension and padded helmets. Vetter 
and Vanderby41 examined the influence of materials and struc 
ture on football helmet performance. They found that the hel 
met shell minimally influences energy absorption, regardless 
of material and thickness.
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Table 4. Tukey Post Hoc Test Results for Front Drop Site*

234 5 6789 10

Front Drop Site Trial

Figure 9. Front drop site Gadd Severity Index values by trial for 
each helmet design. SC indicates Sport Helmets Cascade; SA, 
Sport Helmets Cascade Air Fit; SU, Sport Helmets Ultralite; BU, 
Bacharach Ultralite.

1800

BU

Right Rear Boss Trial

Figure 10. Right rear boss drop site Gadd Severity Index values by 
trial for each helmet design. SC indicates Sport Helmets Cascade; 
SA, Sport Helmets Cascade Air Fit; SU, Sport Helmets Ultralite; BU, 
Bacharach Ultralite.

The superior portion padding in our lacrosse helmets man 
ufactured by Sport Helmets USA is composed of extended 
polypropylene. According to the manufacturer, this material is 
capable of withstanding repetitive impacts without devaluing 
its quality of protection. Our data expose a decreased ability 
in all lacrosse helmets tested to attenuate impact force. Hel 
mets exhibiting the largest increase in GSI values from drops 
1 through 10 were the SA by 54.3% and the SU by 71.7% at 
the FD and RD, respectively. Hodgson20 examined the effects 
of helmet age and wear on attenuation. He tested 849 used 
football helmets and found that 84% produced GSI values be 
tween 1450 and 2900. Increasing GSI scores after repetitive 
impacts suggest the need for research on the effects of helmet 
age and use on a lacrosse helmet's capacity to dissipate impact 
force. The noted increases in GSI scores during our study in 
dicate several important points. First, a discrepancy exists be 
tween GSI standards for lacrosse and football. The standard 
GSI limit for a safe football helmet is considered by the NOC 
SAE to be 1200. 23-27 ' 29 The NOCSAE standard for a safe 
lacrosse helmet is a GSI score of less than 1500. No revisions 
have been implemented in the lacrosse standard since 1990. 19

Helmet Type

Mean Gadd Severity 
Index Score

Group 1 Group 2

Sport Helmets Ultralite
Sport Helmets Cascade Air Fit
Sport Helmets Cascade
Bacharach Ultralite

10 857.00f
10
10
10

1117.60
1166.10
1222.80

*Means for groups in homogenous subsets are displayed.
fValues show differences (a. = .05) between groups at the front drop
site.

Table 5. Tukey Post Hoc Test for Right Rear Boss Drop Site*

Mean Gadd Severity 
Index Score

Helmet Type

Sport Helmets Cascade
Sport Helmets Cascade Air Fit
Sport Helmets Ultralite
Bacharach Ultralite

n

10
10
10
10

Group 1

974.50f
1022. 10f

Group 2

1376.30
1496.50

*Means for groups in homogenous subsets are displayed.
fValues show differences (a = .05) between groups at the right rear
boss drop site.

Second, the RD has been shown to have lower GSI values in 
tests because of eccentric loading of the head form. 22 - 28 Fi 
nally, Bishop et al22 reported that the use of a GSI standard 
of 1200 as opposed to a standard of 1500 seemed prudent 
because GSI data were developed for frontal impacts in adults. 
Therefore, GSI results may not be an accurate predictor of 
injury at other locations on the head. Additionally, this infor 
mation raises concerns that a nonadult population may possess 
a lower GSI threshold to injury.

Several areas regarding helmet performance need further re 
search. These include the effects of helmet fit, environmental 
conditions, shell composition, helmet shape, face mask design, 
and types of padding on helmet impact response. We examined 
helmets during 20 successive drops and observed a significant 
decrease in each helmet's capacity to dissipate impact force. 
A male lacrosse athlete may experience 20 collisions in a sin 
gle practice. Repeated exposures to subconcussive levels of 
impact could be injurious. However, there are currently no 
quantitative data regarding the precise acceleration magnitude 
and impact frequency at which an athlete should be concerned 
about cumulative neurologic deficits. 2 Thus, we can pose se 
rious questions as to the capacity of a helmet to adequately 
protect an athlete throughout an entire season or career of im 
pacts. The NOCSAE standards mandate football helmet re 
conditioning at the football season's conclusion by approved 
reconditioners. The NOCSAE also requires impact testing of 
a certain percentage of these helmets. 19"29 Currently, the 
NOCSAE and the manufacturers of lacrosse helmets only rec 
ommend recertification on an annual basis or discarding the 
helmet after 3 years of use. 29 We know of no epidemiologic 
data reporting percentages of lacrosse athletes adhering to the 
NOCSAE guidelines. Given the apparent decrease in protec 
tion of all helmets used in our study, it is possible that athletes 
who wear the same helmet for their entire lacrosse career with 
out reconditioning and recertification are not ensured a proper 
standard of protection. Therefore, further longitudinal studies
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are needed regarding the prophylactic benefits of helmets on 
the incidence of acute and cumulative brain injuries in men's 
lacrosse players.

CONCLUSIONS
We examined 4 differently designed lacrosse helmets and 

compared them based on their capacity to attenuate impact 
energy transmitted to the head. We found significant differ 
ences between helmet designs at the FD and RD. All helmets 
used in the study exhibited sharp increases in GSI values with 
repetitive impacts. Contemporary helmet designs performed 
better in RD tests than traditional helmets. We believe that 
future research is needed to assist in the development of new 
helmet testing standards with increased validity and reliability. 
These studies should include impact force and frequency mea 
surements during game situations, the effects of repetitive im 
pacts on a larger sample, and longitudinal studies involving 
helmet wear and reconditioning practices on concussion rates 
in men's lacrosse athletes.
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Objective: Immediate rescue breathing, or cardiopulmonary 
resuscitation, may be necessary for the cervical spine-injured 
football player without removal of the helmet. The purpose of 
our study was to compare 2 pocket-mask insertion techniques 
with a face-mask rotation technique to determine which allowed 
the quickest initiation of rescue breathing with the least cervical 
spine motion.

Design and Setting: In a biomechanics laboratory, 3 airway- 
preparation techniques were tested: chin-insertion technique 
(pocket mask inserted between the chin and face mask), eye 
hole-insertion technique (pocket mask inserted through the face 
mask eye hole), and screwdriver technique (side loop straps 
removed using manual screwdriver followed by mask rotation).

Subjects: One athletic trainer team and 12 National Colle 
giate Athletic Association Division III football players.

Measurements: Time to initiate rescue breathing and in 
duced helmet motion.

Results: Both pocket-mask techniques allowed quicker initi

ation of rescue breathing. Cervical spine anterior-posterior dis 
placement was greater for the chin technique than for the 
screwdriver or eye-hole techniques. Lateral translation was 
greater for the screwdriver technique than for either pocket- 
mask technique. Peak displacement from initial cervical spine 
position was greater for the chin technique than for the eye 
hole technique.

Conclusions: Both pocket-mask techniques allowed quicker 
initiation of rescue breathing than did rotation of the face mask 
via loop strap screw removal. The eye-hole insertion technique 
was faster and produced less cervical spine motion than the 
other 2 techniques. Each technique produced significantly 
smaller amounts of cervical spine displacement than that 
caused by cutting face-mask loop straps as reported earlier. We 
suggest a protocol for field management of cervical spine in 
juries in football players.

Key Words: cervical spine injury, football, pocket mask

T he optimal protocol for managing cervical spine injuries 
in helmet sports such as football, ice hockey, and la 
crosse has been studied with renewed interest since 

!989.'~4 Although writings on this subject began as early as 
the 1970s,5 only recently have investigators attempted to quan 
tify the impact of various management techniques in an effort 
to develop protocols that offer greater assurance of being safe 
and effective.4 - 6

Cervical spine injuries, especially those accompanied by re 
spiratory or cardiac arrest, pose one of the most serious chal 
lenges a sports medicine clinician can face. Appropriate on- 
field management consistent with protocols that have been 
demonstrated to be safe and effective is essential. Many opin 
ions exist regarding the best way to expose the airway of a 
cervical spine-injured football player.'~3 ' 7~ n Endotracheal in 
tubation performed by a health care provider skilled in this 
technique is the gold standard for managing the airway of any 
athlete in respiratory arrest. Because paramedics trained in in 
tubation are often not present during the first critical minutes 
after the onset of cervical spine injury-induced respiratory ar 
rest, athletic trainers are forced to use other methods for man 
aging the airways of athletes in their care. Fortunately, simply

opening the airway via the modified jaw thrust is often enough 
to restore breathing in a spine-injured athlete. When respira 
tory arrest presents in the presence of a patent airway, how 
ever, the Occupational Safety and Health Administration 
(OSHA) requires health care providers to use a barrier device 
such as a pocket mask or bag-valve mask during rescue breath 
ing. 12 This factor has generally been ignored in previously 
published protocols, even though it has the potential to alter 
the way this injury is managed on the field. The purpose of 
our study was to compare 3 airway-preparation techniques to 
determine which allows the quickest initiation of rescue 
breathing with the least amount of extraneous cervical spine 
motion.

Previous work4 in this area suggests that the insertion of a 
pocket mask with a one-way valve under the face mask and 
over the mouth and nose allows quicker initiation of rescue 
breathing with less cervical spine motion than face-mask ro 
tation with a cutting tool like the Trainer's Angel (Trainer's 
Angel, Riverside, CA). The pocket-mask insertion method 
studied by Ray et al4 involved sliding the pocket mask be 
tween the chin and the lowest part of the face mask and po 
sitioning it over the mouth and nose. The one-way valve was
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Table 1. Subjects' Information

Descriptor

Height (cm) 
Weight (kg) 
Neck circumference (cm) 
Neck length (cm)* 
Chin to face-mask distance (cm)t 
Nose to face-mask distance (cm)t

Mean ± SD

183.9 ± 5.6 
104.4 ± 16.2 
42.9 ± 2.7 
16.2 ± 2.4 
3.8 ± 0.2 
4.2 ± 0.6

*Neck length was defined as the distance from the 7th spinous process
to the base of the skull.
fChin to face-mask distance was defined as the distance between the
most prominent part of the participant's chin to the lowest bar on the
face mask.
^Nose to face-mask distance was defined as the distance from the tip
of the nose to the bar that defined the lower border of the face-mask
eye hole.

then inserted through the bars of the face mask. The efficacy 
of the pocket-mask insertion technique was demonstrated in 
the pilot study for that investigation. The authors showed that 
it was possible to create an effective seal and adequately ven 
tilate the lungs of a cardiopulmonary resuscitation (CPR) man 
ikin wearing a football helmet using the pocket-mask insertion 
technique in combination with the modified jaw thrust. An 
other portal of entry, not studied in that investigation, involves 
inserting the pocket mask through the eye hole of the face 
mask. We pose the following questions based on this research: 
(1) Does the eye-hole insertion method allow for quicker ini 
tiation of rescue breathing than either the chin-insertion meth 
od or rotation of the face mask via screw removal? (2) Does 
the eye-hole insertion method induce less cervical spine mo 
tion than the chin-insertion method or rotation of the face 
mask via screw removal?

METHODS

This experiment was carried out in the Biomechanics Lab 
oratory at Hope College. Two senior-level athletic training stu 
dents (M.A.F. and W.H.) performed the techniques as an ath 
letic trainer team in the same manner on each football player 
participating in the study. The athletic trainer team practiced 
several times per week for approximately 10 weeks before data 
collection in order to ensure uniformity in the performance of 
the techniques and to eliminate learning as a possible con 
founding influence. Each experimental session lasted approx 
imately 30 minutes.

SUBJECTS

Twelve National Collegiate Athletic Association Division 
III football players volunteered to participate (Table 1). All 
participants had a head size appropriate to fit a large-shell Bike 
Air Power (Bike Athletic Co, Knoxville, TN) football helmet. 
All participants provided informed consent in compliance with 
the college's institutional review board, which approved the 
study.

PROCEDURES

Helmet motion was measured using an optoelectronic mo 
tion analysis system (Optotrak 3020, Northern Digital Inc, Wa 
terloo, Ontario, Canada). The Optotrak measures motion by 
tracking infrared emitting diodes (IREDs) in 3 dimensions and

Figure 1. Aluminum boom with infrared emitting diodes attached 
to a terminal T. The athletic trainer team is performing the modified 
jaw thrust after inserting a barrier device using the pocket-mask 
insertion technique.

Figure 2. The distance from the proximal infrared emitting diodes 
(IREDs) to the ear hole was measured so that IRED motion could 
be normalized to the cervical spine.

is accurate to 0.75 mm (for displacements) and 0.1° (for ro 
tations).

All participants wore a helmet with an aluminum boom at 
tached to the crown. The boom terminated in a T with 4 
IREDs defining a horizontal and vertical axis (Figure 1). The 
T was oriented perpendicular to the cervical spine. The dis 
tance from the IRED on the horizontal axis to the center of 
the ear hole was measured so that the measured boom motion 
could be used to estimate (assuming the head and helmet move 
as a rigid body) the net rotation and translations at the cervical 
spine necessary for the measured helmet motion (Figure 2). 
(Note: Cervical spine motion was inferred from helmet mo 
tion. Tissue compliance between the scalp and skull may result
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Table 2. Time and Motion Data (Mean ± SD)

Technique

Pocket mask (chin insertion)
Pocket mask (eye-hole insertion)
Manual screwdriver

Rotation (°)

1.3 ± 0.5
0.9 ± 0.4
1.3 ± 0.5

Time (s)

19.5 ± 6.0
13.8 ± 4.5
31.9 ± 5.8^

Anterior- 
Posterior

Translation
(mm)

4.3 ± 3.0*
2.0 ± 1.5
2.2 ± 1.2

Lateral
Translation

(mm)

2.8 ± 1.0
2.4 ± 0.8
3.8 ± 1.4§

Peak
Displacement

(mm)

5.0 ± 5.1f
1.9 ± 1.0
2.9 ± 1.5

*Pocket mask (chin insertion) > pocket mask (eye-hole insertion), manual screwdriver (F234 = 3.7, P < .035). 
tPocket mask (chin insertion) > pocket mask (eye-hole insertion) (F234 = 3.15, P < .05). 
t-Manual screwdriver > pocket mask (chin insertion), pocket mask (eye-hole insertion) (F235 = 34.6, P < .0001). 
§Manual screwdriver > pocket mask (eye-hole insertion), pocket mask (chin insertion) (F234 - 5.2, P < .012).

in imperfect cervical spine motion estimates, but the problems 
associated with direct measurement in real time on living par 
ticipants wearing football equipment made this a safe method 
for estimating cervical spine motion. Future references in this 
paper to cervical spine motion are inferred from helmet mo 
tion.) Data were collected at 50 Hz for 40 seconds. The time 
required to complete each technique was determined through 
videotape analysis.

Baseline measures, including signal noise, motion from 
breathing, applying and maintaining in-line stabilization, and 
rotating the face mask have already been shown to cause less 
cervical spine motion than airway-preparation techniques.4 Al 
though the gold standard in the management of cervical spine 
injuries is no neck movement at all, even patient breathing 
causes some movement.4 Baseline measures, including the ap 
plication of the modified jaw thrust, have been demonstrated 
to cause 12 to 58 times less cervical spine motion than face- 
mask rotation using a Trainer's Angel.4 Because of this, base 
line motions were not recorded in this study.

The experimental helmet was fit to each participant accord 
ing to the manufacturer's specifications. The helmet was fit 
with a lineman-style face mask with a center bar (JNOP, Schutt 
Manufacturing, Litchfield, IL). This face-mask style was used 
because the center bar was presumed to pose additional chal 
lenge to the athletic trainer team in inserting the pocket mask. 
We acknowledge that the results of our study could be differ 
ent for other facemask styles. The helmet was affixed with a 
4-point, hard-shelled chin strap. Participants wore shoulder 
pads and a jersey while lying supine on a carpeted floor. Three 
airway-preparation techniques were conducted on each partic 
ipant: (1) insertion of a pocket mask (Laerdal Medical Corp, 
Armonk, NY) through the space between the chin and the 
lowest part of the face mask, (2) insertion of a pocket mask 
through the eye hole of the face mask, and (3) rotation of the 
face mask with a manual screwdriver. The manual screwdriver 
technique involved removal of the screws in the face-mask 
side loop-straps and rotating the face mask out of the way 
before placing a pocket mask over the participant's mouth and 
nose. Screws were replaced after every fourth trial and were 
tightened to a standard torque of 3 inch-pounds using a torque 
screw driver (Apco Mossberg Co, Attleboro, MA).

Before the initiation of each technique, one athletic trainer 
(W.H.) applied in-line stabilization. Another athletic trainer 
(M.A.F.) performed the technique when prompted by a light 
stimulus. Before beginning the study, we established a ran 
domized order for the treatments and replicated this order 
across all participants.

DATA ANALYSIS
Data were analyzed using MATLAB (The Math Works Inc, 

Natick, MA) and SPSSX (SPSS Inc, Chicago, IL). Cervical 
spine motion was measured in 4 ways: (1) anterior-posterior 
displacement, (2) lateral displacement, (3) rotation, and (4) 
peak displacement from initial spine location.

We analyzed participant and athletic trainer team learning 
from trial 1 to trial 2 using t tests for each method. Athletic 
trainer team learning over the course of the study was evalu 
ated by comparing the time and motion parameters of the first 
6 participants with those of the last 6 participants using t tests. 
Time and cervical spine motion differences among the 3 meth 
ods were analyzed using a one-way analysis of variance with 
a post hoc least-squares difference test. The cervical spine mo 
tion data for one participant were corrupted and were not in 
cluded in the analyses.

RESULTS
Significant differences were observed in the time required 

to perform the techniques. Exposing the airway by rotating the 
face mask with a manual screwdriver took significantly more 
time than either of the pocket-mask insertion techniques (Table 
2). It is important to point out that each technique introduced 
some cervical spine movement. The pocket-mask insertion 
technique using the eye hole as an entry portal produced the 
smallest amount of extraneous cervical spine motion; however, 
there was no statistical difference in the amount of cervical 
spine rotation among the 3 techniques. Anterior-posterior 
translation (movement of the cervical spine in the sagittal 
plane) was significantly greater for the pocket-mask insertion 
technique using the chin space as the entry portal than for the 
other 2 techniques. Lateral translation (movement of the cer 
vical spine in the frontal plane) was greater for the manual 
screwdriver than for either of the 2 pocket-mask insertion tech 
niques. Peak displacement (the greatest distance the cervical 
spine moved from the beginning to the end of the maneuver, 
regardless of the direction of the movement) was greater for 
the chin insertion method than for the eye-hole insertion meth 
od.

The effect of learning by the athletic trainer team and the 
participants was evaluated by comparing the time and motion 
means for trial 1 and trial 2. Trial 2 dependent variable means 
were lower than those for trial 1 in every case. Five of 15 
differences were statistically significant (t n > 2.80, P < .02 
for each variable). In subsequent data analyses, we used only 
trial 1 for the following 3 reasons: (1) trial 1 data were more 
conservative in every case, (2) there is some evidence to sup-
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port the hypothesis that athletic trainer team and participant 
learning occurred from trial 1 to trial 2, and (3) health care 
professionals using these techniques under actual field condi 
tions must perform them in an optimal manner on their first 
attempt in order to maximize the outcome for the patient.

Because the results could also be skewed by improvements 
in athletic trainer team technique over the course of the study, 
we compared the means for each variable for each technique 
for the first 6 participants with those of the second 6 partici 
pants using t tests. No differences were observed, indicating 
that the athletic trainer team applied the techniques in a similar 
fashion for both the first and second half of the participants.

DISCUSSION

Although the incidence of cervical spine injuries in football 
is low, 13 the potential for life-threatening complications arising 
from such injuries makes their management one of the most 
important skills that sports medicine clinicians must have. The 
incidence of secondary injury to the spinal cord caused by 
poor prehospital treatment in the field is high: 10% of patients 
in one study 14 and 25% in another. 15 Because the football hel 
met with its face mask presents obstacles not normally seen 
in victims of other types of accidents, the need for consensus 
protocols for cervical spine injury management in football is 
critical. Recently an interassociation task force comprising 
members from 26 emergency and sports medicine organiza 
tions promulgated guidelines for appropriate care of the spine- 
injured athlete. 16 This consensus statement has helped de 
crease the disparity of opinions among various health care 
professionals—particularly certified athletic trainers,9 emer 
gency medical technicians,2 and physicians 17~ 19—regarding 
helmet removal. The need to leave the helmet in place in all 
but the most unusual situations is, we hope, being recognized 
and resolved. Recent policy statements by the National Ath 
letic Trainers' Association and the American College of Sports 
Medicine call for leaving the helmet on until cervical spine 
fracture or dislocation can be ruled out by x-ray in the hos 
pital. 6 Recent researchers3 - 20 have confirmed what Schneider5 
suspected nearly 30 years ago, that helmet removal causes sig 
nificant cervical lordosis and is the single greatest cause of 
extraneous cervical spine motion after serious neck injury. 21 - 22

The need for absolute spinal immobilization23 in the context 
of the athlete with the still-affixed football helmet is the area 
of greatest consensus among the health care practitioners who 
typically provide care for football players with cervical spine 
injuries. 24 The issue of how to most effectively expose the 
airway in a timely manner remains controversial. 1-2,4,6,8-11,25 
The modern football helmet is equipped with a face mask af 
fixed by 4 loop straps screwed to the helmet. These loop straps 
have rendered bolt cutters—and the significant cervical re 
bound associated with their use26—obsolete for face-mask re 
moval. Several authors8 - 9 - 11 have offered their opinions re 
garding the best way to remove the face mask and thereby 
expose the airway, and more is now known about the effects 
of these techniques on cervical spine motion than through the 
mid 1990s. 27 The OSHA requirement that health care provid 
ers use a barrier device such as a pocket mask or a bag-valve 
mask during rescue breathing further complicates the issue of 
safe airway management in spine-injured athletes and makes 
it essential that this element is incorporated into standard air 
way-management protocols. 12 - 28

In a previous study,4 we compared, in a controlled setting,

the effects of 3 common and 1 new method to quantify the 
time required and the motion induced with the most common 
methods for airway exposure. We discovered that opening the 
airway by using a modified jaw thrust after inserting a pocket 
mask with a one-way valve through the space between the chin 
and the still-affixed face mask allowed quicker initiation of 
rescue breathing than face-mask rotation using a manual or 
power screwdriver or a Trainer's Angel cutting device. The 
Trainer's Angel was associated with significantly greater cer 
vical spine motion than the other 3 techniques. As do all cut 
ting tools, it leaves an anterior remnant of the face mask loop 
strap that the face mask bar must pass over before it can be 
rotated. This induces an unacceptable amount of mechanical 
rebound, resulting in cervical spine motions that can approach 
10 mm, nearly 25% of the width of the vertebral foramen at 
its widest point. This is not meant to suggest that cutting the 
loop straps should never be attempted. Cases will exist where 
this method is the only practical alternative for face-mask re 
moval: when the loop strap screws are rusted or stripped, for 
example. Data from our previous study4 do suggest, however, 
that face-mask removal after loop-strap cutting is a less benign 
treatment option than may be widely assumed.

The pocket-mask insertion technique using the eye hole 
shows some promise of being a safe and effective method for 
managing the airway of a cervical spine-injured football play 
er. Previous work4 has demonstrated the practicality and effi 
cacy of ventilating a patient wearing a football helmet using 
the pocket-mask insertion technique. Both pocket-mask inser 
tion techniques (chin and eye hole) offer speed advantages 
over face-mask rotation via screw removal. The 18-second dif 
ference could potentially allow for slightly more than 3 cycles 
of rescue breathing. For an injury in which every second 
counts, this time savings could be important. The cervical 
spine motion induced when the pocket mask is inserted 
through the eye hole is less than that for any other method 
studied in a controlled setting. Indeed, when compared with 
methods that employ a cutting device to sever the side face- 
mask loop-straps, the eye-hole insertion method reduces mo 
tion by a factor of 4 to 5.4

The question of which technique-induced cervical spine 
movement is most clinically significant is difficult to answer. 
The answer probably depends on the type, location, and se 
verity of the cervical lesion. We reported 4 types of motion 
(rotation, anterior-posterior displacement, lateral displacement, 
and peak displacement) in an effort to provide clinicians with 
as complete a picture as possible for how the cervical spine 
is affected during airway-preparation maneuvers. Because the 
gold standard for management of cervical spine injury is com 
plete immobilization, we cautiously recommend that clinicians 
take all necessary steps to minimize peak displacement (since 
this represents the maximum distance the spine travels during 
the airway-preparation maneuvers) while recognizing that oth 
er extraneous motions can also result in poor outcomes.

Although the results of our study confirm the utility of the 
pocket-mask insertion techniques in terms of both the time 
they require and the motion they induce, the question of which 
entry portal is optimal poses a clinical decision that can prob 
ably only be made on the field. The evidence to support the 
commonsense notion that athletes with "bigger" faces have 
less room in which to insert and position the pocket mask prior 
to jaw thrust and rescue breathing is inconsistent. Our previous 
study demonstrated moderate to high correlations ( — .67 to 
— .78) between chin-to-face-mask distance and cervical spine
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motion induced during the chin-insertion method. Correlations 
for these measures were much weaker in this study ( — .08 to 
— .34). Similarly, the correlation between nose-to-face-mask 
distance and cervical spine motion using the eye-hole insertion 
method ranged from — .26 to —.54. The correlation between 
the time required to complete the eye-hole insertion method 
and the nose-to-face-mask distance in this study was —.65. 
Because no clear pattern has been demonstrated across both 
studies, we recommend that clinicians choosing to use one of 
the pocket-mask insertion techniques make a rapid assessment 
of the 2 entry portal sizes and choose the largest through 
which to insert the pocket mask. Since a pocket mask with the 
tube folded for insertion under the face mask is approximately 
5.08 cm (2 in) tall, a face mask portal of at least 5.08 cm 
would, in theory, provide the least resistance to proper inser 
tion of the pocket mask.

Nothing in our findings should be construed as suggesting 
that either of the pocket-mask insertion techniques are "stand 
alone" therapies for cervical spine-injured football players in 
respiratory arrest. Rapid intubation is still the gold standard. 
Because intubation presumably requires the rotation of the face 
mask and most injured athletes will not have ready access to 
intubation immediately after on-field assessment of their air 
way patency, we recommend use of one of the pocket-mask 
insertion techniques as a preliminary measure only. The rapid 
employment of this technique will allow the athlete to receive 
life-saving rescue breathing from one health care provider 
while another rescuer carefully removes the screws that attach 
the face mask to the helmet. When paramedics arrive on the 
scene, the athlete will be ready for immediate intubation. It is 
important to note that neither the screwdriver nor the screws 
failed throughout this study. Screwdriver failure (even with 
new hardware) is a problem associated with the screwdriver 
technique.

The question of which is more important, to minimize the 
time or minimize the induced cervical spine motion during 
airway preparation, is an important but difficult question to 
answer. Unfortunately, our study was not designed to answer 
this question, nor should the data be used for this purpose. To 
minimize the potential damage due to the lack of oxygen, the 
athletic trainer's goal should be to minimize the time to initi 
ation of rescue breathing. On the other hand, in the presence 
of an unknown cervical spine injury, the athletic trainer has 
the confounding goal to minimize cervical spine motion while 
implementing the chosen airway-preparation technique. There 
fore, the study conclusions regarding the fastest airway-prep 
aration technique that introduces the smallest cervical spine 
motion should be used by the athletic trainer to make the best 
on-site decision possible.

A discussion of the effect of practice on learning these tech 
niques is important. We demonstrated in our previous work 
that practice does decrease the time it takes to perform these 
techniques.4 This finding has been confirmed in other studies 
as well. 29 Practice also tends to decrease the amount of extra 
neous motion induced at the cervical spine, regardless of the 
technique being used. In this study, we found improvements 
in time and motion variables from one trial to another within 
participants but no differences between participants from the 
beginning to the end of the study. The improvement within 
participants was probably due to small adjustments in the ath 
letic trainer team's technique from one trial to the next based 
on individual participant characteristics, such as face size and 
shape. Although no long-term learning was demonstrated in

this study, the fact that the athletic trainer team had practiced 
the techniques for approximately 20 hours over the course of 
the 10 weeks before the study suggests that these skills must 
be practiced in order to be mastered. Anecdotally, we observed 
significant improvement in our technique from the beginning 
to the end of the 10-week practice period. Although the effect 
of practice on the learning of these skills was not the primary 
focus of either this or the previous study, our findings suggest 
that clinicians must devote more time to practicing these skills 
than they are currently devoting.

An important limitation of this study regarding variability 
needs to be discussed. The design of this study was a single 
athletic trainer team performing the airway-preparation tech 
niques on a group of football players. Thus, the design used 
here included only the variability of the characteristics of the 
football player on the study variables (time and motion). An 
other source of variability affecting the study parameters was 
the variability across athletic trainer teams, which we did not 
address. Therefore, a future study design should include the 
effect of athletic trainer team variability on the study measures.

An additional limitation concerns the net rotations and 
translations reported here as cervical spine motion. We have 
not directly measured spine motion, which would require x- 
ray methods or the attachment of markers rigidly to the ver 
tebrae. As already mentioned in the Methods section, the mea 
sured boom motion with rigid body mechanics was used to 
estimate the net rotation and translations at the cervical spine 
necessary for the measured helmet motion to occur. Future 
researchers should consider the error in estimating net rota 
tions and translations about the cervical spine based on track 
ing targets affixed to the helmet.

We also recommend the following areas for additional 
study:

1. Replicate the experimental measures in 3 dimensions rather 
than 2 dimensions, as was the case in our study.

2. Quantify the moments and forces acting on the cervical 
spine during common first-aid procedures.

3. Replicate the study using ice hockey and lacrosse equip 
ment.

CLINICAL RELEVANCE

Under ideal conditions, the pocket-mask insertion technique 
using either the chin or eye hole as an entry portal allows for 
quicker initiation of rescue breathing than rotation of the face 
mask using a manual screwdriver. Although not always statis 
tically significant, the eye-hole pocket-mask insertion tech 
nique consistently produced less extraneous cervical spine mo 
tion than the other 2 techniques. All 3 methods induced less 
cervical spine motion than techniques that involved cutting the 
face-mask loop-straps, as reported in other investigations.

Therefore, when the athlete is breathing, do not attempt to 
rotate the face mask, because all face-mask rotation methods 
result in cervical spine motion. The data from this study and 
our previous work in this area4 support the fact that face-mask 
rotation techniques can induce significant cervical spine mo 
tion, even under controlled laboratory conditions.

If the athlete is not breathing, log roll the player into po 
sition and open the airway using the modified jaw thrust. If 
the athlete does not begin breathing after the airway has been 
opened, determine which entry portal through the face mask 
offers the greatest access—the chin or the eye hole—and per-
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form the pocket-mask insertion technique and begin rescue 
breathing or CPR.
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Objective: To evaluate the performance of specific face- 
mask removal tools during football helmet face-mask retraction 
using 3-dimensional (3-D) video.

Design and Setting: Four different tools were used: the anvil 
pruner (AP), polyvinyl chloride pipe cutters (PVC), Face Mask 
(FM) Extractor (FME), and Trainer's Angel (TA). Subjects re 
tracted a face mask once with each tool.

Subjects: Eleven certified athletic trainers served as subjects 
and were recruited from among local sports medicine profes 
sionals.

Measurements: We analyzed a sample of movement by 3- 
D techniques during the retraction process. Movement of the 
head in 3 planes and time to retract the face mask were also 
assessed. All results were analyzed with a simple repeated- 
measures one-way multivariate analysis of variance. An overall 
efficiency score was calculated for each tool.

Results: The AP allowed subjects to perform the face-mask 
removal task the fastest. Face mask removal with the AP was 
significantly faster than with the PVC and TA and significantly 
faster with the TA than the PVC. The PVC and AP created 
significantly more movement than the FME and TA when 
planes were combined. No significant differences were noted 
among tools for flexion-extension, rotation, or lateral flexion. 
The AP had an efficiency score of 14; FME, 15; TA, 18; and 
PVC, 35.

Conclusions: The subjects performed the face-mask remov 
al task in the least amount of time with the AP. They completed 
the task with the least amount of combined movement using 
the FME. The AP and FME had nearly identical overall efficien 
cy scores for movement and time.

Key Words: football equipment, cervical spine injury, axial 
load

S ports medicine health care professionals who are pre 
sented with a cervical spine injury (CSI) must manage 
the situation in a safe and effective manner. Should an 

athlete's airway be compromised at the time of injury, access 
to the airway is vital. Therefore, airway access must be 
achieved as quickly as possible while protecting the athlete from 
further injury. In sports such as football, a helmet and face mask 
are worn. This equipment, although designed to protect the ath 
lete from injury, may inhibit the immediate care after an athlete 
sustains a head or neck injury by placing a physical barrier 
between the athlete and the athletic trainer or emergency med 
ical technician (EMT). However, the cervical spine is taken out 
of neutral alignment when the football helmet is removed but 
the shoulder pads remain in place. 1 "4 Because it is important to 
obtain access to the athlete's airway should rescue breathing 
become necessary, it has become the practice of sports medicine 
professionals to remove the face mask from the helmet. 3" 18 Pop 
ular tools used for this purpose are polyvinyl chloride (PVC) 
pipe cutters, an anvil pruner, screwdrivers, EMT shears, rotary 
cutting devices, the Trainer's Angel (TA) (Trainer's Angel, Riv 
erside, CA), and now the Face Mask (FM) Extractor (FME) 
(Sportsmedicine Concepts Inc, Geneseo, NY). 19

Athletic governing bodies such as the National Collegiate 
Athletic Association (NCAA) and the National Athletic Train 
ers' Association (NATA) have developed and recommended 
certain guidelines for the care of a spine-injured athlete wear 
ing a helmet. 6 ' 8 ' 9 The NCAA Guidelines for Helmet Fitting 
and Removal in Athletics, which were developed in 1990 and 
revised in 1998, state that "proper on-the-field management 
of head and neck injuries is essential to minimize sequelae, 
expedite emergency measures and to prepare for emergency 
transportation." 9 The NCAA guidelines were revised with rec 
ommendations adapted from the Inter-Association Task Force 
for the Appropriate Care of the Spine-Injured Athlete in 1998. 
The guidelines explain that the helmet should never be re 
moved in prehospital care unless one or more of the following 
4 conditions exist:
1. The helmet does not hold the head securely, such that im 

mobilization of the helmet does not immobilize the head;
2. The design of the sport helmet is such that even after re 

moval of the face mask, the airway cannot be controlled 
or ventilation provided;

3. After a reasonable period of time, the face mask cannot be 
removed; or
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Table 1. Subject Demographic Means (SD)

Age Years of Experience
11' 29.1 (9.5) 7.1 (8.96)

*n = 11 (7 men, 4 women).

4. The helmet prevents immobilization for transportation in 
an appropriate position.

The Inter-Association Task Force has recently published a 
document that explains in further detail the techniques and 
rationale behind proper care of the spine-injured athlete.6

The objective in removing a face mask is to create little or 
no movement of the head and neck while cutting through the 
face-mask loop straps in as short a time as possible. Removal 
of the face mask can be achieved through the use of a face- 
mask removal tool, such as a screwdriver or anvil pruner or 
devices specifically designed for the task, such as the 
TA. 3 ' 12~22 While the FME appears to provide an effective 
method of face-mask removal compared with other previously 
studied tools, data evaluating its performance are limited. 17 ' 19

Effective CSI management begins with the recognition, ini 
tial care, and understanding of what is involved. The aspect 
of time is vital to the hope for neural recovery. Only by in 
creasing the knowledge and understanding in the pathome- 
chanics and pathophysiology of CSI will sports medicine prac 
titioners be able to prevent further injury from occurring and 
be more prepared to manage an injury should it occur. Face- 
mask removal may make the situation worse if it is not done 
correctly. Athletic trainers and other sports medicine practi 
tioners may be able to perform the face-mask removal tech 
nique more effectively when using a tool that has been sci 
entifically shown to work.

A face-mask tool that allows for quick and safe removal of 
the face mask meets the needs of the athletic trainer, EMT, 
and any other qualified person. Athletic trainers and other 
sports medicine professionals must remember that extraordi 
nary situations may present themselves at any time and, there 
fore, they must be prepared for any situation that may occur. 
Having the right tool to do the job is only the beginning. 
Proper preparation takes practice and planning.

The purpose of our study was to compare a variety of face- 
mask removal tools to determine if they differ in the time 
required to remove a face mask and in the amount of helmet 
movement that they produce.

METHODS

Subjects
Eleven certified athletic trainers, recruited from among the 

local population of sports medicine professionals, served as 
subjects for this study (Table 1). All subjects had at least a 
minimal degree of prior experience in face-mask removal. 
Subjects with any significant orthopaedic or neural pathologic 
condition of the upper extremities were excluded from the 
study, as were subjects who had extensive use and experience 
with any of the 4 tools used in this study. The latter was 
determined by asking each subject if he or she had prior ex 
perience with any tool in removing or retracting a face mask 
in a practice or real-life situation. Initial familiarization trials 
also helped to identify overqualified subjects. Standard insti 
tutional review board approval for this project was received

Figure 1. Tools. Left, PVC pipe cutter. Bottom, Trainer's Angel. 
Right, Anvil pruners. Top, FM Extractor.

through the Human Subjects Review Board at the University 
of Toledo. Each subject read and signed an informed consent 
form before participating in the study.

Each of the 11 subjects performed the face-mask removal 
task with each of the 4 face-mask removal tools: anvil pruner 
(AP) (Scotts, Columbus, OH), FM Extractor (FME), PVC pipe 
cutters (PVC) (Anderson's Co, Maumee, OH), and the Train 
er's Angel (TA) (Figure 1). The subjects' performance in using 
each of the 4 tools to remove a face mask was analyzed. We 
used a random-order assignment of tasks by having each sub 
ject draw for the tools to be used in which order. Two groups 
of dependent variables were assessed: those associated with 
time and those associated with helmet movement.

Instrumentation
We used a 6-camera, EVa Hi-Res 3-D kinematic video anal 

ysis system (Motion Analysis Inc, Sacramento, CA) to collect 
the video data. Data-collection and processing software was 
the Motion Analysis Inc EVa, version 511. The duration of 
face-mask removal was measured using a hand-operated stop 
watch. A standard football helmet (Riddell Co, Elyria, OH), 
shoulder pads (Douglas Protective Equipment, Houston, TX), 
and Schutt Sports (Batesville, MS) Armourguard face-mask 
loop straps were used in the testing.

Variables
The independent variable was the type of face-mask remov 

al tool used, which consisted of 4 levels, the AP, FME, PVC, 
and TA groups. Two dependent variables were measured. Dis 
placement of the head was measured in degrees of difference 
for the following planes: transverse (left-right) rotation of the 
head, bilateral (left-right) flexion, anterior-posterior (flexion- 
extension), and combined movement from all 3 planes. The 
total amount of time to complete the task was recorded in 
seconds.

Experimental Setup
All trials were performed in the University of Toledo Ap 

plied Biomechanics Laboratory. The football player (model) 
was placed on a thin indoor rug in the supine position on the 
floor in a designated area. Surrounding the model and subject 
were the 6 cameras in the video capture system. The position-
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Figure 2. Anterior view of football player with markers applied.

ing of the cameras resulted in a field of view that was ap 
proximately 2 m long, 1-1/2 m wide, and 1 m high. This size 
and shape of the capture volume was designed to ensure that 
the markers on the model were visible from all cameras. The 
model was oriented on the floor in such a way as to be aligned 
with the laboratory's coordinate system. Thus, the axes for the 
movements of flexion-extension, rotation, and lateral flexion 
of the head at the cervical spine were consistent with the X, 
Y, and Z axes of the laboratory.

The data-collection process for the 3-D system required es 
tablishing a specific project within the software for the task. 
Project setup included calibration of the area in which the task 
was performed, identification of the markers, and creation of 
links among those markers. The video marker set consisted of 
4 markers attached to the helmet and 4 markers attached to 
the torso (Figure 2). On the head, 2 marker wands were placed 
bilaterally on the front of the helmet, approximately 7.62 cm 
(3 in) from the midline of the forehead. Two other markers 
were placed along the midline of the helmet above the model's 
forehead, one attached to an extension placed approximately 
12.7 cm (5 in) in front of the model's face. On the torso, 
markers were attached directly over the anterior aspect of the 
acromion processes by means of a wand that extended through 
a window cutout in the shoulder pads. Additionally, 2 markers 
were placed along the midline of the body of the sternum. 
This arrangement of markers allowed the 3-D system to track 
all movements of the head and torso and provided 3-D data 
in all planes of motion. This was accomplished by creating 
segments between the markers to represent the anterior-pos 
terior head, medial-lateral head, shoulders, and sternum.

Data Collection
Before video data-collection trials, a cube and wand cali 

bration was performed in the area where the trials were to be 
executed. The first step after calibration involved collecting 
data on the static position of the model before any interaction 
with the test subject. This was done because each time the task 
was completed, the helmet needed to have the face mask re- 
attached by replacement of the loop straps. It was impossible 
to perform this task for each trial without removing the helmet 
from the model, which subsequently resulted in movement of 
the head and torso. Therefore, by recording a brief static trial,

the system had an exact position of the model's head to serve 
as a baseline before the subject trial.

During each subject trial, 3-D video data were recorded at 
60 Hz and used to assess the amount of movement produced 
at the head caused by the tool cutting through the loop straps. 
Data collection was initiated 15 seconds into the start of the 
task and lasted for 30 seconds. The 3-D video collection was 
designed to capture only the movement data produced by the 
tools cutting through the loop straps. If the whole trial had 
been analyzed with 3-D video, tool performance would not 
have been based on the subject's ability but would have in 
cluded movement due to other factors. The ideal time to col 
lect video was determined to be 30 seconds after initial move 
ments and before face-mask retraction efforts at the end. 
Movement is seen at the beginning of the trial as the subject 
"settles in." Especially in the case of the PVC pipe cutters, 
the subjects often had to reratchet and adjust the tool several 
times before making an initial cut after the trial had already 
started. The later portions of the trial consisted of movement 
related to efforts to swing the face mask up. However, there 
was no clear-cut separation between pure cutting efforts and 
pure face-mask manipulation efforts. Subjects often put the 
tool down, attempted to retract the bar away from a loop strap, 
and picked the tool back up to make another cut. Therefore, 
the 3-D data are based on a sample of movement occurring 
during the face-mask retraction process when the tools were 
being used to cut through the loop straps.

Data Postprocessing
Each of the files containing the raw data from each trial was 

processed to create complete paths representative of the 3-D 
trajectories of each marker. These were smoothed with a But- 
terworth low-pass filter with a cut-off frequency of 3 Hz. 
Through the use of the segments created within the project of 
the EVa data capture system, angles of interest were defined 
and measured for displacement. Displacement from a neutral 
position was determined separately for each trial using the 
associated static trial position. For flexion and extension of the 
head, the software analyzed the relative position of the ante 
rior-posterior head segment to the sternum segment. A neutral 
or starting position was approximately 0°. Any changes in the 
angle (positive or negative) between these 2 segments repre 
sented flexion (+) or extension (—). In order to define rotation 
of the head from left to right, the medial-lateral head position 
was compared with the shoulders. A positive increase from 
the neutral position represented rotation to the left. The neutral 
static position of the anterior-posterior head relative to the 
shoulders was approximately 0°. For lateral flexion, the ante 
rior-posterior head segment was observed for its displacement 
relative to the shoulders. Any change in angle from a neutral 
position (approximately 90°) represented displacement in lat 
eral flexion to the right or left.

Testing Protocol
Subjects reported to the Applied Biomechanics Laboratory 

of the University of Toledo on a separate day to practice the 
techniques and become familiar with the equipment and meth 
ods. The actual data collection was performed 2 to 4 days after 
the familiarization trial.

We gave exact, standard instructions to each of the subjects 
concerning the task procedures. Manufacturer's instructions for
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Figure 3. Flexion and extension movement of the helmet. AP in 
dicates anvil pruner; FME, FM Extractor; PVC, PVC pipe cutters; 
TA, Trainer's Angel.
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Figure 4. Rotation movement of the head to the left and right.
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Figure 5. Lateral-flexion movement of the head to the left and right.
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Figure 6. Combined head movement from within 3 planes.

Table 2. Mean (SD) Head Motion in Degrees by Tool (n = 11)

APf FME PVC TA

Combined 4.05(3.23) 2.54(1.16) 4.08(2.46) 3.00(1.82)
Rotation 2.66(1.48) 2.02(1.34) 3.5 (2.09) 2.42(1.39)
Lateral flexion* 5.75(4.5) 3.23(0.98) 5.27(2.96) 3.55(2.13)
Flexion-extension 5.92(0.86) 2.37(0.86) 3.47(1.97) 3.02(1.86)

*Significantly more movement than rotation.
fAP indicates anvil pruner; FME, FM Extractor; PVC, PVC pipe cutters;
TA, Trainer's Angel.

use of the FME and TA were also provided. The subject re 
moving the face mask was required to cut through the 2 lateral 
face-mask loop straps and physically retract the face mask 
away from the face by rotating it on the anterior, or top, 2 
loop straps. Subjects stabilized the head using their knees, and

if able to, placed their free hand on the helmet while posi 
tioning the tool. Subjects were not allowed to move from their 
original position. As determined by a prerandom task selection 
(ie, the subject chose the order of trials randomly before per 
forming the task), the subject retracted the face mask 4 times. 
Each retraction was performed with a different tool. Subject 
fatigue across trials was controlled by randomizing the order 
of tools used and by providing a rest period of 2 minutes 
between trials. We emphasized to the subjects, before they 
performed the trial, that their objectives were to create little 
or no movement of the head and to complete the task in as 
short a time as possible. We offered no encouragement or as 
sistance during the trials. The model was instructed to avoid 
resisting movement. In addition, the model wore blackened 
goggles to keep him from seeing which tool was being used. 
Each trial began when the subject picked up the tool and ended 
when the subject rotated the face mask away from the 2 lateral 
loop straps. This indicated the beginning and end of each trial 
and served as the starting and ending point for timing the task. 
We maintained sharpness of the tools throughout the study 
with a standard tool sharpener based on manufacturers' rec 
ommendations.

Statistical Analysis
The 3-D and time data analysis consisted of a multivariate 

analysis of variance, set up as a simple 1-way analysis with 
repeated measures (probability level = .05) followed by a post 
hoc analysis. The 4 levels of the independent variable con 
sisted of AP, FME, PVC, and TA groups. The dependent var 
iables measured included (1) combined movement from all 3 
planes, (2) maximum anterior flexion and posterior extension, 
(3) maximum right and left transverse-plane rotation, (4) max 
imum left and right lateral flexion, and (5) time to complete 
the task.

We performed statistical analyses on the SPSS 10.0 versions 
software for Windows (SPSS Inc, Chicago, IL) on IBM-com 
patible computers. Additionally, we calculated an efficiency 
score 16 for all tools combining the movement and time vari 
ables.

RESULTS

Overall, our results indicated that the FME had the least 
amount of resultant head movement. However, none of the 
movement variables demonstrated statistical significance 
among tools. The combined movement variable was created 
by combining the resultant degrees of displacement from each 
of the 3 planes (Figure 3). When planes were combined for 
each tool, no significant overall effect was found (F3 8 = 
0.3647, P = .778). Movement at the head, as determined by 
displacement in the 3 separate planes, is shown in Figures 4, 
5, and 6. Means and standard deviations for the head-motion 
variables are presented in Table 2. There was no overall sig 
nificant effect for the flexion-extension (F3 8 = 1.19, P = 
.373), rotation (F3 8 = 3.425, P = .073), or lateral flexion 
(F38 = 2.88, P = .103) planes among tools. However, we 
found a significant effect when comparing each of the 3 planes 
with each other (P = .035), Post hoc analysis revealed that 
the most movement occurred in the lateral-flexion plane and 
was significantly greater than the rotation plane (P — .027).

Time to complete the task is shown in Figure 7. When using 
the AP (mean = 105.91 seconds), the subjects performed the
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Figure 7. Average time to complete the face-mask retraction. AP 
indicates anvil pruner; FME, FM extractor; PVC, PVC pipe cutters; 
TA, Trainer's Angel.

face-mask removal task in the least amount of time, followed 
by the FME (mean = 176.82 seconds), TA (mean = 184.18 
seconds), and PVC (mean = 256.55 seconds) (Figure 7). The 
multivariate test revealed an overall significant effect for time 
(F3>8 = 12.007, P = .002). Time using the AP was signifi 
cantly faster than with the PVC and TA, and time using the 
TA was significantly faster than with the PVC.

Using an efficiency formula taken from Knox and Kleiner, 16 
we combined the movement and time variables to better rep 
resent the tool's overall performance. Combined movement 
was multiplied by time and divided by 10. Results (lower 
score = higher efficiency) revealed that the AP had an effi 
ciency score of 14, followed by the FME (15), TA (18), and 
PVC (35).

DISCUSSION
A properly fitted football helmet should not allow for helmet 

movement without head movement. Motion at the head occurs 
due to movement in the cervical spine. Therefore, it is inferred 
that helmet movement results in head movement, which, in 
turn, requires movement in the cervical spine. However, our 
project did not directly measure cervical spine movement and, 
therefore, movements measured are strictly referred to as head 
movement.

Subjects were instructed to perform the retraction procedure 
in the same way while minimizing movement of the head and 
neck. The model wearing the equipment was instructed not to 
move throughout the testing. As long as these variables were 
controlled, the primary cause of movement was the ease or 
difficulty with which the loop straps were cut by the tools. 
However, being in the laboratory as opposed to on the actual 
playing surface with an injured athlete may have affected the 
subjects' performance, either positively or negatively.

The model wearing the football equipment was instructed 
not to move throughout the testing process. During actual CSI 
management, a medical professional would instruct the athlete 
not to move. Athletes in a CSI situation may not react the 
same as the model during the study. Thus, it is possible that 
they would not be as calm or willing to cooperate, considering 
the seriousness of the situation. External validity may be af 
fected due to a lack of ability to generalize the laboratory 
situation to a real-life injury situation. In addition, we tested 
only certified athletic trainers, excluding any generalization of 
the results to student athletic trainers or other professionals.

Thirty seconds was determined to be an adequate amount 
of time to provide a representative sample of the movement 
during the tool's cutting component during the full task. Ini 
tially, it was our intent to analyze the entire task. However, if 
movement were assessed from the very beginning to the end 
of face-mask retraction, we would no longer be measuring

only the tool's effectiveness but would have included initial 
and terminal movements not directly related to the tool's abil 
ity to cut through the loop straps. Therefore, the video-collec 
tion time was intended to capture the helmet movement pro 
duced by the tools cutting through the loop straps. Most of 
this movement occurred in the middle of the trial. Initial move 
ment unrelated to the tool's cutting occurs in the beginning of 
the trial as the subject "settles in." This is seen especially in 
the case of the PVC; the subjects often had to reratchet and 
adjust the tool several times after the trial had already started. 
The latter portions of the task consisted of movement related 
to efforts in swinging the face mask up and away from the 
loop straps. The ideal time to collect video data was deter 
mined to be around 30 seconds after initial movements and 
before face-mask retraction movements near the end. In effect, 
our 30-second window represents a sample of the movement 
that occurs during the task but is focused on capturing the 
movement created by the actual cutting of the loop straps. In 
addition, due to the length of time it typically took (2 to 3 
minutes or more) to retract a face mask, the data files would 
have been much too large for storage and analysis.

Face-Mask Removal and Related Factors
Research on face-mask removal has primarily been per 

formed by Kleiner. 12 ' 16- 18 '20 - 22-25 Knox and Kleiner 16 rated the 
performance of several face-mask removal tools. By placing 
the head of the subject within a football helmet and on top of 
a forceplate, they were able to detect ground reaction forces 
placed on the head by the tools during the face-mask removal 
process. Knox and Kleiner 16 attempted to quantify the move 
ment placed on the head as a result of the use of the specific 
tools. Subjects included certified and student athletic trainers 
and EMTs. They rated the performance of the AP, the TA, a 
screwdriver, and a utility knife. The utility knife was removed 
from the study due to injuries to 2 practitioners during the 
process. The screwdriver produced the least amount of move 
ment at the head, while the AP and TA created slightly more 
movement. In addition, the subjects rated their satisfaction 
with each tool and indicated their preference for the AP over 
the TA and screwdriver. No differences were found in the time 
or satisfaction with tools among any of the subject groups. 
However, it is interesting to note that the student athletic train 
ers performed the task in the least amount of time and with 
less resultant head movement than the certified athletic train 
ers.

When we conceived our study, no previous literature existed 
in any form for the assessment of the FME. However, 2 studies 
on the FME have recently been performed. 17 ' 19 Hoenshel et 
al 19 investigated the performance of the FME compared with 
the AP and TA in time and satisfaction rating. They discovered 
that the FME was not superior to the AP in either time or 
rating but that subjects preferred to use the FME over the TA. 

The design of the FME allows it to be used with varying 
methods; the manufacturer describes a primary technique and 
2 alternative techniques. 17 The primary technique is similar to 
other tools in having the cutting and noncutting surfaces 
aligned on either side of the loop strap between the face-mask 
bars. Another technique is to have the curved portion of the 
noncutting surface placed around the face-mask bar adjacent 
to the loop strap and cutting into the loop strap from the other 
side. The third technique involves placing the tool and each 
end on either side of the loop strap but on top of the face-
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mask bar. This method usually requires the athletic trainer to 
make more than one cut. Therefore, Angotti et al 17 investi 
gated the various techniques using 37 student athletic trainers. 
Each subject performed each task one time in a random order. 
The primary and second alternative methods differed signifi 
cantly in time and satisfaction, with the primary method being 
neither the most preferred nor the most efficient.

Block et al 18 evaluated tool performance with various tools 
and various types of loop straps. It is important to note that 
they found differences in tool performance with different loop 
straps. Future research of this type should include the use of 
various loop straps, as they may affect the use of the tool and 
alter the degree of helmet movement.

Head Movement

In our study, the FME created the least amount of move 
ment in all planes, although the results were not statistically 
significant. Knox and Kleiner 16 determined total movement of 
the head through deviation of the center of pressure of the 
helmet and head resting on the force platform. The TA pro 
duced significantly more movement of the center of pressure 
than the screwdriver and AP. Their results are not consistent 
with our results. It is difficult to relate the results from both 
studies, considering the differences in methods and instrumen 
tation. This investigation, which was designed to quantify the 
movement at the head during face-mask retraction, is unique 
in its methods and instrumentation. To our knowledge, no prior 
research has adopted 3-D videography to assess the amount of 
movement associated with the use of face-mask removal tools. 
Knox and Kleiner 16 investigated head movement during face- 
mask removal but through the use of a forceplate.

Knox and Kleiner 16 assessed the efficiency of the TA, AP, 
and a screwdriver for head movement. Although they found 
the screwdriver to have the least amount of movement, we did 
not include it in our tool selection because the screwdriver 
may be unreliable for the task of face-mask removal should 
the T-nut and screw assembly in the helmet become faulty. 16

The FME appeared to produce the least amount of average 
displacement for flexion and extension. However, there were 
no significant differences among the tools in this plane. Typ 
ically, the line of force being applied to the helmet by the tool 
is in a lateral-to-medial direction, so there is a diminished ten 
dency for movement in the anterior-posterior plane. However, 
Knox and Kleiner 16 found the TA to be significantly greater 
in inducing head movement than the screwdriver in flexion 
and extension. Again, the results from the 2 studies are not 
comparable due to the type of instrumentation used for quan 
tifying head movement and, therefore, the results are difficult 
to relate.

The FME produced the least amount of movement in rota 
tion and lateral flexion. Knox and Kleiner 16 found no signifi 
cant differences in rotation among the screwdriver, TA, and 
AP. They were not able to define lateral-flexion movement. In 
the rotation and lateral-flexion planes of movement, the re 
searchers noted a tendency for left rotation and left lateral 
flexion as opposed to right rotation and right lateral flexion. 
This was evident in the overall total displacement angles, 
which increased from the neutral position. For example, left 
rotation was represented by an angle above 0°, and right ro 
tation was less than 0°. Left lateral flexion was represented by 
an angle greater then 90° and right lateral flexion by an angle 
less than 90°. Almost all of the trials evidenced rotation and

lateral flexion to the left. This tendency was due to the fact 
that all but one of the subjects was right-hand dominant. Thus, 
most subjects approached the lower right loop strap first during 
the task. A force applied from the right in the medial-lateral 
plane results in movement to the left. Since data collection 
began after 15 seconds from the start of the task, most of the 
force being applied during that 30 seconds was coming from 
the right side of the helmet for those trials that took a longer 
amount of time.

Additionally, an important finding for health care profes 
sionals is that the lateral-flexion plane appears to be where the 
most movement occurred during the task. This should increase 
our awareness of the susceptibility for movement in this plane.

Although each tool induced relatively little movement, some 
times less than 1°, it is still important to realize that this may be 
all that is necessary to damage the spinal cord. We analyzed the 
data from the 3-D analysis for degrees of difference between the 
maximum and minimum measured angles during the 30-second 
trials. The actual difference between the maximum and minimum 
angles was calculated, totaled, and averaged across subjects for 
each tool. The amount of total displacement in that observed 
amount of time was usually less than 10°. However, when con 
sidering the space within the spinal canal and the relative sensi 
tivity and delicacy of the spinal cord, very little movement is 
needed to compromise it. This becomes truer when there is al 
ready decreased space in the spinal canal due to inflammation or 
a loss of structural integrity.

Time
The findings revealed that the subjects using the AP per 

formed the face-mask removal task the fastest, followed by 
the FME. Those using the AP were significantly faster than 
those using the PVC and TA, and those using the TA were 
significantly faster than those using the PVC.

Much of the previous research into face-mask removal and 
retraction focused on the amount of time it takes to complete 
the task. 13" 17 '20 '23 - 24 Those studies included tools such as the 
AP, TA, PVC, EMT shears, scalpels, screwdrivers, and utility 
knives. Discounting the screwdriver for the reasons explained 
previously, our findings are consistent with other research in 
that those subjects using the AP tool performed the task the 
fastest. However, only one study has included an evaluation 
of the FME. 19 In that study, use of the FME was second in 
speed to the AP but faster than the TA. Our results are con 
sistent with those results.

Knox and Kleiner 16 found the AP to induce the least amount 
of movement, second to the screwdriver, when compared with 
the TA and PVC. However, our results indicate that the AP 
produced significantly more movement in the combined vari 
able when compared with the FME. Conversely, the AP per 
formed better than all of the other tools for the time variable. 
It is possible, however, that because the AP was faster than 
the other tools, there may have been some trials in which the 
AP task was nearly completed and the subject was attempting 
to remove the face mask. Therefore, we analyzed the first 15 
seconds of the 30-second video trial for all tools in order to 
determine whether the AP data were affected, and the results 
were the same for the amount of movement produced by each 
tool.

This brings up another issue: which is more important, 
speed of retraction or movement created at the head during 
retraction? Our research does not attempt to answer this ques-
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tion and treats each variable equally using the efficiency score. 
However, this issue is important, and research in this area 
should address both variables when assessing tool perfor 
mance.

Knox and Kleiner placed a notch in the noncutting edge of 
the AP. 1(S However, this method is subjective in its process, and 
many types of AP tools are available. Therefore, since no stan 
dard form of altering a tool such as the AP has been developed, 
the tools used in this study were left in their original form.

In an actual CSI situation, the athletic trainer or other per 
sonnel may have others to help in the management process. A 
second person could aid in stabilizing the head and neck while 
the first person performs face-mask removal. However, athletic 
trainers should be prepared for the worst-case scenario. A 
worst-case scenario in CSI is being the only person, or the 
only qualified person, in the immediate area to treat the athlete. 
Furthermore, it is difficult to control for confounding factors 
during data collection that may be introduced by having a 
second person applying pressure on the helmet. Additionally, 
the 3-D data capture volume in which the task was being per 
formed needed to be free from other objects that could block 
the view of cameras.

Being able to perform such an important skill would logi 
cally require that those performing face-mask removal practice 
the skill in order to be more effective. Times assessed during 
the familiarization trial and even during data collection often 
exceeded 2 and 3 minutes. This is unacceptable in an emer 
gency situation. Kleiner et al 13 looked at the effects of practice 
on face-mask removal skills, specifically investigating the ef 
fects of practice on time. This study had 22 student athletic 
trainers serve as subjects. The subjects used both a TA and 
AP and were tested for time before and after 7 days of prac 
tice. Ratings of satisfaction were also analyzed after each trial. 
Posttest means for both conditions of satisfaction and time 
improved significantly for each tool. Differences among the 
tools were also assessed for time and satisfaction and revealed 
that the AP was preferred and performed the task in the least 
amount of time. An interesting progression to this current in 
vestigation would be to analyze movement before and after a 
practice protocol.

CONCLUSIONS

Based on our results, we conclude that the AP performed 
the task in the least amount of time and the FME induced the 
least amount of head movement. The AP and FME were nearly 
identical in their overall efficiency scores.

This investigation can serve as a model for future research 
on face-mask removal and CSI management. Three-dimen 
sional analysis is an effective tool for detecting minuscule 
changes in movement. Thus, the use of 3-D analysis can pro 
vide valuable feedback for face-mask removal and CSI man 
agement techniques.

Additional research is necessary on this critical skill and 
should remain current with the developing advances and trends 
in face-mask removal guidelines and tool design. Future in 
vestigators should include a higher number of subjects repre 
senting other populations (EMTs, athletic training students) 
and incorporate other types of loop straps.

We highly recommend that a skill as vital and important to 
CSI management as face-mask removal be incorporated into 
the practical section of the NATA Board of Certification Ex 
amination.
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Objective: To assess the effect of head position and football 
equipment (ie, helmet and shoulder pads) on cervical spinal 
cord space in individuals lying supine on a spine board.

Design and Setting: The independent variables were head 
position (0-cm, 2-cm, and 4-cm occiput elevation with no hel 
met and shoulder pads and with helmet and shoulder pads) 
and cervical spine level (C3, C4, C5, C6, and C7). The 3 de 
pendent variables were sagittal space available for the cord 
(SAC) (mm), sagittal spinal-cord diameter (mm), and cervical- 
thoracic angle (°), determined via magnetic resonance imag 
ing.

Subjects: Twelve men (age = 24.3 ± 2.1 years; height = 
181.1 ± 5.7 cm; weight = 93.9 ± 3.6 kg).

Measurements: Sagittal space available for the cord was de 
termined by subtracting the sagittal spinal-cord diameter from 
the corresponding sagittal spinal-canal diameter. The spinal-ca 
nal diameter was measured as the shortest distance from the 
vertebral body to the spinolaminar line at each of the spinal

levels. Each measurement was taken 3 times, and the 3 mea 
surements were averaged.

Results: Sagittal space available for the cord was significantly 
greater (P < .01) for 0-cm (mean = 5.50 mm) than for 2-cm 
(mean = 4.86 mm) and 4-cm (mean = 5.07 mm) occiput ele 
vation. SAC was also significantly greater (P < .01) for the equip 
ment condition (mean = 5.34 mm) than for the 2-cm and 4-cm 
elevation levels. No significant difference (P = .093) in SAC ex 
isted between 0-cm elevation and the equipment condition.

Conclusions: The helmet and shoulder pads should be left 
on during spine-board immobilization of the injured football 
player. Similarly, during spine-board immobilization of an indi 
vidual without football helmet and shoulder pads, the head 
should be maintained at 0 cm of occiput elevation. Sagittal spi 
nal-cord space is optimized in both of these conditions.

Key Words: cervical vertebrae injuries, emergency treatment 
methods, emergency medical services, cervical vertebrae ra 
diography, protective device, equipment

C ervical spine neutral is reported to be the optimal po 
sition during spine-board immobilization in football 1 '2 
and least likely to produce further injury during the 

transportation of the cervical spine-injured athlete. 3 De Lor- 
enzo et al4 reported that 2 cm of occiput elevation off the spine 
board is optimal (neutral) during immobilization because it af 
fords the spinal cord the most space within the spinal canal at 
the C5 and C6 levels. This is clinically relevant because most 
cervical spine injuries in football occur at the lower cervical spine 
levels. 5

Several authors6"9 have noted that wearing football equipment 
(ie, helmet and shoulder pads) during spine-board immobilization 
elevates the thorax such that the cervical spine is in the neutral 
position. Swenson et al2 and Palumbo et al 1 found no significant 
differences in cervical spine alignment with and without football 
equipment during immobilization. Both sets of authors conclud 
ed that an "all-or-none" principle be applied to the removal of 
the helmet and shoulder pads. 1 ' 2 However, their analyses were 
limited to computed tomography scans and lateral radiographs

of the bony alignment of the cervical spine, respectively. 
These studies were also limited to viewing only the bony anat 
omy and resultant angle of the cervical spine in varying de 
grees of flexion and extension. Neither study accounted for the 
changes occurring to the spinal cord within the cervical spinal 
canal in various positions of flexion and extension.

If cervical spinal-cord space can be optimized when the in 
jured football player is supine on the spine board, then the 
chance of neurologic injury during transportation to an emer 
gency facility may be less. Our purpose was to assess the 
effect of head position and football equipment on the cervical 
space available for the spinal cord in individuals lying supine 
on a spine board.

METHODS

Research Design
The research design consisted of a 4 X 5 analysis of vari 

ance (ANOVA) with repeated measures on both variables. The
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independent variables were head position (0-cm, 2-cm, and 4- 
cm occiput elevations with no helmet and shoulder pads and 
with helmet and shoulder pads) and cervical spine level (C3, 
C4, C5, C6, and C7). The 3 dependent variables were sagittal 
space available for the cord (SAC), sagittal diameter of the 
spinal cord, and cervical-thoracic angle.

Subjects
Nineteen men volunteered as subjects in this study. How 

ever, data from only 12 subjects (age = 24.3 ± 2.1 years, 
height = 181.1 ± 5.7 cm, weight = 93.9 ± 3.6 kg) were 
analyzed. (Data on these 12 subjects are also reported in Tier- 
ney RT, Maldjian C, Mattacola CG, Straub SJ, Sitler MR. Cer 
vical spine stenosis measures in normal subjects. J Athl Train. 
2002;37:190-193.) Five subjects' data were eliminated be 
cause of movement in the magnetic resonance imaging (MRI) 
bore that resulted in unusable images, and 2 subjects did not 
complete the imaging phase of the study. Subjects had no his 
tory of cervical spine injury or disease and were screened for 
MRI contraindications (eg, claustrophobia, size restrictions in 
the MRI bore, ferromagnetic implantation). An institutional 
review board approved the study. All subjects signed a written 
informed consent before participating in the study.

Instrumentation
The materials used in this study were custom manufactured 

to meet MRI specifications. The football helmets (model VSR- 
4) and shoulder pads (model PM86) were manufactured by 
Riddell Inc (Elyria, OH) and fabricated to contain no metal 
components. Two plastic blocks (20.32 cm X 20.32 cm X 2 
cm, 20.32 cm X 20.32 cm X 4 cm), manufactured by Rohm 
& Haas (Bristol, PA), were used to elevate the occiput 2 and 
4 cm in the sagittal plane. A polycarbonate board (182.88 cm 
X 39.37 cm X 1.27 cm), manufactured by Rohm & Haas, was 
used to simulate a wooden spine board and contained no metal 
supports that would otherwise create "noise" in the MRI scan 
ner. Occipital padding (3-cm thickness, Ferno Inc, Wilming- 
ton, OH) was used for the equipment treatment condition to 
simulate on-field immobilization.

A 1.5-Tesla superconducting MRI scanner (Signa, software 
4.7, General Electric Medical Systems, Milwaukee, WI) with 
body coil was used to collect the data. Magnetic resonance 
imaging consisted of a volume 3-D, T2-weighted, fast spin- 
echo pulse sequence (TR = 3000 ms; TE = 105 ms; FOV = 
32 cm; 1.3-mm slice thickness; 10 slabs and 6 slices per slab; 
256 X 256 matrix; 2 NEX; 62.5-kHz bandwidth; and image 
time = 9 minutes, 50 seconds). This pulse sequence, because 
of its superior volume acquisition, provides a greater signal- 
to-noise ratio than conventional 2-D, fast spin-echo pulse se 
quences. Thinner slice thickness with the 3-D pulse sequence 
also adds greater resolution than 2-D, fast spin-echo pulse se 
quence. The efficacy of 3-D imaging in certain clinical appli 
cations has previously been demonstrated. 10 ' 11 All imaging 
was performed and evaluated by the same radiologist.

The MRI scans were evaluated midsagittally at each spinal 
level (C3-C7). The sagittal-diameter spinal-canal and spinal- 
cord measurements were taken at the midpoint of the vertebral 
body. Sagittal-diameter spinal-canal and spinal-cord measure 
ments were traced manually, assessed with the General Elec 
tric software that accompanied the General Electric Signa 
Scanner, and recorded in millimeters. The spinal-canal diam-
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Figure 1. A, Sagittal-diameter spinal-canal and spinal-cord mea 
surements: x = sagittal spinal-cord diameter, y = sagittal spinal- 
canal diameter. B, Cervical-thoracic angle (X).

eter was measured as the shortest distance from the vertebral 
body to the spinolaminar line (Figure 1A). The spinal-cord 
diameter was measured at the appropriate spinal level. Each 
measurement was taken 3 times, and the 3 measurements were 
averaged. The SAC was determined by subtracting the sagittal- 
cord diameter from the corresponding sagittal-canal diameter. 
The cervical-thoracic angle was determined by drawing a line 
parallel with the dorsal aspect of the C2 and C3 vertebral 
bodies and a line parallel with the dorsal aspects of the Tl 
and T2 vertebral bodies. The point of intersection between the 
2 lines was the cervical-thoracic angle (Figure IB).

Data Collection
During a familiarization session, the testing protocol and 

data-collection procedures were explained to the subjects. Age, 
weight, and height were also assessed at this time. During this 
session, the subjects were properly fitted with a football helmet 
and shoulder pads by the primary investigator, a National Ath 
letic Trainers' Association-certified athletic trainer.

Subjects reported to a university hospital radiology depart 
ment for MRI scans. Subjects were positioned supine on the 
spine board for all test conditions. One MRI scan was com 
pleted for every subject in each test position (0-cm, 2-cm, and 
4-cm of occiput elevation with no helmet and shoulder pads 
and with helmet and shoulder pads). Testing was completed in 
sequential order beginning with the 0-cm reference position. 
For the 3 nonequipment positions, subjects maintained the 
same upward-facing position such that the lateral canthus of 
the eye and the superior aspect of the ear defined a line per 
pendicular to the horizon (Figure 2A).4 For the equipment po 
sition, each subject was placed supine on the spine board with 
the head and neck in an "in-line" neutral position (Figure 2B).

Statistical Analyses
We analyzed the data using a 4 X 5 analysis of variance 

with repeated measures. The Statistical Package for the Social 
Sciences (version 9.0, SPSS, Inc, Chicago, IL) was used for 
all statistical analyses. Post hoc paired Mest comparisons with
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Figure 2. A, Occiput elevations in upward-facing position. B, Supine subject wearing helmet and shoulder pads. Reprinted with permis 
sion of De Lorenzo RA, Olson JE, Boska M, et al. Optimal positioning for cervical immobilization. Ann Emerg Med. 1996;28:301-308.

Table 1. Sagittal Spinal-Cord Diameter* (mm)

Spinal
Level 0

C3
C4
C5
C6
C7

7.86
8.03
7.83
7.26
6.36

cm

± 0.65
± 0.79
± 0.70
± 0.59
± 0.54

Head Position (Mean ± SD)

2 cm

8.62 ±
8.89 ±
8.57 ±
7.56 ±
6.90 ±

0.80
1.02
1.07
0.85
1.00

4

8.55
8.32
6.22
7.47
6.52

cm

± 1.03
± 0.66
± 0.99
± 0.78
± 0.79

Equipment

8.27 ±
8.32 ±
7.69 ±
7.31 ±
6.37 ±

0.56
0.86
0.92
0.75
0.79

* SD indicates standard deviation; C3-C7, cervical spinal-cord level.

Table 2. Cervical-Thoracic Angle (°)

Head Position

0 cm
2 cm
4 cm

Equipment

Mean ± SD*

22.88 ± 10.19
18.13 ± 10.05
15.43 ± 8.12
18.14 ± 10.83

SD indicates standard deviation.

Bonferroni correction (.05/4 = .0125) were conducted to de 
termine where significant differences existed. Descriptive sta 
tistics were used to analyze sagittal spinal-cord diameters and 
cervical-thoracic angles. All statistical analyses were conduct 
ed in the null form, and the alpha level of P < .05 was de 
termined as statistically significant.

RESULTS

The sagittal-diameter spinal-cord values ranged from 6.22 
to 8.89 mm (Table 1). The cervical-thoracic angle averages 
ranged from 15.43° to 22.88° (Table 2).

A significant main effect was noted for head position 
(F3i33 = 8.34, P < .01) and spinal level (F4j44 = 8.34, 
P < .01) (Table 3). There was no significant interaction effect 
(Fi2,i32 = 1-28, P = .237). Post hoc paired /-test comparisons 
for SAC head position revealed that the SAC was significantly 
greater (P < .01) for 0 cm (mean = 5.50 mm) than for 2 cm 
(mean = 4.86 mm) and 4 cm (mean = 5.07 mm). SAC was 
significantly greater (P < .01) for the equipment condition 
(mean = 5.34 mm) than for 2 and 4 cm. There was no sig 
nificant difference in SAC between 0 cm and the equipment 
condition.

DISCUSSION

No occipital padding resulted in significantly more SAC for 
the subjects lying supine on a spine board compared with 2 
and 4 cm of occiput elevation. Similarly, SAC was greater 
when immobilization was performed with helmet and shoulder 
pads on than when the occiput was elevated 2 and 4 cm. No 
significant difference existed in the SAC between 0 cm and 
the equipment condition.

Changes in head position (flexion and extension) result in 
changes in spinal-cord cross-sectional area. These changes are

Table 3. Sagittal Space Available for the Spinal Cord (mm)*

Head Position (Mean ± SD)

Spinal Level

C3
C4
C5
C6
C7

Mean

0 cm

5.32 ±
4.80 ±
4.87 ±
5.47 ±
7.05 ±
5.50 ±

1.79
1.30
1.14
1.06
1.53
1.58

2 cm

4.55 ±
3.94 ±
4.12 ±
5.17 ±
6.51 ±
4.86 ±

1.77
1.33
1.45
1.05
1.75
1.72

4 cm

4.62 ±
4.42 ±
4.39 ±
5.26 ±
6.63 ±
5.07 ±

1.21
1.26
1.69
0.98
1.77
1.61

Equipment

4.90 ±
4.43 ±
5.09 ±
5.42 ±
6.87 ±
5.34 ±

1.61
1.37
1.58
1.07
1.71
1.66

Mean

4.84 ±
4.40 ±
4.62 ±
5.33 ±
6.77 ±

1.60
1.32
1.47
1.04
1.69

SD indicates standard deviation; C3-C7, cervical spinal-cord level.
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Figure 3. Biomechanics of the spinal cord. The *v 
and unfolds in response to compression and tension forces during 
movement. Reprinted with permission. 12

i\ function of changes in the spinal cord's sagittal and coronal 
diameters. During sagittal-plane movement, the coronal di 
ameter of the cord is most responsible for the change in cross- 
sectional area. As the spine is moved from full extension to 
full flexion, the spinal-cord shape changes from oval to round, 
and the total cross-sectional area decreases. 12 The converse is 
also true. This change in cross-sectional area is consistent with 
the Poisson effect: "any increase in cross-sectional area with 
a decrease in length, or vice versa, (results in) the total volume 
remaining the same." 12 Most of the change in cross-sectional 
area occurs near the end ranges of motion, where elastic de 
formation occurs. 12

In anatomical position, the spinal cord is folded like an ac 
cordion. 12 During flexion from the anatomical position, the 
spinal cord first "unfolds" with a small increase in tension, 
followed by elastic deformation near full flexion. During ex 
tension, the cord first "folds" with a small decrease in tension, 
followed by some elastic compression near full extension (Fig 
ure 3). 12 Our data show an increase in sagittal-cord diameter 
with slight flexion (2 cm) and a decrease in sagittal-cord di 
ameter with more flexion (4 cm). More than 4 cm of flexion 
may result in a greater decrease in sagittal spinal-cord diam 
eter, consistent with the Poisson effect. However, this would 
not explain the most extended position's (0 cm) resulting in 
the smallest sagittal-diameter spinal-cord values. An explana 
tion may lie in the fact that our measurements were made in 
the mid ranges of motion, where the spinal cord is considered 
folded. Measurements in these mid ranges have previously re 
vealed varying results.4 It has been estimated that this folding 
mechanism accounts for up to 70% to 75% of the spinal cord's 
length change and occurs at the mid range of motion. The 
remaining 25% to 30% of the spinal cord's length change is 
accounted for by elastic deformation and occurs at the end 
ranges of motion. 12

The mean cervical-thoracic angle decreased as the subjects 
were moved into flexion as a result of the increasing occiput 
elevations. Our 0- to 4-cm occiput-elevation values were 3° to 
5° greater than reported by De Lorenzo et al4 for the same 
head positions. Differences can be attributed to differences in 
subjects. Our subjects were all men, whereas in the De Lor 
enzo et al study, 11 of 19 subjects were women. Men tend to 
have larger torsos, which result in more extension of the cer 
vical spine while supine.

Cervical spine neutral is reported to be the optimal position 
for SAC during immobilization4 and has been defined in sev 
eral ways. 1 - 3 - 13 - 14 For example, Curran et al, 13 in a pediatric

study, defined cervical spine neutral as a Cobb angle of 0°, 
and Palumbo et al 1 defined it as the position of the cervical 
spine during immobilization on a spine board. These defini 
tions do not take into account the SAC. Data from our study 
and that of Mazolewski and Manix 15 suggest that SAC ranges 
from approximately 3 to 7 mm in normal subjects. This space 
may be as little as 0 to 5 mm in subjects with symptoms of 
cervical cord neurapraxia. 16 With trauma to the cervical area, 
any movement during immobilization increases the risk of 
neurologic damage. 17

We found that 0 cm of occipital padding (the most extended 
position assessed in this study) resulted in the greatest SAC 
in the cervical region. The difference between 0 cm and 2 cm 
and 4 cm of occiput elevations was .64 and .43 mm, respec 
tively. Using MRI to determine spinal canal to spinal-cord 
cross-sectional area ratios, De Lorenzo et al4 reported that 0 
cm of occiput elevation resulted in the least space available 
for the cord from C3 to C7 for 78% of their subjects. The 
difference in results may be attributed to differences in depen 
dent variables (type of variable and measurement technique), 
imaging technique, or measurement variation in the mid range 
of cervical motion, or a combination of these. Our dependent 
variable consisted of sagittal measurements, whereas De Lor 
enzo et al used cross-sectional area measurements. The sagittal 
spinal-cord diameter may react differently to total cross-sec 
tional area change because most of the change is occurring in 
the coronal diameter during flexion and extension. This dif 
ference may contribute to the contradictory findings.

Data acquisition was also performed differently. In the De 
Lorenzo et al study,4 the measurement technique consisted of 
manually tracing (via computer) the spinal canal and cord pe 
rimeters to determine cross-sectional area. Reliability for this 
technique was not reported. We performed our SAC measure 
ment via computer by clicking and dragging the cursor in a 
straight line from one edge of the structure being measured to 
the opposite edge (intraclass correlation coefficient = .85, 
standard error of the measurement = .56). We suggest that the 
cross-sectional measurement technique is more prone to error 
because of the increased distance and shape of the trace. Minor 
mistakes in perimeter tracing can result in large variations in 
total cross-sectional area calculations. Assuming only one 
trace per spinal level, the chance for error in the previous study 
is increased. The data we reported were the average of 3 mea 
surements.

The imaging technique used in De Lorenzo et al4 was also 
different. They obtained transverse-plane images perpendicular 
to the anterior-posterior axis of C4. Because the cervical spine 
has a lordotic curve, cross-sectional area measurements made 
above and below C4 would be skewed. Our imaging technique 
consisted of a 3-D gradient echo that allowed images to be 
reconstructed as needed. This permitted us to make accurate 
sagittal measurements at each spinal level assessed. The dif 
ferences between the studies may account for the variance in 
results, but the mid-range measurements may also account for 
that variance.

No previous study has examined the effect of football equip 
ment on cervical spinal-cord space. We found no significant 
difference (P = .093) between the equipment condition and 
the 0-cm position (neutral). A larger number of subjects might 
have resulted in a significant difference in SAC between the 
test conditions. However, previous investigations using small 
numbers of subjects have similarly reported no significant dif 
ferences in cervical spine alignment with and without football
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equipment during immobilization. 1 '2 In our study, subjects 
wearing the helmet and shoulder pads elevated the thorax com 
pared with those in the no-equipment condition. Also, SAC 
was greatest in the 0-cm and equipment conditions at the C5 
and C6 spinal levels.

Our data support the literature,6"8 ' 18 as well as the recent 
recommendations of the Inter-Association Task Force for the 
Appropriate Care of the Spine-Injured Athlete, 19 which ad 
vocate not removing football equipment before spine-board 
immobilization. It is not usually necessary to remove football 
equipment because injuries can be visualized with the football 
equipment in place,6 - 7 and the equipment can be used to sta 
bilize the head and neck. 7 If airway access is needed, then the 
face mask can be removed. 6 '7 '9 Removal of the helmet or 
shoulder pads (or both) from an athlete with an unstable cer 
vical spine causes movement that could result in neurologic 
damage. 9 Finally, the helmet and shoulder pads place the cer 
vical spine in neutral position. 6"9 Our results support the sug 
gestion that immobilization of an athlete at 0-cm occiput ele 
vation or wearing shoulder pads and helmet allows the greatest 
amount of SAC.

The limitations of this study include (1) a small number of 
subjects, (2) a measurement of only the sagittal portion of the 
spinal cord in determining SAC, and (3) head positions vary 
ing in the mid ranges only. Future research should be con 
ducted to determine the effect of varying head positions (mid 
and end ranges of motion) and wearing football equipment on 
the cross-sectional area of the cord and also its sagittal and 
coronal components. Future researchers should also analyze 
the effects of helmets and shoulder pads in other sports (eg, 
lacrosse, hockey) on SAC.

CLINICAL RELEVANCE

Our results support not removing the helmet and shoulder 
pads during spine-board immobilization of the cervical spine- 
injured football player. Also, during the immobilization of an 
athlete without football helmet and shoulder pad, the head 
should not be elevated, as SAC is greater at 0 cm than at 2 or 
4 cm of occiput elevation.
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Objective: To compare 2 methods of determining cervical 
spinal stenosis (Torg ratio, space available for the cord [SAC]); 
determine which of the components of the Torg ratio and the 
SAC account for more of the variability in the measures; and 
present standardized SAC values for normal subjects using 
magnetic resonance imaging (MRI).

Design and Setting: The research design consisted of a 
posttest-only, comparison-group design. The independent var 
iable was method of measurement (Torg ratio and SAC). The 
dependent variables were Torg ratio and SAC scores.

Subjects: Fourteen men (age = 24.4 ± 2.5 years, height = 
181.0 ± 5.8 cm, weight = 90 ± 13.5 kg) participated in this 
study. The C3 to C7 vertebrae were examined in each subject 
(n = 70).

Measurements: The Torg ratio was determined by dividing 
the sagittal spinal-canal diameter by the corresponding sagittal 
vertebral-body diameter. The SAC was determined by subtract 
ing the sagittal spinal-cord diameter from the corresponding

sagittal spinal-canal diameter. The Torg ratio and SAC were 
measured in millimeters.

Results: The SAC ranged from 2.5 to 10.4 mm and was 
greatest at C7 in 71% (10 of 14) of the subjects. The SAC was 
least at C3 or C5 in 71% (10 of 14) of the subjects. A Pearson 
product moment correlation revealed a significant relationship 
between the Torg ratio and SAC (r= .53, P < .01). Regression 
analyses revealed the vertebral body (r 2 = .58) accounted for 
more variability in the Torg ratio than the spinal canal (r 2 = 
.48). Also, the spinal canal (r2 = .66) accounted for more var 
iability in the SAC than the spinal cord (r 2 = .23).

Conclusions: The SAC measure relies more on the spinal 
canal compared with the Torg ratio and, therefore, may be a 
more effective indicator of spinal stenosis. This is relevant clin 
ically because neurologic injury related to stenosis is a function 
of the spinal canal and the spinal cord (not the vertebral body). 
Further research must be done, however, to validate the SAC 
measure.

Key Words: spinal stenosis, spinal cord, MRI

S tenosis, or narrowing, of the spinal canal has been pre 
viously associated with neurologic injury. 1 "6 The spinal 
canal-to-vertebral body, or Torg, ratio is one method 

used to determine the presence of spinal stenosis in athletes. 7 
The Torg ratio is determined by dividing the sagittal diameter 
of the spinal canal by the sagittal diameter of the vertebral 
body. 7 The sagittal spinal-canal diameter is measured from the 
middle of the posterior vertebral body to the laminar line (Fig 
ure). The sagittal vertebral-body diameter is measured at its 
midpoint. A ratio of less than .807 or .708 indicates significant 
spinal stenosis and an increased risk for neurologic injury. 1

The Torg ratio is a more accurate indicator of spinal stenosis 
when radiographs are used compared with previous methods 
(eg, spinal-canal diameter). 7 - 8 This is because the ratio avoids 
measurement differences caused by different target distances, 
object-to-film distance, and magnification errors common with 
radiographs;7 - 8 the spinal canal is compared with the vertebral

body at the same spinal level. However, use of the vertebral 
body has been indicated as a possible reason for the ratio's 
poor positive predictive value in athletes.9 Therefore, because 
athletes tend to have larger vertebral bodies than nonathletes, 
they also have smaller Torg ratios and, thus, are overdiagnosed 
with stenosis. A stenosis measure that uses magnetic resonance 
imaging (MRI) would be of benefit because MRI avoids the 
magnification errors common with radiographs.

The space available for the cord (SAC) measurement has 
been performed previously using MRI. 1 '9 ' 10 The SAC is de 
termined by subtracting the sagittal diameter of the spinal cord 
from the sagittal diameter of the spinal canal (Figure). Because 
stenosis is the spinal canal's encroachment on the spinal cord 
and spinal-cord size varies among individuals, 11 ' 12 we believe 
this measurement technique may be best for identifying ste 
nosis. To date, no study has compared the SAC measurement 
for determining stenosis with the Torg ratio. The first purpose
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Sagital-diameter spinal-cord, spinal-canal, and vertebral-body di 
ameter measurments. x = sagittal spinal-cord diameter, y = sag 
ittal spinal-canal diameter, z = sagittal vertebral-body diameter.

of our study was to examine the relationship between the Torg 
ratio and the SAC in normal subjects and to determine which 
components of the Torg ratio and the SAC account for more 
of the variability in the measures. The second purpose was to 
present standardized SAC values for an asymptomatic sample.

MATERIALS AND METHODS

Research Design
The research design consisted of a posttest-only, compari 

son-group design. The independent variable was method of 
measurement (Torg ratio and SAC). The dependent variables 
were Torg ratio and SAC scores. The Torg ratio and SAC were 
measured in millimeters.

Subjects
Data from 14 male subjects (age = 24.4 ± 2.5 years, height 

= 181.0 ± 5.8 cm, weight = 90 ± 13.5 kg) were analyzed 
in this study. (Data on 12 of these subjects are also reported 
in Tierney RT, Mattacola CG, Sitler MR, Maldjian C. Head 
position and football equipment influence cervical spinal-cord 
space during immobilization. J Athl Train. 2002;37:185-189.) 
Potential subjects were recruited from a university by word of 
mouth. Subjects who reported a history of cervical spine in 
jury or disease or a condition for which MRI was contrain- 
dicated (eg, claustrophobia, size restrictions in the MRI bore, 
ferromagnetic implantation) were excluded from the study. An 
institutional review board approved the study. All subjects 
signed a written informed consent before participating. Sub 
jects also completed an injury and health history question 
naire.

Instrumentation
A polycarbonate board (182.88 cm X 39.37 cm X 1.27 cm) 

was custom manufactured (Rohm & Haas, Bristol, PA) for use 
in the MRI scanner. It simulated a wooden spine board but 
contained no metal supports that would otherwise create 
"noise" in the MRI scanner. A 1.5-Tesla superconducting MRI 
scanner (Signa, software 4.7, General Electric Medical Sys 
tems, Milwaukee, WI) with body coil was used to collect the 
data. MRI consisted of a volume 3-dimensional, T2-weighted, 
fast spin-echo pulse sequence (TR = 3000 ms; TE = 105 ms;

FOV = 32 cm; 1.3-mm slice thickness; 10 slabs and 6 slices 
per slab; 256 X 256 matrix; 2 NEX; 62.5-kHz bandwidth; 
image time = 9 minutes, 50 seconds). This pulse sequence 
was selected because the 3-dimensional, fast spin-echo pulse 
sequence provides a higher resolution and signal-to-noise ratio 
than conventional 2-dimensional, fast spin-echo imaging and 
has been successfully used in the clinical setting for the as 
sessment of spinal stenosis and degenerative disc disease. 13 - 14 
All imaging was performed and evaluated by the same mem 
ber of the research team (C.M.), a diagnostic radiologist. Torg 
ratio measurements were assessed no less than 3 weeks after 
SAC measurements.

Data Collection
Subjects reported to a university hospital radiology depart 

ment for the MRI. Subjects were positioned supine on a spine 
board with no occipital padding for the MRI. Head position 
was standardized such that the lateral canthus of the eye and 
the top of the ear formed a line perpendicular to the horizontal. 
The MRI scans were evaluated midsagittally at each spinal level 
(C3 to C7). Sagittal-diameter vertebral-body, spinal-canal, and 
spinal-cord measurements were traced manually and assessed 
using the General Electric software that accompanies the Signa 
Scanner. The sagittal vertebral-body diameter was measured at 
the midpoint between the superior and inferior endplates (Fig 
ure). The sagittal spinal-canal diameter was measured as the 
shortest distance from the midpoint between the vertebral 
body's superior and inferior endplates to the spinolaminar line. 
The sagittal spinal-cord diameter was measured at the midline 
of the vertebral body at the appropriate level. The average of 3 
measurements was reported. Intratester reliability was an intra- 
class correlation coefficient (ICC) (3, k) of .81 (from 3 spinal- 
canal measurements, standard error of the mean = .56). The 
SAC was determined by subtracting the sagittal-cord diameter 
from the corresponding sagittal-canal diameter.

Statistical Analyses
A Pearson product moment correlation was calculated to 

determine if a significant relationship existed among the se 
lected variables. Regression analyses were performed with the 
Torg ratio and SAC scores as the criterion variables. The Sta 
tistical Package for the Social Sciences (version 7.5, SPSS Inc, 
Chicago, IL) was used for all statistical analyses. All statistical 
analyses were conducted in the null form, and the alpha level 
of 0.05 was determined a priori as statistically significant.

RESULTS
Average SAC and Torg ratio scores are reported by spinal 

level (C3 to C7) for each subject. SAC data ranged from 2.5 
to 10.4 mm and was greatest at C7 in 71% (10 of 14) of the 
subjects (Table 1). The SAC was least at C3 or C5 in 71% 
(10 of 14) of the subjects. A Torg ratio less than .80 existed 
in at least one vertebral level in 93% (13 of 14) of subjects. 
Also, a Torg ratio less than .80 existed in 69% (48 of 70) of 
the total vertebral levels. There was a significant relationship 
(P < .01) between the Torg ratio and the SAC (r = .53). 
Regression analyses revealed that the vertebral body (r 2 = 
.58) accounted for more variability in the Torg ratio values 
then the spinal canal (r 2 = .48). Also, the spinal canal (r 2 = 
.66) accounted for more variability in the SAC values than the 
spinal cord (r 2 = .23).
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Table 1. Torg Ratios and SAC Values for C3 to C7*

C3

Subject

1
2
3
4
5
6
7
8
9

10
11
12
13
14
Mean

Torg 
Ratio

.802

.987
1.00

.738

.750

.913

.679

.789

.592

.578
1.08

.783

.789

.790

.805

SAC 
Measure

7.5
2.8
6.2
3.8
7.5
6.6
3.6
5.8
6.0
3.3
8.7
5.1
5.0
6.7
5.6

C4

Torg 
Ratio

.926

.753

.920

.661

.926

.920

.772

.560

.679

.609
1.18

.714

.857

.661

.796

SAC 
Measure

5.8
3.6
5.1
3.8
7.4
6.5
3.7
3.7
5.8
4.2

10.4
4.2
6.2
4.1
5.3

C5

Torg 
Ratio

.703

.915

.908

.609

.866

.781

.772

.590

.714

.665

.924

.714

.857

.723

.767

SAC 
Measure

5.2
5.5
5.0
5.1
7.5
5.2
5.0
2.5
4.6
5.3
7.9
4.6
6.3
3.9
5.3

C6

Torg 
Ratio

.736

.859

.781

.550

.794

.698

.772

.528

.669

.677

.904

.668

.852

.661

.725

SAC
Measure

7.3
6.7
5.4
5.1
6.3
4.0
6.3
3.6
6.2
5.3
8.4
4.9
6.2
5.1
5.7

C7

Torg 
Ratio

.938

.692

.765

.629

.680

.584

.631

.596

.781

.676

.832

.677

.904

.685

.719

SAC
Measure

9.7
8.2
8.0
6.5
7.2
4.0
7.5
6.2
7.5
6.2
7.2
7.7
8.3
5.2
7.1

*Torg ratio indicates spinal canal-to-vertebral body ratio; SAC, space available for the cord; and C3-C7, cervical spine segments.

Table 2. Average Sagittal Vertebral-Body and Spinal-Canal Sizes*

Authors

Tierney et al (2002)t 
Torg et al (1996) 5t 
Herzog et al (1991) 9t 
Matsuura et al (1989) 15f 
Pavlov et al (1987) 7| 
Stanley et al (1986) 16t 
Hashimoto and Tak (1977)3f

*N indicates number of subjects; SD, 
tC3 to C7 measured. 
JC3 to C6 measured.

Instrumentation

Magnetic resonance imaging scans 
Radiographs 
Radiographs 
Computed tomography scans 
Radiographs 
Computed tomography scans 
Radiographs

standard deviation; and NR, not reported.

N

14 
105 
80 

100 
49 
52 
48

Vertebral-Body 
Mean (SD)

17.70 (2.18) 
19.31 (1.86) 
17.70 (1.53) 

NR 
NR 
NR 
NR

Spinal-Canal 
Mean (SD)

13.28 (1.47) 
18.74 (1.84) 
15.14 (1.36) 
14.09 (1.58) 
18.89 (0.19) 
14.30 (0.34) 
13.66 (1.09)

DISCUSSION
In reviewing the literature, we found that our sagittal ver 

tebral-body and spinal-canal diameters were, on average, 1 to 
2 mm smaller than measurements reported in several studies 
(Table 2). 9 - 15 - 16 In some cases,5 '7 the difference is as much as 
5 mm. These differences can be attributed to the fact that we 
used MRI in determining measurements, and previous authors 
used radiographs or computed tomography scans. Compared 
with radiography, MRI avoids magnification error, allowing 
for the direct measure of the spinal cord. The differences can 
not be attributed to differences in subject population, as all 
data extracted from previous studies were on normal male sub 
jects. Our canal values were most closely related to those of 
Hashimoto and Tak, 3 who compared their radiographic mea 
surements with measurements made in dried specimens.

We found a significant relationship (r = .53) between the 
Torg ratio and the SAC. A stronger relationship (for example, 
/• = >80) was expected because the spinal canal is a com 
ponent of both measures. However, the spinal canal accounted 
for more of the variability in SAC values (r 2 = .66) than in 
Torg ratios (r 2 = .44). In contrast, the vertebral body account 
ed for the most variability (r 2 = .58) in the Torg ratios.

The vertebral body is used in the Torg ratio as a way of 
controlling for magnification errors. Previous authors have 
noted problems using the vertebral body in an athletic popu 
lation.5 '9 Herzog et al9 explained that the Torg ratio relies on

both the spinal-canal size and vertebral-body size. Their ath 
letes had significantly larger vertebral bodies than did normal 
subjects in a previous study; the authors noted that the signif 
icantly larger vertebral bodies of the athletes could result in 
low Torg ratios.9 Even though we analyzed normal subjects, 
93% of our subjects exhibited a Torg ratio below .80 at a 
minimum of one spinal level. These data and our finding that 
the Torg ratio relied more on vertebral body than on the spinal 
canal supports the hypothesis presented by Herzog et al. 9

Our SAC measurement relied most heavily on the spinal 
canal and the spinal cord. These components are directly in 
volved in neurologic injury occurring at the cervical spine and 
related to stenosis. Previous research analyzing a similar SAC 
measure revealed that risk of recurrence of a cervical-cord 
neurapraxia episode increased with less SAC. 1 Also, Herzog 
et al9 recommended that the "functional reserve" (SAC) be 
analyzed if symptomatic athletes had a Torg ratio less than .80 
or a sagittal spinal-canal diameter value less than 12.5 mm. 
Unfortunately, an SAC value indicative of stenosis was never 
determined in the previous studies.

In the aforementioned studies assessing the SAC,5 '9 head 
position was not standardized. Torg et al5 did not indicate a 
standard head position during the MRI, and Herzog et al9 ex 
amined subjects with the neck in the neutral position. In the 
literature, the neutral position has been reported differently. 
Curran et al, 17 in a study of children, defined cervical spine
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neutral as a Cobb angle of 0°. A Cobb angle of 0° would be 
equivalent to a position of 30° of flexion from the anatomical 
position and result in a straight alignment of the cervical ver 
tebrae. 18 Palumbo et al 19 defined cervical spine neutral as the 
position of the cervical spine when one is immobilized on a 
spine board. The authors assumed this position to be neutral 
"because this is the standard position of immobilization for 
patients with a suspected cervical spine injury." 19 Schriger et 
al20 and Nypaver and Treloar21 defined cervical spine neutral 
as the normal anatomical position of the head and torso that 
one assumes when standing and looking straight ahead at a 
distant object placed at eye level (12° of cervical spine exten 
sion). 20 '21 Our subjects' head positions were standardized be 
cause head position affects spinal-cord size22 ' 23 and spinal- 
cord size varies among individuals. 11 ' 12 Using this 
head-positioning method is important to ensure standard, re 
liable SAC measurements.

One limitation of our study included a small number of 
normal subjects. We analyzed 70 normal spinal levels in 14 
subjects, so we acknowledge that it is difficult to generalize 
to an athletic or injured population. However, we believe that 
our regression findings are a naturally occurring phenomenon 
applicable to all populations. Although this must be verified, 
we believe our SAC measurement could be a better indicator 
of spinal-canal stenosis then the Torg ratio and should be used 
in an athletic population.

Another limitation of this study is its clinical relevance be 
cause radiographs may be more routinely included as a screen 
ing mechanism than MRI. We were not concerned with this 
because a preparticipation radiograph is rarely performed as a 
screening tool. Examinations are normally performed after an 
athlete makes a complaint. In this instance, use of an MRI 
scan to calculate our SAC value would be a viable option, 
rather than a radiograph and an MRI scan as previously rec 
ommended.9 If the MRI was performed and a precise stenosis 
indicator (such as the SAC) was determined, then future ath 
letes could be better counseled on the possible risks of return 
ing to play.

Future research should examine the SAC measure as an in 
dicator of spinal stenosis. Prospective research on athletes can 
pinpoint a critical SAC value below which there is significant 
stenosis and an increased risk of neurologic injury. Also, if a 
true indicator of stenosis is determined, then prevention re 
search could begin using athletes with and without stenosis. 
This research should focus on why some athletes develop ste 
nosis and others do not.
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Objective: To construct interval throwing programs followed 
by a simulated game for collegiate softball players at all posi 
tions. The programs are intended to be used as functional pro 
gressions within a comprehensive rehabilitation program for an 
injured athlete or to augment off-season conditioning workouts.

Design and Setting: We collected data over a single season 
of National Collegiate Athletic Association softball at the Uni 
versity of Delaware and Goldey Beacom College. We observed 
220 half-innings of play and 2785 pitches during data collection.

Subjects: The subjects were collegiate-level softball players 
at all positions of play.

Measurements: We recorded the number of pitches for 
pitchers. For catchers, we recorded the number of sprints to 
back up a play, time in the squat stance, throws back to the

pitcher, and the perceived effort and distance of all other 
throws. We also collected the perceived effort and distance of 
all throws for infielders and outfielders.

Results: Pitchers threw an average of 89.61 pitches per 
game; catchers were in the squat stance 14.13 minutes per 
game; infielders threw the ball between 4.28 times per game 
and 6.30 times per game; and outfielders threw distances of up 
to 175 feet.

Conclusions: We devised the interval throwing programs 
from the data collected, field dimensions, the types of injuries 
found to occur in softball, and a general understanding of tissue 
healing. We designed programs that allow a safe and efficient 
progressive return to sport.

Key Words: simulated game, college softball conditioning, 
rehabilitation for softball, softball injuries

C ollege softball and women's collegiate sport participation 
have seen incredible growth over the last 2 decades. The 
number of female National Collegiate Athletic Associa 

tion (NCAA) athletes has more than doubled over this time pe 
riod. During the 1998-1999 academic year, 14943 of the 145 832 
NCAA female athletes were softball players. 1 - 2 Serious injuries 
in collegiate softball rarely happen, but less serious injuries, 
which may cause time loss from sport, occur frequently. From 
NCAA Injury Surveillance System (ISS) data over the last 13 
years of softball, the average practice injury rate was 3.3 per 
1000 athlete-exposures, and the average game injury rate was 5.0 
per 1000 athlete-exposures. 3 An athlete-exposure is defined as 
one athlete participating in one practice or game in which she is 
exposed to the possibility of athletic injury. Of the injuries sus 
tained, the most common type of injury was sprains (25%), fol 
lowed by contusions (24%) and strains (13%). In addition, during 
the 1999 season, 28% of injuries resulted in 7 or more days of 
time loss. 3 Powell and Barber-Foss4 studied sex-related injury 
patterns in high school sports. They found that 22.9% of softball 
injuries were classified as forearm, wrist, or hand injuries, while 
16.3% of softball injuries were to the upper arm or shoulder. 
They also noted that throwing accounted for 28.1% of practice 
injuries and 12.2% of game injuries.4

Very little research has been conducted differentiating fast- 
pitch softball players from baseball players. The available lit 
erature groups the athletes together as throwing athletes and

does not account for differences in the games. In contrast to 
NCAA baseball, NCAA softball contests are played on a 
smaller field, with a larger ball, in fewer innings of play. 5 ' 6 
Softball players are injured more frequently than baseball 
players. Powell and Barber-Foss4 noted differences in injuries 
over the course of a season between baseball and softball play 
ers at the high school level. Softball players had a 27% higher 
injury rate than baseball players.4

While the differences between baseball and softball encom 
pass players of all positions, the largest difference is in pitching 
style. Fast-pitch softball players use a windmill style, which is 
accomplished with the humerus remaining in the plane of the 
body. Baseball pitchers throw overhead from an abducted po 
sition. 7 '8 The power in the windmill pitch comes from adduction 
of the arm across the body. Baseball pitchers generate power 
during internal rotation of the humerus. While the power is 
attained through different motions, the same muscle, the pec- 
toralis major, is responsible for most of the power in both pitch 
es. 7"9 The eccentric follow-through phase of the baseball pitch 
demonstrates high activity of the external rotators to slow the 
arm down. 10 In contrast, the role of the posterior rotator cuff 
(external rotators) in the windmill pitch is lessened as the fore 
arm strikes the lateral thigh at ball release, dissipating the en 
ergy.7 - 8 ' 11 Most high-level baseball pitchers throw a high per 
centage of fastballs. This is not the case in softball. Pitching at

194 Volume 37 • Number 2 • June 2002



the collegiate level of softball usually involves the mastery of 
5 different pitches (fastball, rise, curve, drop, change-up). The 
fastball is not as effective as the other pitches and, therefore, is 
not thrown as often as it is in baseball. 12

A common assumption prevalent in softball is that the pitch 
ing style used by softball pitchers does not place significant 
stress on the athlete. The result is pitchers throwing too many 
pitches without the benefit of rest. They may pitch in consec 
utive games and batting practice. 13 ' 14 Loosli et al 15 observed 
injury patterns in collegiate softball pitchers from 8 college 
teams ranked in the top 15 teams in the country in 1989. 
Nearly half (11 of 24, or 45%) of the players contracted a 
time-loss injury (modified or missed activity) at some point 
during the season. Of the 11 time-loss injuries, 9 involved the 
upper extremity. Also, the pitchers with grade I and II injuries 
(had pain or complaints but continued to play) averaged more 
innings per season than those who were uninjured. 15

The conventional exercises for shoulder rehabilitation focus 
on strengthening and endurance training of the dynamic sta 
bilizers of the shoulder in order to decrease the stress placed 
on the passive structures of the joint. Treatment programs in 
clude capsular stretching (especially the posterior capsule in 
overhand throwers), rotator cuff strengthening, multidirection 
al strengthening, dynamic stabilization techniques, plyome- 
trics, open and closed kinetic chain exercises, and concentric 
and eccentric exercises. 13 ' 16"26 While these traditional thera 
pies are necessary, the only way to imitate the forces and 
torques placed on the joints of the upper extremity and trunk 
during softball is by pitching and throwing. 21

Conventional rehabilitation exercises used for the injured 
throwing athlete should include a structured throwing program. 
The purpose of an interval throwing program (ITP) is to return 
an injured player to preinjury status through a step-wise func 
tional progression without overstressing the healing tissues. 
Throwing too much too soon goes against this principle and 
may cause an athlete to heal more slowly. 21 Few examples of 
ITPs exist in the literature. 12,16,21,27-29 Most are based merely 
on how quickly the authors believe an athlete should return to 
play. Axe et al21 - 29 have developed 2 ITPs based on data that 
consider the stresses placed on the athlete during a game situ 
ation as well as the type of injury a player has incurred. One 
of these programs is devised for Little League (9- to 12-year- 
old) baseball pitchers, and the other was designed for baseball 
pitchers at all other levels (Senior Little League to profession 
al). 21 '29 We found no published data-based ITPs for fast-pitch 
softball players. In addition, we found no published data-based 
ITPs designed for position players other than the pitcher for 
baseball or softball at any level.

The culmination of an ITP is a simulated game. A true 
simulated game is derived from game-specific data of athletes 
at a particular level of competition (ie, college). The injured 
athlete must complete this simulated game before being 
cleared to return to competition. No descriptions of data-based 
simulated games have been published for softball players at 
any position. Coleman et al30 reviewed data collected from 3 
professional baseball seasons in order to determine an injured 
pitcher's readiness for return to play. They used a simulated 
game that included number of pitches per inning, innings 
pitched per game, time between innings, and preinjury pitch 
mix utilized by the player in question. 30 While the simulated 
game is excellent for testing a pitcher for game worthiness, it 
does not include a step-wise progression building toward the 
simulated game. 21

The purpose of our study was to develop data-based ITPs 
followed by simulated games for collegiate fast-pitch softball 
players at all positions. These ITPs are based on the game data 
collected, rules of the game at the collegiate level, and the 
type of injury sustained.

METHODS

Data Acquisition
We collected pitching data for the pitcher's throwing pro 

gram over 220 half-innings and 2785 pitches of NCAA soft- 
ball during a single season. We recorded number of pitches 
per inning and per game. We used these data and NCAA soft- 
ball rules (eg, innings per game, pitcher to home plate dis 
tance)5 to construct the pitcher's throwing program.

We collected catcher data over 219 half-innings. We record 
ed time in the squat stance, throws to the pitcher (43 ft [13.11 
m]),5 throws to base (throws involving an attempt to put out 
an opposing runner), distance of throws to base, the intensity 
(percentage effort) of throws to base, and sprints to first or 
third base (60 ft [18.29 m]).5 We then assessed the time in the 
squat stance, throws to the pitcher, throws to base, and sprints 
by number per inning and number per game. We calculated 
the mean distance of throws and intensity of throws. Intensity 
of throws was estimated by the observer based on the game 
situation (eg, live plays were always recorded as 100%). We 
used these data and NCAA softball rules5 to construct the 
catcher's throwing program.

We collected the infielder and outfielder data over 2 1 9 half- 
innings. We recorded number of throws, distance of throws, 
and intensity of throws for each position. We calculated the 
mean distance of throws and intensity of throws and assessed 
the number of throws per inning and per game. We then con 
structed the infielder and outfielder throwing programs from 
these data and NCAA softball rules.5

Data Management
In order to construct the ITPs, we considered dimensions of 

the collegiate-level softball field, the data we collected, the types 
of injuries found in collegiate softball players, and a general 
understanding of tissue healing times and properties. We de 
veloped separate programs for the catcher and pitcher because 
the stresses placed on these players during a game situation vary 
greatly from those placed on infielders and outfielders. In ad 
dition, we constructed one program for the infielders and one 
for the outfielders. These programs reflect the maximums of all 
infielders and outfielders, respectively. This type of design al 
lows an infielder to be cleared for play at any position in the 
infield and the outfielder to be cleared for play at any position 
in the outfield. We used the ranges, instead of means, to devise 
the throwing programs because in any given contest, the athlete 
may have to perform at the maximum level. Therefore, the sim 
ulated games represent the maximums at each position.

RESULTS

Pitchers
During data collection, no pitchers were removed from a game 

due to injury, and no other pitching changes were noted within 
games. However, in all recorded cases, pitchers were replaced
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Table 1. Softball Catchers' Data (Throws to Base Not Included)

Mean/ Mean/ Range/ Total 
Inning Game* Game* Observed

Table 2. Softball Fielders' Data

Throws back to the
pitcher

60-ft (18.29-m)
sprints

Time in squat stance
(min)

7.5

0.13

2.0

52.6

1

14.1

31-100

0-5

8.1-23.2

1647

29

442.1

*AII per-game data based on 7 innings of play.

between doubleheaders. The pitchers averaged 12.7 pitches per 
inning and 89.6 pitches per game. The range of pitches was 60 
to 141 per game; 2785 pitches were recorded. We recorded no 
pick-off attempts during data collection because, unlike baseball, 
the runners in softball are not allowed to lead off.

Catchers
We found the catchers to be in the squat stance for an av 

erage of 14.1 minutes. They threw to the pitcher an average 
of 52.6 times per game. Live throws, or throws to base, were 
made an average of 3.2 times per game at an average distance 
of 65.7 ft (20.03 m) and an average effort of 97.65%. In ad 
dition, we calculated 1 sprint of approximately 60 ft (18.29 
m) for each game (Tables 1 and 2).

Fielders
The shortstops averaged the most throws per game (6.3). 

The highest average effort of throws (93.1%) was exhibited 
by the third basemen, who only threw the ball an average of 
4.3 times per game, while the second basemen averaged the 
lowest average effort per throw (80.6%). The longest throws 
(average, 63.8 ft [19.45 m]) were from the third basemen, 
while the shortest throws (46.2 ft [14.08 m]) were made by 
the second basemen. Even though they averaged the shortest 
throwing distances, the first and second basemen had the larg 
est ranges (10 to 110 ft [3.05 to 33.53 m] and 10 to 130 ft 
[3.05 to 39.62 m], respectively) (see Table 2).

The left fielders averaged the most plays (2.8) per game, 
and had a low average distance of throws (77.5 ft [23.62 m]), 
a small range of distances of throws (10 to 140 ft [3.05 to 
42.67 m]), and the lowest average effort (87.8%). Right and 
center fielders had larger and more similar average distance of 
throws (87 and 85.8 ft [26.52 and 26.15 m], respectively) and 
ranges of distance of throws (25 to 165 ft [7.62 to 50.29 m] 
and 20 to 175 ft [6.10 to 53.34 m], respectively) (see Table 2).

Program Design
Within a given ITR an athlete progresses from no throwing to 

the volume and intensity present in a game situation. Each pro 
gram includes long tosses designed to increase endurance and 
strength throughout the progression. All long tosses should be 
thrown with the "crow-hop" method, which employs a hop, skip, 
and throw to incoiporate the use of the lower extremities and 
trunk. The "crow-hop" minimizes the risk of improper mechan 
ics and enables the body to gain momentum from the lower 
extremities and trunk.28 Total throwing volume (number of 
throws X distance X intensity) is progressed slowly throughout 
each program.21 During each step and portion of each step of the

Catcherf
First base
Second base
Third base
Shortstop
Left field
Center field
Right field

Throws/
Game*

3.2
5.1
5.8
4.3
6.3
2.8
2.5
2.1

Mean
Distance

of Throws
ft(m)

65.7 (20.03)
49.9(15.21)
46.2(14.08)
63.8(19.45)
56.4(17.19)
77.5 (23.62)
85.8(26.15)
87 (26.52)

Range of Throws
ft(m)

35-90 (10.67-27.43)
10-110(3.05-33.53)
10-130(3.05-39.62)
30-90 (9.14-27.43)
10-95 (3.05-28.96)
10-140(3.05-42.67)
20-175(6.10-53.34)
25-165(7.62-50.29)

Mean
Effort of
Throws

(%)

97.7
83.7
80.6
93.1
88.2
87.8
90.3
93.2

*AII per-game data based on 7 innings of play. 
tDoes not include throws back to the pitcher.

throwing programs, one of the 3 components of the total throw 
ing volume is increased, thereby increasing the total throwing 
volume. For instance, the total throwing volume of the field prac 
tice in step 3 of the infielder's program is (5 X 60 X .75) + (10 
X 75 X .75) = 787.5, while the total throwing volume of the 
field practice in step 4 is (5 X 60 X .75) + (5 X 84 X .75) + 
(5 X 120 X .75) = 990. The pitching program consists of 4 
phases; the catching program has 3 phases; and the infielder and 
outfielder programs have 2 phases each.

The 4 phases of the pitching program are early throwing, ini 
tiation of pitching, intensified pitching, and a simulated game. 
We designed these phases to slowly progress the loads applied 
to the throwing arm. The program begins with short throws to 
tolerance (up to 50% effort) as well as long tosses up to 120 ft 
(36.58 m) to increase arm strength and endurance (early throw 
ing). No pitching is instituted in this phase. The next phase, ini 
tiation of pitching, includes pitching up to 75% effort as well as 
continuation of the long-toss component. The intensified pitching 
stage takes the pitcher from the initiation of pitching to the sim 
ulated game. Off-speed pitches (curve, rise, drop, change-up) and 
rest intervals, which correspond with a game situation, are in 
corporated in this phase. The pitcher chooses the mix of pitches 
that compare with her preinjury pitch preference. The final stage 
of this phase is for the athlete to pitch batting practice. Before 
being cleared for return to play, the pitcher pitches a simulated 
game. The simulated game is based on the maximums of all 
inning and game data collected (Appendix A).

The catcher's program has 3 phases: beginning throwing, 
catching practice, and a simulated game. First, the catcher 
throws only up to 50% of perceived effort, with long tosses 
to 90 ft (27.43 m). This phase (beginning throwing) allows 
the catcher to build the strength and endurance that are nec 
essary for intensified activity. With progression, sprints are 
incorporated as in a game situation when backing up throws. 
Additionally, the athlete simulates throwing to second base as 
well as throwing the ball back to the pitcher (catching prac 
tice). Eventually, the athlete completes a simulated game be 
fore she is cleared for return to play (Appendix B).

The infielder and outfielder programs consist of only 2 phas 
es: throwing and a simulated game. The infielder's throwing 
phase begins with short throws at 50% of maximum intensity 
and long tosses up to 60 ft (18.29 m). It then progresses, over 
5 steps, to throws at 100% effort and long tosses up to 150 ft 
(45.72 m). Fielding practice and sprints are included in the 
program (Appendix C). Before returning to play, the athlete 
must complete the simulated game. The outfielder's throwing 
program consists of the return-to-throwing phase and a simu-
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lated game. Initially, the fielders only throw up to 50% of 
maximum effort and up to distances of only 60 ft (18.29 m). 
The final stage includes long tosses of up to 180 ft (54.86 m) 
and throws of up to 100% effort. Fly and ground balls are 
included in all stages, and rest intervals correspond with rest 
between innings (Appendix D). The final step is for the athlete 
to complete a simulated game.

PROGRAM PROGRESSION

Soreness Rules
Axe et al 21 defined soreness rules (Table 3) for baseball 

pitchers in an ITP. Their rules allow the athlete to modify 
progression according to symptoms. Athletes may heal at dif 
ferent rates and, therefore, need to progress at different paces. 
The soreness rules are used to prevent overstressing the soft 
tissues during progressive return to play. They dictate when 
an athlete may progress to a higher step, remain at the same 
step, or drop down one step. They also help dictate the amount 
of rest time indicated between throwing days. 21

Injuries
In the return-to-play phase of rehabilitation, we use an injury 

classification scheme to modify the program: specifically when 
to begin throwing, how many days of rest are needed between 
days of throwing, and how quickly the athlete may progress 
through the ITP. The classification is hierarchical. Injuries to 
body parts other than the throwing arm require the least mod 
ification, followed by injuries to the throwing arm that do not 
involve the joints (bruises), mild injuries to the throwing arm 
that involve the joints (tendinitis), and injuries to the throwing 
arm that are severe (postoperative, torn ligament) (Appendices 
E-H). Before initiation of throwing, the physician and any re 
habilitation specialist involved must determine that the healing 
structures are ready to withstand the stresses of throwing. 21 
Once throwing has begun, the athlete can progress as the clas 
sification of her injury and the soreness rules allow.

DISCUSSION
No data-based ITPs developed for collegiate softball players 

at any position have previously been published. Furthermore, 
no published data-based ITPs for positional players other than 
pitchers have been developed for baseball or softball. The ITP 
being suggested is not intended to replace traditional rehabil 
itation but instead to augment those treatments. Within reha 
bilitation programs, it is imperative to include a functional 
progression that allows a speedy and safe return to sport.

Despite the cited differences between baseball and softball, the 
upper extremity injuries found in softball players other than the 
pitcher (overhead throwers) are similar to those of baseball play 
ers.4' 31 The shoulder injuries that occur in overhead throwers in 
clude, but are not limited to, impingement,7'20- 23"26-32 instabili 
ty^, 13,20,23-26 undersurface rotator cuff tears,7 - 8 ' 16 '20-23 -25 - 26 and 
glenoid labmm tears. 7 - 8 ' 16'20'23 '25 - 26 Common elbow problems in 
overhead throwers are medial epicondylitis, 33 -34 partial or com 
plete tearing of the flexor musculature,34 osteochondral defects 
of the capitellum,20'26- 33 -34 ulnar collateral ligament laxity or rup- 
ture,20'26 - 27 '33 - 34 olecranon osteophytes and loose bodies,20-26-32 - 33 
and ulnar neuritis.20-26-33 -34

Softball pitchers do, however, have specific injury patterns

Table 3. Soreness Rules

1. If no soreness, advance 1 step every throwing day.
2. If sore during warm-up but soreness is gone within the first 15 

throws, repeat the previous workout. If shoulder becomes sore dur 
ing this workout, stop and take 2 days off. Upon return to throwing, 
drop down 1 step.

3. If sore more than 1 hour after throwing or the next day, take 1 day 
off and repeat the most recent throwing program workout.

4. If sore during warm-up and soreness continues through the first 15 
throws, stop throwing and take 2 days off. Upon return to throwing, 
drop down 1 step.

linked to the dynamics of the windmill pitch. Most of these 
injuries occur in the shoulder and elbow. Shoulder injuries 
include instability, 13 - 14 rotator cuff tendinitis, 15 bicipital ten 
dinitis, 14 - 15 subscapularis strain, 14 pectoralis strain, 14 biceps- 
labrum degeneration, 13 - 14 and trapezius strain. 15 Elbow inju 
ries include ulnar neuritis, 13 - 14 ulnar collateral ligament 
damage, 14 and tendinitis. 15

The injuries to softball pitchers are a result of the forces 
and torques imparted upon the upper extremity during the 
windmill pitch. The forces, torques, and speed with which the 
windmill pitch occurs are responsible for the incidence and 
type of injuries sustained. 14 The athlete must be rehabilitated 
successfully to withstand the listed values imparted on the up 
per extremity during windmill pitching.

Clearing an athlete to begin the ITP is the responsibility of 
the health care professionals as a team. They must be sure that 
the healing tissues can withstand the forces applied to the 
joints during the early stages of the throwing program. The 
athlete's personal healing characteristics, the incurred injury, 
the treatment being administered, and the player's softball po 
sition all dictate the decision of the health care team. 21 The 
early stages of the throwing programs only allow the athlete 
to throw to tolerance but at no greater effort than 50%. Base 
ball players are not usually accurate in attempting to duplicate 
a desired effort level. Fleisig et al35 studied 27 healthy college 
baseball pitchers. When requested to throw at 50% effort, the 
pitchers averaged ball speeds of 85% of their maximum and 
forces and torques of 75% of their maximum. When requested 
to throw at 75% effort, the ball speeds reached 90% and the 
forces and torques reached 85%. 35 These findings indicate the 
need for early supervision of the program by the rehabilitation 
professional or athletic trainer.

Our goal was to develop data-based ITPs for collegiate-level 
softball players in all positions. We intend these programs to 
be used as functional progressions within traditional rehabili 
tation programs for injured softball players. In addition, the 
programs are useful for training and conditioning regimens 
used during the off-season and preseason. Our objective is for 
the programs to be useful for all health care professionals, 
coaches, and their respective athletes. The programs are de 
signed to allow the athlete and coach or athletic trainer to 
continue the program once formal rehabilitation has ended. 
The throwing or pitching athlete is slowly progressed from no 
throwing to game situation levels of throwing through a grad 
ual increase in intensity and total throwing volume step by 
step. The goal we are proposing for the ITPs for collegiate 
softball players is to promote efficient and safe return to sport.
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Appendix A. Softball Pitcher's Program

Phase I. Early throwing
—All throws are to tolerance to a maximum of 50% effort.
—All long tosses begin with a crow-hop.

Step 1

Step 2

Step 3

Warm-up toss to 30 ft (9.14 m)
10 throws @ 30 ft (9.14 m)
Rest 8 min
10 throws @ 30 ft (9.14 m)
10 long tosses to 40 ft (12.19 m)

Warm-up toss to 45 ft (13.72 m) 
10 throws @ 45 ft (13.72 m) 
Rest 8 min
10 throws @ 45ft (13.72 m) 
10 long tosses to 60 ft (18.29 m)

Warm-up toss to 60 ft (18.29 m) 
10 throws @ 60 ft (18.29 m) 
Rest 8 min
10 throws @ 60 ft (18.29 m) 
10 long tosses to 75 ft (22.86 m)

Step 4

Step 5

Step 6

Warm-up toss to 75 ft (22.86 m) 
10 throws @ 75 ft (22.86 m) 
Rest 8 min
10 throws @ 75ft (22.86 m) 
10 long tosses to 90 ft (27.43 m)

Warm-up toss to 90 ft (27.43 m)
10 throws @ 90ft (27.43 m)
Rest 8 min
10 throws @ 90ft (27.43 m)
10 long tosses to 105 ft (32.00 m)

Warm-up toss to 105 ft (32.00 m) 
10 throws @ 105ft (32.00 m) 
Rest 8 min
10 throws @ 105 ft (32.00 m) 
10 long tosses to 120 ft (36.58 m)
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Appendix A. Continued

Phase II. Initiation of pitching
—All pitches are fast balls (no off-speed pitches).
—All pitches to tolerance or maximum effort level specified.
—All long tosses begin with a crow-hop.

Step 7

Step 8

Warm-up toss to 120 ft (36.58 m) 
10 throws © 60 ft (18.29 m) (75%) 
10 pitches @ 20 ft (6.10 m) (50%) 
Rest 8 min
10 throws @ 60 ft (18.29 m) (75%) 
5 pitches @ 20 ft (6.10 m) (50%) 
10 long tosses to 120 ft (36.58 m)

Warm-up toss to 120 ft (36.58 m) 
10 throws @ 60 ft (18.29 m) (75%) 
10 pitches @ 35 ft (10.67 m) (50%) 
Rest 8 min
10 throws @ 60 ft (18.29 m) (75%) 
10 pitches @ 35 ft (10.67 m) (50%) 
10 long tosses to 120 ft (36.58 m)

Step 9

Step 10

Warm-up toss to 120 ft (36.58 m) 
10 throws @ 60 ft (18.29 m) (75%) 
10 pitches @ 46 ft (14.02 m) (50%) 
Rest 8 min
10 throws @ 60 ft (18.29 m) (75%) 
10 pitches @ 46 ft (14.02 m) (50%) 
15 long tosses to 120 ft (36.58 m)

Warm-up toss to 120 ft (36.58 m)
10 throws @ 60 ft (18.29 m) (75%)
10 pitches @ 46 ft (14.02 m) (50%)
Rest 8 min
10 pitches @ 46 ft (14.02 m) (50%)
Rest 8 min
10 throws @ 60 ft (18.29 m) (75%)
10 pitches @ 46 ft (14.02 m) (50%)
15 long tosses to 120 ft (36.58 m)

Phase III. Intensified pitching
—Pitch sets 11-15 consist of 1 fastball to 1 off-speed pitch at the effort level specified.
—Pitch sets 16-21 consist of a percentage of pitches that match the preinjury pitch mix specific to the athlete at the effort level specified.
—Begin each step with warm-up toss to 120 ft (36.58 m).
—End each step with 20 long tosses to 120 ft (36.58 m).

Step 11

Step 12

Step 13

Step 14

Step 15

Step 16

2 throws to each base (75%)
15 pitches (50%)*
15 pitches (50%)*
1 throw to each base (75%)
15 pitches (50%)*

2 throws to each base (75%)
15 pitches (50%)*
15 pitches (50%)*
15 pitches (50%)*
1 throw to each base (75%)
15 pitches (50%)*

2 throws to each base (75%)
15 pitches (50%)*
15 pitches (75%)*
15 pitches (75%)*
1 throw to each base(75%)
15 pitches (50%)*

2 throws to each base (75%)
15 pitches (50%)*
15 pitches (75%)*
15 pitches (75%)*
20 pitches (50%)*
1 throw to each base (75%)
15 pitches (50%)*

2 throws to each base (100%)
15 pitches (75%)*
15 pitches (75%)*
15 pitches (75%)*
15 pitches (75%)*
1 throw to each base (75%)
15 pitches (75%)*

1 throw to each base (100%)
15 pitches (100%)*
20 pitches (75%)*
15 pitches (100%)*
20 pitches (75%)*
1 throw to each base (75%)
20 pitches (75%)*

Step 17

Step 18

Step 19

Step 20 

Step 21

1 throw to each base (100%)
15 pitches (100%)*
20 pitches (75%)*
15 pitches (100%)*
15 pitches (100%)*
20 pitches (75%)*
1 throw to each base (100%)
15 pitches (75%)*

1 throw to each base (100%)
20 pitches (100%)*
15 pitches (100%)*
20 pitches (100%)*
15 pitches (100%)*
20 pitches (100%)*
1 throw to each base (100%)
15 pitches (100%)*

1 throw to each base (100%)
20 pitches (100%)*
15 pitches (100%)*
20 pitches (100%)*
15 pitches (100%)*
20 pitches (100%)*
15 pitches (100%)*
1 throw to each base (100%)
15 pitches (100%)*

Batting practice 
100-120 pitches 
1 throw to each base per 25 pitches

Simulated game 
7 innings
18-20 pitches/inning 
8-min rest between innings 
preinjury pitch mix

*Rest 8 min after these sets.
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Appendix B. Softball Catcher's Program

Phase I. Beginning throwing (throws to 50% effort) 
—All long tosses begin with a crow-hop.

Step 1 Warm-up toss to 30 ft (9.14 m) 
10 throws @ 30ft (9.14 m) 
Rest 8 minutes 
10 throws @ 30 ft (9.14 m) 
10 long tosses to 45 ft (13.72 m)

Step 2 Warm-up toss to 45 ft (13.72 m) 
10 throws @ 45ft (13.72 m) 
Rest 8 minutes 
10 throws @ 45ft (13.72 m) 
10 long tosses to 60 ft (18.29 m)

Phase II. Catching practice
—Complete warm-up lap around the field before each step.
—All throws completed to tolerance, not to exceed the effort level specified.
—All throws made after squatting 8 seconds to simulate receiving a pitch.
—All long tosses begin with a crow-hop.

Step 3

Step 4

Warm up toss to 60 ft (18.29 m) 
10 throws @ 60 ft (18.29 m) 
Rest 8 minutes 
10 throws © 60 ft (18.29 m) 
10 long tosses to 75 ft (22.6 m)

Warm-up toss to 75 ft (22.86 m) 
10 throws @ 75 ft (22.86 m) 
Rest 8 minutes 
10 throws @ 75 ft (22.86 m) 
10 long tosses to 90 ft (27.43 m)

Step 5

Step 6

Step 7

Step 8

Warm-up toss to 90 ft (27.43 m) 
10 throws to pitcher (50%)* 
10 throws to pitcher (50%)* 
10 throws to pitcher (50%)* 
10 long tosses to 120 ft (36.58 m)

Warm-up toss to 90 ft (27.43 m)
10 throws to pitcher (50%)*
15 throws to pitcher (50%)*
10 throws to pitcher (50%)*
15 throws to pitcher (50%)*
15 long tosses up to 120 ft (36.58 m)

Warm-up toss to 90 ft (27.43 m)
10 throws to pitcher (75%)*
1 throws to 1st and 3rd base (50%)*
15 throws to pitcher (50%)*
10 throws to pitcher (75%)*
15 throws to pitcher (50%)*
20 long tosses to 120 ft (36.58 m)

Warm-up toss to 90 ft (27.43 m)
10 throws to pitcher (75%)*
2 throws to 1st and 3rd base (75%)*
15 throws to pitcher (75%)*
10 throws to pitcher (75%)*
15 throws to pitcher (75%)*
20 long tosses to 120 ft (36.58 m)

Step 9

Step 10

Step 11

Warm-up toss to 90 ft (27.43 m)
10 throws to pitcher (75%)*
2 throws to 1st and 3rd base (75%)*
10 throws to pitcher (75%)
15 throws to pitcher (75%)*
10 throws to pitcher (75%)*
15 throws to pitcher (75%)*
20 long tosses to 120 ft (36.58 m)

Warm-up toss to 90 ft (27.43 m)
10 throws to pitcher (75%)*
2 throws to 1st and 3rd base (100%)*
10 throws to pitcher (75%)
3 throws to 2nd (75%)*
15 throws to pitcher (75%)*
10 throws to pitcher (75%)*
15 throws to pitcher (75%)*
20 long tosses to 120 ft (36.58 m)

Simulated game
Warm-up toss to 90 ft (27.43 m)
10 throws to pitcher (75%)*
2 throws to 1st and 3rd base (100%)*
15 throws to pitcher (75%)*
10 throws to pitcher (75%)*
15 throws to pitcher (75%)*
10 throws to pitcher (75%)
3 throws to 2nd base (100%)*
10 throws to pitcher (75%)*
10 throws to pitcher (75%)*
20 long tosses to 120 ft (36.58 m)

'Complete 60-ft (18.29-m) sprint, then rest 8 minutes after these sets.
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Appendix C. Softball Infielder's Program

General Guidelines
—Complete a warm-up lap around the field before each step.
—Complete an 60-ft (18.29-m) sprint before each set of throws.
—Rest 8 minutes between sets.
—All throws are limited arc.
—All long tosses begin with a crow-hop.

Step 1

Step 2

Step 3

Warm-up toss to 45 ft (13.72 m)
15 throws @ 40 ft (12.19 m) (50%)
Field practice (50%) 

5 throws © 35 ft (10.67 m) 
5 throws © 45 ft (13.72 m)

20 long tosses to 60 ft (18.29 m)

Warm-up toss to 60 ft (18.29 m)
20 throws © 45 ft (13.72 m) (50%)
Field practice (50%) 

5 throws © 45 ft (13.72 m) 
10 throws © 60 ft (18.29 m)

20 long tosses to 75 ft (22.86 m)

Warm-up toss to 75 ft (22.86 m)
20 throws © 60 ft (18.29 m) (50%)
Field practice (75%) 

5 throws © 60 ft (18.29 m) 
10 throws © 75 ft (22.86 m)

20 long tosses to 90 ft (27.43 m)

Step 4

Step 5

Step 6

Warm-up toss to 90 ft (27.43 m) 
20 throws @ 60 ft (18.29 m) (75%) 
Field practice (75%)

5 throws © 60 ft (18.29 m)
5 throws © 84 ft (25.60 m)
5 throws @ 120 ft (36.58 m) 

20 long tosses to 120 ft (36.58 m)

Warm-up toss to 120 ft (36.58 m) 
20 throws © 60 ft (18.29 m) (75%) 
Field practice (100%)

5 throws © 60ft (18.29 m)
5 throws © 84 ft (25.60 m)
5 throws © 120ft (36.58 m) 

20 long tosses to 150 ft (45.72 m)

Simulated game
Warm-up toss to 120 ft (36.58 m) 
20 throws © 60 ft (18.29 m) (100%) 
Field practice (100%)

5 throws @ 60 ft (18.29 m)
5 throws © 84 ft (25.60 m)
5 throws © 120ft (36.58 m) 

1 throw to each base from position (100%) 
20 long tosses to 150 ft (45.72 m)

Appendix D. Softball Outfielder's Program

General Guidelines
—Complete a warm-up lap around the field before each step.
—All tosses with limited arc.
—All long tosses begin with a crow-hop.

Step 1 Warm-up toss to 45 ft (13.72 m)
Catch fly balls or field ground balls and throw to cutoff at 45 ft (13.72 m) (50% effort); repeat 5 times with 1-minute rest

between throws. 
15 tosses to 60 ft (18.29 m)

Step 2 Warm-up toss to 60ft (18.29 m)
Catch fly balls or field ground balls and throw to cutoff at 60 ft (18.29 m) (50% effort); repeat 5 times with 1-minute rest

between throws. 
15 tosses to 90ft (27.43 m)

Step 3 Warm-up toss to 90 ft (27.43 m)
Catch fly balls or field ground balls and throw to cutoff at 90 ft (27.43 m) (75% effort) repeat 5 times with 1-minute rest be 

tween throws. 
15 tosses to 120 ft (36.58 m)

Step 4 Warm-up toss to 120 ft (36.58 m)
Field ground balls and throw to cutoff at 90 ft (27.43 m) (75% effort); repeat 5 times.
Catch fly balls and throw to base at 120 ft (36.58 m) (75% effort); repeat 5 times with 1-minute rest between throws.
15 tosses to 150 ft (45.72 m)

Step 5 Warm-up toss to 120 ft (36.58 m)
Field ground balls and throw to cutoff at 90 ft (27.43 m) (100% effort); repeat 5 times.
Catch fly balls and throw to base at 120 ft (36.58 m) (75% effort); repeat 5 times with 1-minute rest between throws.
20 tosses to 180 ft (54.86 m)

Step 6 Warm-up toss to 150 ft (45.72 m)
Catch fly balls and throw to base at 150 ft (45.72 m) (100% effort); repeat 5 times with 1-minute rest between throws. 
Field ground balls and throw to cutoff at 90 ft (27.43 m) (100% effort); repeat 5 times. 
20 tosses to 180 ft (54.86 m)

Step 7 Simulated game
Warm-up toss to 180 ft (54.86 m)
Field ground balls and throw to cutoff at 120 ft (36.58 m) (100% effort); repeat 5 times.
Catch fly balls and throw to base at 180 ft (54.86 m) (100% effort); repeat 5 times with 1-minute rest between throws.
20 tosses to 180 ft (54.86 m)
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Appendix E. Softball Pitcher's Instructions Appendix F. Softball Catcher's Instructions

General rules
1. Break a sweat
2. Shoulder stretches
3. Throwing program

General rules
4. Rotator cuff strengthening
5. Shoulder stretches
6. Ice for 20 min

Warm-up
Begin at 20 ft (6.10 m) and advance 20 ft (6.10 m) at a time, throw 

ing 3-5 times at each distance at 50% effort until reaching the 
warm-up distance for that workout. Begin all throws with a crow- 
hop.

Soreness rules
If sore more than 1 hour after throwing or the next day, take 1 day 

off and repeat the most recent throwing program workout.
If sore during warm-up but soreness is gone within the first 15 

throws, repeat the previous workout. If shoulder becomes sore 
during this workout, stop and take 2 days off. Upon return to 
throwing, drop down 1 step.

If sore during warm-up and soreness continues through the first 15 
throws, stop throwing and take 2 days off. Upon return to throw 
ing, drop down 1 step.

If no soreness, advance 1 step every throwing day.

A. Baseline/preseason
To establish a base for training and conditioning, begin with step 4 

and advance 1 step daily to step 19, following soreness rules.

B. Nonthrowing arm injury
After medical clearance, begin step 4 and advance 1 step daily to 

step 21, following soreness rules.

C. Throwing arm: bruise or bone involvement
After medical clearance, begin with step 1 and advance program 

as soreness rules allow, throwing every other day.

D. Throwing arm: tendon/ligament injury (mild)
After medical clearance, begin with step 1 and advance program 

to step 6, throwing every other day as soreness rules allow. 
Throw every third day on steps 7-10 as soreness rules allow. 
Return to throwing every other day as soreness rules allow for 

steps 11-21.

E. Throwing arm: tendon/ligament injury (moderate, severe, or post 
operative)

After medical clearance, begin throwing at step 1. 
For steps 1-6, advance no more than 1 step every 3 days, with 2 

days' active rest (warm-up and long tosses) following each 
workout.

Steps 7-10 advance no more than 1 step every 3 days, with 2 
days' active rest (warm-up and long tosses) following each 
workout. 

Advance steps 11-21 daily as soreness rules allow.

4. Rotator cuff strengthening
5. Shoulder stretches
6. Ice for 20 min •

1. Break a sweat
2. Shoulder stretches
3. Throwing program

Warm-up
Begin at 20 ft (6.10 m) and advance 20 ft (6.10 m) at a time, throw 

ing 3-5 times at each distance at 50% effort until reaching the 
warm-up distance for that workout. Begin all throws with a crow- 
hop.

Soreness rules
If sore more than 1 hour after throwing or the next day, take 1 day 

off and repeat the most recent throwing program workout.
If sore during warm-up but soreness is gone within the first 15 

throws, repeat the previous workout. If shoulder becomes sore 
during this workout, stop and take 2 days off. Upon return to 
throwing, drop down 1 step.

If sore during warm-up and soreness continues through the first 15 
throws, stop throwing and take 2 days off. Upon return to throw 
ing, drop down 1 step.

If no soreness, advance 1 step every throwing day.

A. Baseline/preseason
To establish a base for training and conditioning, begin with step 3 

and advance 1 step daily to step 11, following soreness rules.

B. Nonthrowing arm injury
After medical clearance, begin at step 1 and advance 1 step daily 

to step 11, following soreness rules.

C. Throwing arm: bruise or bone involvement
After medical clearance, begin with step 1 and advance 1 step ev 

ery other day to step 11, following soreness rules.

D. Throwing arm: tendon/ligament injury (mild)
After medical clearance, begin with step 1 and advance program 

to step 4, throwing every other day as soreness rules allow. 
Throw every third day for steps 5-8 as soreness rules allow. 
Return to throwing every other day as soreness rules allow for 

steps 9-11.

E. Throwing arm: tendon/ligament injury (moderate, severe, or post 
operative)

After medical clearance, begin throwing at step 1. 
For steps 1-4, advance no more than 1 step every 3 days, with 1

day of active rest* following each workout day. 
For steps 5-11, advance no more than 1 step every 3 days, 

with 2 days of active rest (see below) following each workout 
day.

*Active rest workout: Warm up to 60 ft (18.29 m). Catch 5 pitches in 
squat, but do not throw ball to pitcher. Complete 25 easy long tosses 
to 60-90 ft (18.29-27.43 m); begin each of these throws with a crow- 
hop. Run 90-ft (27.43-m) sprint after every 5 long tosses.
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Appendix G. Softball Infielder's Instructions

General rules

Appendix H. Softball Outfielder's Instructions

General rules
1. Break a sweat
2. Shoulder stretches
3. Throwing program

4. Rotator cuff strengthening
5. Shoulder stretches
6. Ice for 20 min

Warm-up
Begin at 20 ft (6.10 m) and advance 20 ft (6.10 m) at a time, throw 

ing 3-5 times at each distance at 50% effort until reaching the 
warm-up distance for that workout. Begin all throws with a crow- 
hop.

Soreness rules
If sore more than 1 hour after throwing or the next day, take 1 day 

off and repeat the most recent throwing program workout.
If sore during warm-up but soreness is gone within the first 15 

throws, repeat the previous workout. If shoulder becomes sore 
during this workout, stop and take 2 days off. Upon return to 
throwing, drop down 1 step.

If sore during warm-up and soreness continues through the first 15 
throws, stop throwing and take 2 days off. Upon return to throw 
ing, drop down 1 step.

If no soreness, advance 1 step every throwing day.

A. Baseline/preseason
Begin with step 1 and advance 1 step daily as soreness rules al 

low.

B. Nonthrowing arm injury
After medical clearance, begin with step 1 and advance 1 step dai 

ly as soreness rules allow.

C. Throwing arm: bruise or bone involvement
After medical clearance, begin with step 1 and advance 1 step ev 

ery other day to step 5 as soreness rules allow.

D. Throwing arm: tendon/ligament injury (mild)
After medical clearance, begin with step 1. Throw every other day, 

but do not advance beyond step 1 for the first week. 
After the first week, continue to throw every other day, repeating 

each step through step 5 as soreness rules allow. On off days, 
use active rest program below for workout.

E. Throwing arm: tendon/ligament injury (moderate, severe, or post 
operative)

After medical clearance, begin with step 1. On days 1-14, throw 
every 3-4 days. Do not advance beyond step 1. 
For days 15-28, throw step 1 every 2-3 days, but do not ad 

vance.
From day 29 on, throw every third day, advancing program as 

soreness rules allow. On off days, use active rest program be 
low for workout.

Active rest program—begin all throws with a crow-hop.
Warm-up toss to 120 ft (36.58 m).
5 throws each at 60, 90, and 120 ft (18.29, 27.43, and 36.58 m)

at 50% effort. 
20 long tosses to 120 ft (36.58 m).

1. Break a sweat
2. Shoulder stretches
3. Throwing program

4. Rotator cuff strengthening
5. Shoulder stretches
6. Ice for 20 min

Warm-up
Begin at 20 ft (6.10 m) and advance 20 ft (6.10 m) at a time, throw 

ing 3-5 times at each distance at 50% effort until reaching the 
warm-up distance for that workout. Begin all throws with a crow- 
hop.

Soreness rules
If sore more than 1 hour after throwing or the next day, take 1 day 

off and repeat the most recent throwing program workout.
If sore during warm-up but soreness is gone within the first 15 

throws, repeat the previous workout. If shoulder becomes sore 
during this workout, stop and take 2 days off. Upon return to 
throwing, drop down 1 step.

If sore during warm-up and soreness continues through the first 15 
throws, stop throwing and take 2 days off. Upon return to throw 
ing, drop down 1 step.

If no soreness, advance 1 step every throwing day.

A. Baseline/preseason
To establish a base for training and conditioning, begin with step 1 

and advance 1 step daily to step 6, following soreness rules.

B. Nonthrowing arm injury
After medical clearance, begin with step 1 and advance 1 step dai 

ly, following soreness rules.

C. Throwing arm: bruise or bone involvement
After medical clearance, begin with step 1 and throw every other 

day for the first week, following soreness rules. Do not advance 
beyond step 2.
Beginning the second week, throw every other day, advancing 

steps as soreness rules allow. On off days, you may throw the 
warm-up and ending tosses of the previous day's workout.

D. Throwing arm: tendon/ligament injury (mild)
After medical clearance, begin with step 1. For the first week, 
throw every third day and do not progress beyond step 1. 
Beginning on day 8, advance program as soreness rules allow, 

with 1 day of active rest between workout days. (On active rest 
days, you should throw the warm-up and ending tosses of the 
previous day's workout.)

E. Throwing arm: tendon/ligament injury (moderate, severe, or post 
operative)

After medical clearance, begin with step 1. For the first 2 weeks 
(days 1-14), throw every 3-4 days and do not advance beyond 
step 1.
On days 15-28, begin throwing every 2-3 days, but do not ad 

vance beyond step 1.
On days 29-42, use soreness rules to advance program, throw 

ing every third day. (On days between workouts, you should 
throw the warm-up and ending tosses of the previous day's 
workout.)
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Objective: To determine enforcement patterns and athlete 
compliance with the National Collegiate Athletic Association 
(NCAA) rule requiring the wearing of mouthguards in men's col 
legiate ice hockey games during a single competitive season.

Design and Setting: We developed a questionnaire and sent 
it to certified athletic trainers (ATCs) directly responsible for 
men's varsity collegiate ice hockey at 127 NCAA-affiliated in 
stitutions. Then x2 analyses were conducted to determine 
whether significant differences existed in the pattern of respons 
es by division of play (Division I, II, or III or independent).

Subjects: A total of 104 ATCs responded. We obtained data 
from 94 questionnaires with complete answers to primary ques 
tions addressing program enforcement of the rule and mouth- 
guard use.

Measurements: Our questionnaire asked about types of 
mouthguards used, attitudes of the sports medicine and coach 
ing staffs regarding the role of mouthguards in prevention of 
injury, enforcement of mouthguard use, and actual numbers of 
athletes wearing mouthguards in competition. Respondents 
also provided an estimate of the number of penalties assessed

against their team for mouthguard violations during the previous 
season.

Results: Most ATCs (93%) reported that they believed 
mouthguards play a role in injury prevention. Respondents in 
dicated someone on the coaching or sports medicine staff en 
forced the rule at 74% of the institutions, with a trend toward 
greater enforcement at the Division II and III levels. Overall, 
ATCs reported 63% of athletes consistently wore mouthguards 
in competition, with significantly higher compliance at the Divi 
sion II and III levels. A total of 19 penalties were reportedly 
assessed for violation of the mouthguard rule the previous sea 
son.

Conclusions: Our data suggest that the use of mouthguards 
in competition is not consistently enforced by ATCs, coaches, 
or game officials and that mouthguards are not routinely worn 
by athletes. These results raise legitimate concerns for all phy 
sicians, athletic trainers, coaches, and governing bodies in 
volved with men's collegiate ice hockey.

Key Words: concussion, mild brain injury, injury prevention, 
protective equipment

I ce hockey is one of the fastest and most violent team sports 
in the world. In light of this, the number of injuries that 
result from collisions with the playing surface, boards, op 

ponents, and teammates is not surprising. Athletes participat 
ing today are on average 2 in (5.08 cm) taller and 14 Ib (6.35 
kg) heavier than they were 25 years ago. 1 Direct analysis of 
the prevalence of head injuries in ice hockey is difficult be 
cause of nonuniform patterns of injury reporting and disparate 
injury definitions. In addition, there are differences in the age, 
skill levels of athletes, and types of equipment being used 
when an injury occurs. 2 - 3 The National Collegiate Athletic As 
sociation (NCAA) has developed the Injury Surveillance Sys 
tem4 in an effort to provide current and reliable data on col 
legiate injury trends. These data remain ambiguous, because 
there is no definitive mode of determining whether required 
safety standards are being upheld.

Mouthguards were first used in athletics by boxers during 
the 1930s.5"7 They were designed to protect the mouth, teeth, 
and mandible and to cushion the effects of concussive blows 
to the jaw. A properly fitted mouthguard considerably reduces 
the amount of force being transmitted to the mandible after an 
impact. 8 ' 9 The Committee on Sports Equipment and Facilities 
of the American Society of Testing and Materials developed 
the current NCAA mouthguard regulation in 1980. The regu 
lation requires mouthguards to be constructed of a resilient 
material that covers all of the teeth of one jaw, usually the 
upper. 7 The 2 types of mouthguards most prevalent in athletics 
are the boil and bite (also known as mouth formed) and the 
custom-made mouthguard, which is constructed from a mold 
of the athlete's teeth.

The wearing of mouth protection in competition has been 
mandated by the NCAA for men's ice hockey since 1975 (Na-
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tional Collegiate Athletic Association, unpublished data, No 
vember 5, 1997). The rule today reads, "All players, including 
goalkeepers, are required to wear an internal mouthguard that 
covers all the remaining teeth of one jaw. The mouthguard 
shall not be altered from original manufacturer specifications, 
except with the prescription of a medical authority." 10 Com 
pliance with mouthguard regulations at the youth and second 
ary school levels is excellent, but at the collegiate level it is 
more sporadic. 1 1 Unfortunately, it has taken the recent increase 
in the incidence of mild and severe brain injuries in ice hockey 
at all levels to focus attention on preventive measures that may 
help to reduce this alarming trend.' ] A former director of of 
ficiating for the Western Collegiate Hockey Association iden 
tified the concern among all involved in collegiate ice hockey 
over the growing number of head injuries. He observed an 
increase in safety standards for headgear during his tenure and 
collaboration among sports medicine professionals nationwide 
to enforce current mouthguard regulations (G. Shepherd, un 
published data, October 6, 1997). However, research is needed 
to determine the extent to which mouthguards are involved in 
the prevention of concussion.

Before any direct cause-effect relationship can be estab 
lished between the severity of concussion in men's collegiate 
ice hockey and the use of mouthguards, we must determine 
how mouthguards are currently being used by collegiate ath 
letes, particularly in competition. Therefore, our purpose was 
to determine patterns of enforcement and the extent to which 
NCAA Division I, II, and III and independent male varsity 
collegiate ice hockey players used mouthguards in games dur 
ing a single competitive season.

METHODS

Subjects
Subjects involved in this study were certified athletic train 

ers (ATCs) directly responsible for the care of 1 of the 127 
NCAA Division I, II, or III or independent men's varsity col 
legiate ice hockey programs. We selected this target population 
based on their daily involvement with the care of the athletes 
in question, increasing the likelihood that they would be able 
to respond accurately to the questionnaire. Institutional review 
board approval was obtained before the start of the data col 
lection for this project.

Instrumentation and Measurement
We developed a questionnaire specifically for this data col 

lection process. It consisted of 7 basic questions requiring yes 
or no answers about mouthguard types, enforcement of use in 
both practice and games, and attitudes of both the sports med 
icine and coaching staffs regarding the efficacy of mouth- 
guards in the prevention of head injury (Table 1). The ATCs 
were asked to estimate the number of athletes wearing mouth- 
guards in games and the number of penalties incurred for non- 
compliance with the mouthguard rule during the previous sea 
son. As stated in the cover letter accompanying the 
questionnaire, completion and return of the questionnaire were 
accepted as informed agreement to participate in this study.

A panel of 3 collegiate ATCs examined the questionnaire 
to ensure clarity of questions and determine logical or face 
validity. The questionnaire was pilot tested in December 1997 
with ATCs at 8 local high schools sponsoring boys' ice hock-

Table 1. Survey Questions Regarding Attitudes Toward 
Mouthguards, Enforcement Patterns, and Athlete Use During 
Collegiate Hockey Competition

1. Do you personally feel that mouthguards play a role in injury pre 
vention? 

To the best of your knowledge, does your team physician believe
they do?

To the best of your knowledge, does your head coach believe they 
do?

2. Is the NCAA rule requiring mouthguards in competition currently be 
ing enforced at your institution?* 

Who enforces this rule?
3. Indicate the number of regularly competing athletes consistently 

wearing mouthguards during games.
4. Was your team assessed a mouthguard penalty during the last com 

petitive season? If so, indicate the number of such penalties taken.

*NCAA indicates National Collegiate Athletic Association.

% of ATCs who believe wearing mouthguards prevents injury

% of coaches reported to believe wearing mouthguards prevents injury

% of Division II & III programs enforcing mouthguard i

% of Division II & III athletes wearing mouthguards in competition

% of Division I & independent programs enforcing mouthguard usi

% of Division 1 & independent athletes wearing mouthguards 52

[3 Number of penalties assessed for noncompliancc in Division I & independent program:

Summary of research findings on enforcement, compliance, and 
number of penalties assessed.

ey. This group was chosen because local collegiate hockey 
programs were part of the targeted study population. Minor 
revisions were made to the document, and it was finalized in 
December 1997.

Data Collection
Questionnaires were mailed in January 1998. Of 127 

mailed, 104 were returned, for a response rate of 82%. Data 
for this study were obtained from 94 questionnaires containing 
complete answers to the questions of interest. This represented 
74% of eligible programs.

Data Analysis

Responses to the first question regarding the role of mouth- 
guards in injury prevention were tallied as a group. Responses 
to the other 3 questions were categorized by division of play 
(Division I, II, or III or independent). We conducted x2 anal 
yses to determine whether significant differences existed in the 
pattern of responses to questions by division of play. A sig 
nificance level of .05 was chosen, and the Statistical Package 
for the Social Sciences (version 6.0, SPSS Inc, Chicago, IL) 
was used for analysis of the data. The findings are summarized 
in the Figure.

Journal of Athletic Training 205



Table 2. Enforcement of Mouthguard Use During Competition*

Division 
1 and independent 
II and III 

Total

Enforced,

ATC

11 (27.5) 
19 (35.2) 
30 (32.0)

No. (%)

ATC and 
Coach

15 (37.5) 
25 (46.3) 
40 (42.5)

Not 
Enforced,! 

No. (%)

Neither ATC 
Nor Coach^

14 (35.0) 
10 (18.5) 
24 (25.5)

Total

40 
54 
94

Table 3. Certified Athletic Trainers' Estimates of the Number of 
Athletes Wearing Mouthguards During Competition by Division of 

Play*____________________________________
Mouthguards, No. (%)

*ATC indicates certified athletic trainer.
tThe x? statistic for overall enforcement by division of play = 3.28,
P = .07.
txi statistic for person(s) enforcing by division of play = 3.29, P = .193.

RESULTS
Key questions were identified as those best suited to answer 

our primary research objectives addressing mouthguard en 
forcement and use in NCAA men's varsity collegiate ice hock 
ey. Each key question is listed, followed by the analysis of 
responses.

"Do you personally feel that mouthguards play an effective 
role in injury prevention?" Ninety-three percent responded af 
firmatively.

"To the best of your knowledge, does your team physician 
believe they do?" An almost equal percentage of team phy 
sicians, 92%, were reported to agree as well.

"To the best of your knowledge, does your head coach be 
lieve that they do?" More than three quarters (79%) of the 
responding ATCs agreed.

"Is the NCAA rule requiring mouthguards currently being 
enforced at your institution during games?" The ATCs were 
asked to respond to this question by indicating whether the 
coach or the sports medicine staff enforced wearing of mouth- 
guards during competition. Responses were organized into a 
4X2 table by division of play and enforcement (yes or no). 
The low number of independent and Division II institutions in 
the sample necessitated combining independent and Division 
I responses and Division II and Division III responses, creating 
a 2 X 2 table for analysis. Examination of the numbers in 
each category indicated that overall enforcement differed by 
grouped divisions, but the difference was not statistically sig 
nificant (x2 i = 3.28, P = .07). Someone on the athletic train 
ing or coaching staff at 74% of responding institutions en 
forced the use of mouthguards during competition. Eighty-two 
percent of those at Division II and III schools reported en 
forcement, whereas 65% enforcement was reported for Divi 
sion 1 and independent institutions (Table 2).

Responses were further categorized by whether the ATC 
alone, the coach alone, both the coach and ATC, or neither 
enforced the wearing of mouthguards during games. Only 3 
ATCs reported that the coach alone enforced this rule. Con 
sequently, these responses were combined with the ATC-alone 
classification for subsequent analysis. Low numbers in the in 
dependent and Division II classifications again necessitated 
combining of data as previously described. No significant dif 
ference in the pattern of enforcement by grouped divisions was 
noted (x2 2 = 3.29, P = .193). Thirty-two percent of the ATCs 
reported that they alone or, in 3 cases, the coach alone en 
forced the rule. Approximately 26% responded that neither 
they nor the coach enforced the rule. The remainder, about

Division I
Independent
Division II
Division III
Total

Wear

462 (48.9)
106 (66.7)
190 (74.5)
888 (71.3)

1646 (63.2)

Do Not Wear

481 (51.0)
53 (33.3)
65 (25.5)

358 (28.7)
957 (36.8)

Total

943
159
255

1246
2603

*The x23 statistic = 131.61, P = .001.

43%, reported that both the coach and ATC encouraged wear 
ing of mouthguards by their athletes during games.

"Indicate the number of regularly competing athletes con 
sistently wearing mouthguards during games." Sufficient num 
bers of athletes were involved in each division to run the om 
nibus x2 analysis with all 4 divisions of play. A significant 
difference was seen in the pattern of response by level of com 
petition (x23 = 131.61, P = .001) (Table 3). Follow-up x2 
tests were conducted to partition cells in sequence, comparing 
patterns of responses in individual cells with those in the com 
bined other cells. The purpose of this 3-test sequence was to 
determine where actual differences existed among levels of 
play. 12 Final results indicated a significant difference in the 
number of athletes wearing mouthguards during competition 
between the combined Division I and independent and Divi 
sion II and Division III classifications (x2 i = 112.37, P = 
.001). Athletes in Divisions II and III were more likely to wear 
a mouthguard in competition than were their Division I and 
independent counterparts. Participating ATCs estimated that 
72% of athletes in Divisions II and III wore mouthguards in 
games compared with 52% of Division I and independent ath 
letes. Overall, 63% of athletes used mouthguards consistently 
in competition.

"Was your team assessed a mouthguard penalty during the 
last competitive season? If yes, indicate the number of such 
penalties taken." The final question related to actual game 
official enforcement of the NCAA rule governing the use of 
mouthguards during the last competitive season. Responding 
ATCs reported that 19 penalties were assessed: 3 in Division 
I, 0 in independent, 2 in Division II, and 14 in Division III.

DISCUSSION
Because of recent restructuring, the divisional configuration 

of men's NCAA collegiate ice hockey has been altered since 
these data were collected. Division II has been dissolved, with 
teams redistributed primarily into Division III, whereas most 
independent programs have since merged into Division I. 
Therefore, our final statistical analysis groups, although driven 
by the pattern of responses and constraints of the analyses, are 
consistent with these current divisional alignments.

Our overall response rate was 82%, and data for this article 
were provided by 94 surveys with complete answers to the 4 
key questions. Survey research presents the opportunity for 
nonresponse bias. Fewer surveys may have been returned from 
programs with less stringent enforcement or athlete compli 
ance or both, which would make the actual percentages of 
athletes wearing mouthguards lower than reported herein.

One theory underlying the development of this study was 
that athletes in Division I men's ice hockey programs would
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be more prone to use mouthguards during competition due to 
the increased likelihood that these athletes would continue 
playing the sport professionally. This might make them more 
aware of the effects of a serious injury during collegiate play 
on their future careers. At least 152 Division I athletes are 
currently in the National Hockey League, whereas only 2 non- 
Division I collegiate athletes were identified as competing pro 
fessionally by the same resource. 13 However, this hypothesis 
was not supported by the data. At the combined Division I 
and independent levels, only 52% of the athletes were reported 
to wear mouthguards during competition, significantly differ 
ent from 72% of Division II and III athletes reported to wear 
mouthguards in competition during the same season.

Athletes are often resistant to mouthguard use, complaining 
that mouthguards make it hard to speak clearly and that they 
cause breathing difficulty. Coaches may cite this as a reason 
for their lack of encouragement to wear them in practices and 
competition. Castaldi 11 reported that almost all noncustom 
mouthguards fit poorly and tend to hinder normal respiration. 
Francis and Brasher 14 investigated the physiologic effects of 
mouthguard use on respiratory ventilation and gas exchange 
during exercise. Their results supported Castaldi's comments 
by demonstrating that 3 types of noncustom mouthguards cre 
ated a significant reduction in forced expiratory air volume 
and peak expiratory flow rates at heavy workloads. However, 
the authors also reported a significant decrease in oxygen con 
sumption during high-intensity effort for all mouthguard types. 
They concluded that use of a mouthguard during high-intensity 
exercise may produce an effective pattern of respiration that 
may improve tissue oxygenation and lower metabolic cost. 
Clearly, more research needs to be conducted in this area, but 
these findings suggest that mouthguard use may not hinder 
high-intensity performance in objective laboratory tests. This 
information has not been well disseminated among coaches 
and athletes in sports requiring mouthguard use.

In addition, we presumed that Division I and independent 
coaches and ATCs would be more likely to encourage the 
wearing of mouthguards during competition. This presumption 
was also based on the potentially greater opportunity for their 
athletes to pursue a professional ice hockey career. Another 
issue is the fact that most Division I and independent men's 
ice hockey programs have a full-time ATC, in addition to the 
added support of another assistant coach. Our data indicated 
that, although there was no significant difference in the pattern 
of enforcement by division of play, a higher overall level of 
enforcement was reported at the combined Division II and III 
levels (82%) than at the combined Division I and independent 
levels (65%). In addition, both the ATC and coach were more 
likely to encourage mouthguard use at the Division II and III 
levels. This heightened level of enforcement corresponded 
with significantly higher athlete compliance at Division II and 
III levels than at Division I and independent levels.

One of the more alarming findings of this study is that one 
quarter of responding ATCs reported that neither they nor the 
coaching staff enforced mouthguard use during competition. 
This identified inaction clearly does not reflect the stated be 
liefs of most ATCs responding to this survey, who indicated 
that they, the team physician, and the coach feel mouthguards 
play a role in injury prevention. The health and safety of their 
athletes are compromised by the lack of enforcement of the 
use of mandated protective equipment. This is in direct op 
position to the basic domains of athletic training. This breach 
of enforcement is also contrary to the NCAA regulation re

quiring mouthguard use, and it should be of concern to all 
individuals associated with collegiate ice hockey programs.

Compelling but controversial evidence has suggested that 
mouthguards may be instrumental in reducing the severity of 
concussion, in addition to their well-known capacity to reduce 
the incidence of orofacial injury. 8 - 9 - 15" 17 Properly fitted mouth- 
guards alter condylar position at the temporomandibular joint, 
which appears to reduce force transmission from the mandible 
to the occiput. 8 - 17 In theory, this would reduce the severity and 
potentially even the likelihood of concussion. A well-fitted 
mouthguard should be thick enough to adjust bite such that 
the mandibular condyles are not contacting the joint fossae. 
This realignment is critical to the aforementioned shock ab- 
sorbance. 9 Currently, researchers are examining this variable 
in the typical mouthguards being worn in high school athletics. 
The potentially devastating consequences of concussion 
should serve to increase concern among sports medicine and 
coaching staffs regarding inappropriate use or fit of all protec 
tive equipment, including mouthguards.

Another noteworthy finding of our study was the reported 
number of penalties assessed for violation of the NCAA 
mouthguard rule. The 2001 NCAA Ice Hockey Rules Book™ 
states in rule 3—4-c, "For initial violation, offending player 
shall be immediately replaced on the ice, and the referee shall 
warn the offending team that subsequent violations by any 
player of that team shall result in the player being assessed a 
misconduct." This is a slight change from the wording of the 
rule in 1997, when a misconduct penalty was immediately 
assessed. No reason was cited by the NCAA for this change 
(T. Halpin, unpublished data, February 24, 2001). Our data 
indicate that about half of Division I and independent athletes 
and nearly one third of Division II and III athletes do not wear 
mouthguards during competition. However, only 19 penalties 
were reported to have been assessed during the entire previous 
season at all levels of play. The number of penalties is sur 
prisingly low in light of the number of athletes reported to be 
in violation of the rule. Eighty-four percent of these penalties 
were assessed during Division II and III contests, in which our 
data show greater athlete compliance. These results suggest 
that the use of mouthguards may be positively influenced by 
the greater likelihood that a penalty will be assessed for non- 
compliance.

The purpose of our research was to determine attitudes to 
ward the role of mouthguards in injury prevention, enforce 
ment of their use, and the reported extent to which collegiate 
male ice hockey players use mouthguards in games during a 
single competitive season. Our findings indicated that most 
athletic trainers, team physicians, and coaches recognize the 
theoretic importance of mouthguard use in injury prevention. 
Three quarters of NCAA-affiliated men's collegiate ice hockey 
programs have at least one person on the coaching or athletic 
training staff encouraging wearing of mouthguards during 
competition. The other 25% do not report enforcing their use. 
Our data suggest that although there are no significant differ 
ences in the pattern of response to questions related to those 
issues by division of play, more stringent enforcement oc 
curred at the Division II and III levels. The reported number 
of athletes actually wearing a mouthguard was, however, sig 
nificantly different by division. Varsity male collegiate ice 
hockey players were more likely to wear mouthguards if they 
played in Divisions II or III as opposed to Division I or in 
dependent. These results suggest that higher levels of enforce 
ment by ATCs and coaches may encourage greater compli-
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ance. Finally, few penalties were assessed for noncompliance 
with NCAA rule 3-4-c regarding mouthguard use during com 
petition, especially considering the reported number of athletes 
playing without mouthguards. More penalties were assessed at 
the Division II and III levels, which may have had a positive 
impact on routine use.

Research is continuing into the causes and prevention of 
sport-related traumatic brain injury. Information obtained from 
this line of research may produce new and more compelling 
facts as to the role of mouthguards in the prevention of con 
cussion. Over time, this information may make the appropriate 
use of mouthguards during practice and competition more 
common. In the meantime, these data suggest that consistent 
enforcement of mouthguard use by athletic training and coach 
ing staffs influences compliance among male student-athletes 
in all divisions. In addition, a consistently applied penalty for 
noncompliance could have a tremendous impact on adherence 
and potentially reduce the incidence or severity of concussion 
or both. These issues raise concerns for further study of 
mouthguard compliance not only in men's ice hockey but also 
in any collision sport that presents an athlete with an increased 
risk of concussion and orofacial injury.
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Objectives: To revisit the secondary injury model, to incor 
porate several current pathophysiologic theories into the model, 
and to show the need for more direct research examining the 
model.

Data Sources: I searched MEDLINE and CINAHL from 1976 
to 2001 for literature related to acute injury pathology and path- 
ophysiology and selected classic articles and pathology, path- 
ophysiology, and immunology texts.

Data Synthesis: Acute musculoskeletal injury management 
is based on a pathophysiologic model, often referred to as the 
secondary injury model, which was originally developed more 
than 25 years ago. In this model, acute trauma is referred to 
as primary injury, whereas secondary injury refers to damage 
to otherwise uninjured cells that was a direct consequence of 
the physiologic response to primary injury. In the original model, 
mechanisms for secondary injury were hypothesized based on 
then-contemporary understandings of immunology and cellular 
pathology. These mechanisms were broadly categorized as ei 
ther enzymatic or hypoxic. Since this time, the pathologic par

adigms for cell death from trauma have evolved, and the sec 
ondary injury model requires some updating. Some controversy 
now exists regarding the categorization of injury as primary or 
secondary, specifically whether posttraumatic damage is actu 
ally secondary injury in previously uninjured tissue or delayed 
death of primary injured cells. Similarly, the postulated mech 
anisms that lead to secondary injury now appear to be consid 
erably more complex than originally anticipated.

Conclusions/Recommendations: The secondary injury 
model has been reconciled with our contemporary understand 
ing of pathophysiology. Specifically, secondary hypoxic injury 
has been clarified to be secondary ischemic injury, and several 
specific mechanisms for ischemic injury have been identified. 
Similarly, secondary injury from mitochondrial failure and other 
potential mechanisms has been identified, and the role and in 
teraction of these mechanisms in relation to total secondary 
injury have been expanded.

Key Words: pathophysiology, acute injury, cell pathology

R eturning to competition after an injury requires ade 
quate repair or regeneration of damaged tissues. The 
greater the quantity of damaged or necrotic tissue, the 

longer the time required for its removal and the more delayed 
the healing and return to competition. Therefore, with mus 
culoskeletal injury, short-term management techniques that 
limit the quantity of damaged tissue are highly desirable. To 
this end, clinicians use numerous modalities for managing 
acute injury. Of these modalities, none is more commonly 
used for this purpose than cryotherapy. 1 "8

Although the acute and rehabilitative rationales for using 
cryotherapy differ and have changed throughout the years,6 
the clinical efficacy of this modality has not. One of the most 
widely accepted theories regarding the rehabilitative use of 
cryotherapy, that it produced therapeutic cold-induced vaso- 
dilation,9 was discredited 20 years ago. 6 ' 10 A few years earlier, 
the rationale that short-term cryotherapy was effective because 
it limited edema formation through vasoconstriction began to 
be replaced by the currently accepted theory involving retarding 
secondary injury.6 - 11 This secondary injury model was a sig 
nificant improvement over previous models because it strongly 
incorporated an understanding of immunology and cell pathol 
ogy into acute injury management.

At the time of its introduction, the secondary injury model

was a true landmark in terms of its ability to explain the se 
quelae of musculoskeletal injury. As is the case with all new 
theories, however, many aspects of the model were speculative 
when it was introduced. In the years since its introduction, 
numerous technologic advancements have provided avenues 
for examining the tenets of this model. Many of these tenets 
have been supported in subsequent literature. 5 ' 12" 15 On the oth 
er hand, some contemporary findings do not mesh well with 
the original model. 12 ' 13 ' 16 - 17 Contemporary understanding of 
the pathophysiologic events after acute trauma necessitates a 
few revisions to the secondary injury model. Therefore, the 
purpose of this review is to revisit the secondary injury model, 
to incorporate several current pathophysiologic theories into 
the model, and to show the need for more direct research ex 
amining the model.

MUSCULOSKELETAL TRAUMA

Trauma to tissues can be of large magnitude (macrotrauma), 
such as the trauma that exists with crush injuries and both 
moderate and severe sprains or strains. The trauma can also 
be of small magnitude (microtrauma), such as the trauma that 
typically exists with stress fractures and other overuse syn 
dromes. Regardless of magnitude, trauma exists in several
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forms, including physical, chemical, thermal, metabolic, and 
biological. 6-' 3 - l4 - l6~ 19 Injury from any of these sources induces 
an inflammatory response whose magnitude largely depends 
on the severity of the injury and the degree of vascularization 
of the tissue.6 - 12- 14 '20-22

Primary and Secondary Injury Theory

In the mid-1970s, Knight6 ' 11 described the series of events 
that follow athletic injuries in what he referred to as the Sport 
Injury Model. 6 Because of its primary-secondary injury clas 
sification, the model has also been referred to as the secondary 
injury model. 4 -5 This model has been widely accepted, al 
though the body of literature directly examining this theory is 
limited. Currently, this model is one of the most (if not the 
most) commonly cited rationales for the short-term use of 
cryotherapy. 1 "8

In the secondary injury model, trauma from any of the 
aforementioned mechanisms causes immediate, pathologic, ul- 
trastructural changes in the affected tissues. 6 '20 '23 These ultra- 
structural changes involve the direct disruption of the cell 
membrane and structural components of the cell, leading to a 
subsequent loss of homeostasis and, therefore, death and even 
tual necrosis of the affected cells.6,12,20,22,23 ^he uitrastructural 
changes20 and their immediate consequence of cellular death 
followed by necrosis 12 - 22 are referred to as primary injury. 6 - 11 
Primary injury typically affects several types of tissue simul 
taneously, frequently including skeletal muscle and vascular, 
connective, osseous, and nervous tissues. At this time, we do 
not know when cell death from primary injury occurs. 13~ 15 - 22 
We can reasonably speculate that some severely damaged pri 
mary injured cells die almost immediately, whereas other cells 
with less uitrastructural damage may die more slowly.

The physiologic response to primary injury can lead, in the 
ory, to additional injury to otherwise uninjured cells. This re 
sulting damage has been termed secondary injury6 * 11 and can 
stem from several causes. In his sport injury model (Figure 
1), Knight6 - 11 suggested that secondary injury occurs from 
both enzymatic and hypoxic mechanisms, as discussed herein. 
Pathologic changes are thought to occur in the otherwise un 
injured tissues surrounding the primary lesion, and these 
changes lead to secondary injury. Knight6 - 1 ' proposed that sec 
ondary injury occurs in the cells on the periphery of the pri 
mary lesion.

Secondary Enzymatic Injury. In the first form of second 
ary injury, secondary enzymatic injury,6 - 1 ' enzymes have been 
suggested to be released from the lysosomes of the dead and 
dying cells. Although they were not specifically identified in 
the original model, the enzymes would most likely be a variety 
of acid hydrolases, phospholipases, and various proteas- 
es i3,i4.22,24 ant| perhaps might also include any of a number 
of human neutrophil proteins. 18 - 22 Several of the acid hydro 
lases and phospholipases lyse the membranes of nearby cells 
by cleaving hydrocarbon chains from the lipid portion of 
membrane phospholipids, 18 - 22 whereas the proteases cleave the 
peptide bonds of proteins, inactivating the proteins. 13 -22 These 
changes in the structure of the membrane phospholipids lead 
to the loss of membrane polarity and therefore membrane flu 
idity and integrity. The loss of membrane integrity leads to 
increased hydropic swelling (oncosis), eventually causing cel 
lular death. 13-' 5 - 16 - 22 - 25 The role of lysosomal damage and its 
intracellular partner, proteosomal damage, as a cause for cel-

Trauma

Primary injury: damage to the following 
tissues as a result of the initial trauma

Blood vessels

Hemorrhage

Clotting

Cessation of 
blood flow

Muscles and connective tissue

Hematoma formation

Decreased oxygen delivery 
to cells in the vicinity of, but 
not part of, the primary injury

Nerves

*Pain 'Spasm

Slowing of blood flow in 
individual vessels

Neural inhibition
of strength, range

of motion, and other
functional attributes

White cells released 
into tissue

"Secondary hypoxic injury: damage to muscles and 
connective tissue as a result of lack of adequate oxygen Hematoma resolution

Wound repair

Figure 1. Knight's summary of the response to acute injury. Re 
printed with permission from Knight KL. Cryotherapy in Sports In 
jury Management. Champaign, IL: Human Kinetics; 1995:33.

lular death is discussed again in the portion of this review 
devoted to the sequelae of musculoskeletal trauma.

Secondary Hypoxic Injury. Knight6 suggested that, in sec 
ondary hypoxic injury, hemorrhaging from damaged blood 
vessels, hemostasis from the clotting cascade, reduced blood 
flow from the inflammation-induced increase in blood viscos 
ity, and the increased extravascular pressure from an expand 
ing hematoma and muscle spasm can lead to a period of is 
chemia. Additionally, although not discussed in the original 
model, hydropic swelling of cells after membrane damage has 
been shown to be capable of occluding vasculature, 14 - 22 - 26 pro 
viding another possible mechanism for postinjury ischemia.

The ischemia produces a resulting hypoxic period, which 
Knight6 identified as causing a metabolic imbalance and re 
sulting in oncosis, acidosis, and lysosomal digestion. Hypoxia 
results in an inability to use oxygen as the terminal oxidizer 
in oxidative phosphorylation and leads to a dependence on the 
glycolytic pathway for adenosine triphosphate (ATP) produc 
tion. '3-15,19,22,27 The relative inefficiency of this anaerobic 
pathway compared with the aerobic tricarboxylic acid cycle- 
oxidative phosphorylation pathway allows adequate energy 
production for only a limited time. 19 - 27"29 This period may last 
anywhere from minutes to 6 hours, depending on the tissue 
involved. 22 - 27 - 28 When the glycolytic pathway can no longer 
provide adequate ATP, membrane ion pumps (Knight spoke 
specifically of the sodium-potassium-adenosine triphosphatase 
[ATPase] pump)6 - 11 - 13 and other homeostatic mechanisms fail, 
resulting in oncosis and eventually cell death, followed by ne- 
crosis. 6 - 13 ' 14 - 16 - 22

Knight6 proposed that secondary injury, particularly sec 
ondary hypoxic injury, is a significant problem after muscu 
loskeletal trauma. This premise has been widely accepted in 
the sports medicine community during the last 25 years. In 
fact, the initial management of musculoskeletal trauma has 
commonly been based on the premise that cold reduces the 
metabolic rate of these hypoxic tissues, allowing them to better
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survive the period of hypoxia. 1 "8 The hypothesis appears rea 
sonable, considering the fact that the rate of chemical reaction 
in vitro or in vivo is temperature dependent via the QJQ ef 
fect. 29 Reducing the temperature would lower the rate of 
chemical reactions and, therefore, the demand for ATP. De 
creased cellular ATP demand would translate into less demand 
for oxygen at the terminal step of the oxidation phase of ox- 
idative phosphorylation. This would, in turn, lead to poten 
tially longer survival during hypoxia. 11 - 30 An example of this 
would be the increased potential for resuscitation of persons 
who have drowned in very cold water compared with their 
less fortunate counterparts who drowned in warm water.

UPDATING THE SECONDARY INJURY MODEL

As suggested, the secondary injury model has been well 
accepted during the past quarter century and not without rea 
son. This model has proven to be very insightful, and the 
tenets of the model continue to be confirmed over time.5 ' 12~ 15 
However, as is the case with all theories, new discoveries and 
changing pathologic paradigms have brought us to the point 
where several aspects of the model would benefit from up 
dating, and some new questions about the sequelae of mus- 
culoskeletal trauma need to be asked. These updates and ques 
tions are not refutations of the original secondary injury 
model; instead, they should be considered additions and re 
finements.

Primary or Secondary Injury?
The first update, and one of the most important new ques 

tions from a research standpoint, is the importance of the abil 
ity to distinguish primary injured tissues from secondary in 
jured tissues. This is relatively easy from a conceptual 
standpoint but is not nearly so easy in laboratory practice. To 
adequately examine the secondary injury theory from a sci 
entific standpoint, it is important to make this distinction, 
which allows researchers to examine the efficacy of our ther 
apeutic interventions on the progression of secondary injury. 
If we can specifically identify secondary injury in cells and 
tissues, then we can monitor this damage and use it as a de 
pendent variable in short-term intervention studies. Some re 
cent evidence5 suggests that cryotherapy retards some of the 
sequelae of musculoskeletal injury. Specifically, cold retards 
the loss of oxidative function that follows crush injury, as 
indicated by activity of cytochrome-c oxidase. 5 However, it is 
unclear whether the retardation of this loss occurs in primary 
injured tissues or in secondary injured tissues.

In the original model, Knight6 described primary injury in 
terms of both its cause (physical or mechanical trauma in the 
case of sports injuries) and loosely in terms of the time frame 
when it occurred. He wrote, "When an injury occurs, whether 
a contusion caused by direct compression or a sprain or strain 
caused by a stretching force, immediate ultrastructural changes 
take place in muscle, connective tissue, or both; nerves and 
blood vessels may also be broken. All this damage is called 
primary traumatic damage." 6 Knight then went on to describe 
secondary injury in terms of 2 hypothesized causes but not in 
specific terms of its timeframe in relation to primary injury. 
Failure to describe the timing of secondary injury in detail 
was not an oversight, however; there was (and still is) simply 
a lack of data to characterize the timing of this phenomenon.

It makes sense that secondary injury occurs at some time

subsequent to primary injury, yet there are currently no data 
to specifically characterize the timeframe for secondary injury 
after musculoskeletal injury. Because we do not yet have a 
clear picture of when primary injury ends or when secondary 
injury begins, it is unclear whether death of tissues at some 
time after the initial trauma is secondary injury or just the 
delayed death of cells that were primarily injured but not com 
pletely destroyed during the initial trauma. Most likely, there 
is a fair amount of overlap between these two.

Although the difference between primary and secondary in 
jury may appear to be easy to clarify in terms of the causes 
of cell death, clarifying the difference temporally will most 
likely prove to be difficult. On examination of dead and dying 
tissue, the difference between primary and secondary injury 
is not easily discernible except in cells with obvious primary 
injury (complete obliteration). In cells that die more slowly, 
the cause or severity of the injury is difficult if not impossible 
to discern. 13 ' 14 '22 '31

This leads to one of the biggest research questions regarding 
the secondary injury theory: Is the efficacy of short-term cryo 
therapy and other short-term interventions explained by a re 
duction or prevention of secondary injury in cells not initially 
damaged by primary trauma, or is the efficacy explained by 
rescuing or delaying the death of the cells that were primarily 
injured but not initially destroyed? This question currently is 
unanswered.

Hypoxic Injury or Ischemic Injury?
A second aspect of the original model that requires an up 

date concerns the hypoxic injury designation. Many practi 
tioners cite secondary hypoxic injury as a rationale for cryo 
therapy, ignoring the secondary enzymatic form. Although this 
practice is troublesome, the use of the term secondary hypoxic 
injury itself is also somewhat problematic. Although we have 
collectively used the term secondary hypoxic injury for some 
time, we would be more correct to refer to this phenomenon 
as secondary ischemic injury. Ischemia is the loss of perfusion, 
whereas hypoxia refers to less-than-normal oxygen ten 
sion. 19 ' 22 Technically, it is possible to have hypoxia in a nor 
mally perfused tissue (eg, breathing 10% oxygen gas instead 
of room air). The distinction between hypoxia and ischemia is 
important because hypoxia presents a single physiologic chal 
lenge (inadequate oxygen), whereas ischemia presents 3 sep 
arate challenges: inadequate oxygen, inadequate fuel substrates 
(eg, glucose), and inadequate waste removal (eg, lactate). 19 - 22

All 3 of these challenges could potentially contribute to sec 
ondary injury or hasten the progression of primary injury. In 
adequate oxygen, as discussed previously, leads to a depen 
dence on anaerobic metabolism. Inadequate fuel substrates 
lead to dependence on limited intracellular fuel stores to pro 
duce ATP. Because these intracellular fuel reserves are limit 
ed, 29 they are able to provide for the tissue's energy needs for 
only a brief time. 13 ' 14 - 22 '29 Inadequate waste removal leads to 
accumulation of cellular waste products, many of which are 
toxic and some of which are inhibitory to metabolic pathways 
(eg, lactate inhibits phosphofructokinase in glycolysis). 14 - 16 - 29 
The accumulation of these wastes and the resulting cellular 
acidosis and subsequent inhibition of bioenergetic pathways 
limit the cells' ability to produce ATP. 22 - 29 Although these 
findings are not directly applicable to musculoskeletal trauma, 
there is evidence that with ischemic injury in some organs 
(liver and kidney), cell death occurs primarily in the first 2.5
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to 3 hours. 22 Similarly, complete ischemia in skeletal muscle 
produced with a tourniquet leads to significant loss of mito- 
chondrial function after 3 hours28 (shorter periods have not 
been adequately studied). In nervous tissue, ischemic injury 
occurs much more quickly, in as few as 4 minutes. 13

Injured or Dead?
A third aspect of the secondary injury model to be updated 

involves the mechanisms by which secondary injured tissues 
die. In Knight's6 - 11 original model, he postulated these mech 
anisms as being either hypoxic or enzymatic, as described 
herein. His theory reflected a solid understanding of the path 
ologic paradigms for cell death that were common in the mid- 
1970s. During the past 25 years, however, these paradigms 
have evolved 13" 16 - 22 to reflect additional research findings, and 
the secondary injury model would benefit from incorporation 
of some of this contemporary information.

Although a great deal is known about cellular injury and 
cellular death, the actual progression from injury to death is 
still somewhat unclear. 5 - 12-' 6 - 20 '22 We know that injured cells 
display a number of characteristics, including hydropic swell 
ing 13" 16 ' 22 ' 25 and fluid-filled or fatty intracellular accumula 
tions. l2-' 6 - 22 Yet it is not easy or even possible in most cases 
to distinguish between injured cells that will recover and those 
with irreversible injury. 13~ 15 - 22 In fact, Kane 14 stated, "Iden 
tification of the precise biochemical and morphologic events 
that determine the transition or point of no return from re 
versible to irreversible injury remains elusive." Similarly, de 
fining the exact moment at which an injured cell dies is also 
not yet possible. 13" 16 - 22 Other than when a cell is literally torn 
apart, we are unable to distinguish injured cells from newly 
dead cells until these dead cells undergo the postmortem sec 
ondary morphologic changes that are summed up by the term

I -1 T) T.~>necrosis. '- — - -
Although the terms necrosis and death are often used syn 

onymously, they actually have slightly different meanings. All 
necrotic tissues are dead, but not all dead tissues are necrotic, 
at least not initially anyway. Necrosis refers to a set of post 
mortem morphologic changes in a cell or tissue that can be 
summed up as a loss of organized cellular structure. 13" 16 '22 
Necrosis has been classified into at least 4 subtypes 13" 16 - 22 : 
coagulative, liquefactive, fatty, and caseous. Necrotic tissues 
have a series of common and very identifiable features, in 
cluding shrunken (pyknotic) and disorganized (karyolytic) nu 
clei, 13 - 14 - 16 accumulation of calcium salts, 13 - 14 - 22 liberation or 
crystallization of membrane cholesterol, 14- 16 ' 22 myelination 
and disruption of membrane phospholipids, 13 - 14 - 16 - 22 and 
hydropic swelling with dispersed ribosomes. 13 - 16 - 22 - 25 These 
necrotic changes are not visible immediately after death and 
may not be seen until as long as 12 to 24 hours post 
mortem. '3-16.22.32 Unfortunately, this delay between death and 
observable necrosis renders these easily recognizable changes 
relatively useless as a tool for distinguishing living but seri 
ously injured cells from cells that have died within the pre 
vious few minutes or hours. 13 - 22 An ability to make such a 
distinction would be useful in examining secondary injury be 
cause it would allow us to gauge the efficacy of our short- 
term management techniques in preventing secondary tissue 
death.

Mechanisms of Traumatic Death
Cells die by a variety of means. 13" 16 - 22 For the sake of or 

ganization and discussion, it is useful to loosely classify these

as suicide, murder, or accident. In cellular suicide (apoptosis), 
cells die as the result of a programmed cascade of enzymatic 
reactions, 13 - 14 ' 33 - 34 which occur in nearly all mammalian 
cells. 12-14,22,34 These reactions produce a characteristic shrink 
ing of the cell and fragmentation of the DNA. 13 - 14 - 16 ' 22 ' 33 ' 34 
Apoptosis is the normal means by which cells die at the end 
of their lifespan. 13 '22 '34 Apoptosis can also be a form of cel 
lular murder when it is induced as a part of an immune re 
sponse, as is the case with immune-mediated destruction by 
cytotoxic lymphocytes. 14 '34 Additionally, there is evidence that 
apoptosis is also induced after burn trauma. 35 This is a prom 
ising area for future research.

In cellular murder, immune cells (primarily neutrophils) and 
other specific and nonspecific defense mechanisms attack cells, 
leading to cell death. 12-14,16,18,22,36 The lysing of cell mem 
branes, typically through enzymatic cleavage of the phospho 
lipids 13 ' 14-' 6 < 18 '22 or oxidation of the membrane fatty ac 
ids, 12 - 18 ' 21 is one of the most common mechanisms for cell 
killing. Cellular murder plays a critical role in our immune 
defenses against foreign cells and proteins. The defense mech 
anisms are numerous and include T cells, B cells, natural killer 
cells, a variety of proteolytic and lipolytic enzymes, antibod 
ies, and the complement system. 12 Murder can also be caused 
by infection with a variety of pathogens, 12 - 22 although infec 
tion is not generally the primary problem in athletic trauma.

In accidental cell death, as seen with primary injury from 
athletic injuries, cells die as the result of trauma or envi 
ronmental stresses that exceed the ability of the cell to 
cope. 13" 16 - 22 The progression of accidental cell death is pre 
sumed to be variable and dependent on several factors, in 
cluding perfusion, immune response, and the severity of cel 
lular injury. 13 ' 22 Severe ultrastructural damage, in which a cell 
is literally torn apart, obviously leads to rapid cell death, 
whereas other processes such as ischemia are thought to lead 
to a slower death. 22 - 37

In most of the articles that describe the mechanisms of cel 
lular death, researchers have primarily focused on organs and 
organ preservation for transplantation22 - 37"40 rather than on 
musculoskeletal tissues. Unfortunately, this requires us to 
make a small leap of faith and assume that the mechanisms 
are similar in musculoskeletal tissues, although some differ 
ences probably exist. From this literature, a number of mech 
anisms and theories regarding the final cause of cellular death 
have been developed. 13- 16 - 18 - 21 '22 '31 - 39-41

For the sake of discussion, we will organize the postulated 
mechanisms under several broad headings, but these are cer 
tainly not the only possible classification systems. These clas 
sifications are lysosomal mechanisms, 13-16,22,24,39 protein de- 
naturation mechanisms, 13-16,22,41,42 membrane permeability 
mechanisms, 13-' 6 - 22 ' 31 ' 43 - 44 and mitochondrial mecha 
nisms. 13-16,22,31,40 jn isolation, none of these categories is 
adequate to explain all of the mechanisms by which cells die. 
In fact, there is a large degree of overlap among these the 
ories, with multiple factors simultaneously contributing to 
cell death.

Lysosomal Mechanisms. In the lysosomal mechanisms cat 
egory, 13,18,22,24,36,39 lysosomes act as agents of cell death by 
releasing their highly destructive enzymes (eg, phospholipase 
A, cathepsin B), which in turn destroy cells. These enzymes 
are extremely damaging to cell membranes and cellular pro 
teins and typically require activation by an environment with 
a low pH. 13 - 14 The most common mechanism of destruction 
is via disturbing the lipid organization of the membrane by
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cleaving the phosphates from the fatty acid subunits from 
membrane phospholipids22 '36 - 39 and oxidizing the sulfhydryl 
groups or peptide bonds of various membrane-bound proteins 
(eg, ATPases), inactivating them. 14 '22 ' 24 Under normal circum 
stances, these destructive enzymes are stored in specialized 
membrane-enclosed vacuoles to prevent them from damaging 
cells accidentally. Also, lysosomal enzymes are largely used 
in phagocytosis as a part of normal immune function. 18 - 12 ' 13 '22 
Fisher et al24 offered some recent support for the role of ly 
sosomal proteolytic enzymes after acute trauma. They ob 
served that, after experimentally induced crush injury, the use 
of inhibitors of lysosomal proteolytic pathways reduced post- 
injury muscle atrophy by 44%.

Elements of the lysosomal theory are clearly seen in 
Knight's6 ' 11 secondary injury model, in which the enzymatic 
form of secondary injury is largely explained as the accidental 
release of these enzymes from dead and dying cells, leading 
to unwanted collateral damage. In the lysosomal explanation, 
the role of the lysosomes is paramount and considered to be 
a prominent means for cell killing. 13 ' 14 ' 22 ' 39 A limitation to this 
early suggestion of lysosomal mechanisms for secondary in 
jury is that it largely ignores the role of the proteasome.45 Like 
lysosomes, proteasomes are single membrane-bound organ- 
elles that degrade proteins and other molecules. However, pro 
teasomes are primarily responsible for degradation of intra- 
cellular proteins (eg, transcription factors and damaged 
proteins), whereas lysosomes are primarily responsible for 
degradation of extracellular proteins that are taken into the cell 
by endocytosis. 12 '28 '29 It has been suggested that proteasomes 
are the primary means of breaking down muscle proteins in 
most forms of atrophy. 24 '45 -46

A second limitation to the lysosomal explanation for second 
ary injury is that it involves the accidental release of lysosomal 
enzymes from dead and dying cells. Given the role of lyso 
somes in degrading endocytosed extracellular proteins, we 
know that killing through the action of lysosomal enzymes is 
an important mechanism for phagocytes. 12-14,16,18,21,22,36 How 
ever, inadvertent cell death that results from the accidental re 
lease of these enzymes from dead cells into the extracellular 
space has not been well examined. It has been suggested 13" 16 '22 
that in the latter stages of lethal cell injury, lysosomes release 
their contents within their own cells, leading to autolysis and 
much of the structural destruction that eventually appears as 
necrosis. It is plausible but not clear whether these enzymes 
released intracellularly in dying cells eventually reach the ex 
tracellular space and degrade surrounding cells. Similarly, be 
cause most lysosomic enzymes work best in acidic environ 
ments (pH ^5),45 the normal extracellular pH of approximately 
7.2 would hamper their action.45 It is possible, however, that 
after exercise or injury, the tissue would become acidotic and 
these enzymes would be active.

Some recent work24 strongly suggests that lysosomes do 
play a role in the postinjury atrophy of skeletal muscle. How 
ever, the lysosomal digestion in this enzymatic form of sec 
ondary injury is proposed to be from the lysosomic enzymes 
of immune cells and not from the dead and dying cells. If the 
lysosomal enzymes had been accidentally released from the 
dead and dying cells, we would also expect to have seen sig 
nificant activity of the proteasomes from these cells, which 
would have also been accidentally released. In fact, although 
proteasomes have been theorized24'45 '46 to play a significant 
role in the secondary atrophy that follows muscle injury, Fish 
er et al24 observed that this may not be the case. They inhib

ited proteasomic activity after contusion injury and observed 
no influence on posttraumatic protein catabolism, suggesting 
that proteasomes do not play a meaningful role in secondary 
posttraumatic atrophy. This finding casts some doubt about the 
role of proteasomes and lysosomes from dead and dying cells 
in secondary injury and strengthens the notion that chemical 
attack from the immune system through inflammation may be 
more important.

The lysosomal explanation for death of uninjured cells is 
less commonly cited in the cell trauma literature today than it 
was during the 1970s, 13 - 14 - 22 and other theories, principally 
those related to the mitochondria, have been cited more com- 
monly. 13 - 14 - 16 - 22 -40

Denaturation Mechanisms. Denaturation mechanisms 13 - 22'41 
for cellular death were first espoused in the 1960s and still 
have many valid components. The most important of these is 
that before a cell dies, its proteins begin to denature,41 - 42 and 
this denaturation results in a loss of cellular function and even 
tually cellular death. Much of the contemporary literature in 
this area focuses on cytoskeletal protein denaturation l3 - 16 - 22 - 42 
causing a loss of cellular structure and organization, whereas 
some of the early literature22 -41 focused on denaturation of key 
enzymes in energy metabolism. Denaturing of cellular proteins 
certainly does occur, 13" 16 - 22 and the resulting loss of some cel 
lular functions almost certainly contributes to cell death, but 
denaturation in isolation does not entirely explain cell death. 
In fact, protein denaturation leading to cell death is more likely 
a by-product of another lethal process instead of an isolated 
explanation for cell death. 22 Cellular proteins do not denature 
spontaneously without some cause. For example, there is cer 
tainly evidence that the pH of the cell drops with metabolic 
failure 13 - 22 and that this change in pH leads to the denaturing 
of a number of proteins. 22 '41 '42 This denaturing can easily alter 
or eliminate some cell functions. Similarly, the drop in pH 
leads to the activation of a number of proteolytic enzymes (eg, 
acid hydrolases). 13 - 14 ' 22 '45 These enzymes can degrade cellular 
structures (as in the lysosomal theory) and result in cell death. 
In such a case, the loss of cellular functions and the enzymatic 
degradation of cellular components would both contribute to 
the death of the cell. This is an example of overlap among 
theories.

Membrane-Permeability Mechanisms. In membrane-per 
meability mechanisms, 13 ' 14 '22 ' 25 '43 -44 changes in membrane 
permeability are thought to lead to oncosis (cellular swelling) 
that eventually causes the cell to burst or alters a cell's ho- 
meostatic mechanisms. 13 ~ 16 - 22 - 26 Membrane-permeability 
changes associated with a loss of function of membrane ion 
pumps and voltage-gated ion channels would pose a very se 
vere challenge to the cell, and the resulting uncontrolled influx 
of ions could lead to cellular death. Originally, sodium and 
potassium were thought to be the primary villains, 13 '22 '43 and 
this view is reflected heavily in Knight's description of sec 
ondary hypoxic injury. 6 - 11 The importance of the sodium-po- 
tassium-ATPase pump in cellular survival cannot be overstat 
ed; in fact, most cells spend more than 30% of their energy 
on fueling this pump.47 However, more contemporary thought 
suggests that increased calcium permeability also plays a ma 
jor role in cell death. 13-16,22,24,31,43 increased calcium perme 
ability leads to activation of phospholipases that cause phos- 
pholipid membrane disruption and cellular death. 13~ 16- 22 '43 
Similarly, after trauma, inhibition of calcium-dependent pro- 
teolysis reduced the overall increase in muscle atrophy by 
18%. 24
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Of course, the failure of membrane pumps, the concomitant 
increase in intracellular concentrations of sodium and calcium, 
and their consequence of cellular oncosis do not happen in 
isolation. The membrane ion pumps and cell membranes fail 
for a reason, because of a lack of fuel, 11 - 13 ' 14 ' 22 a loss of the 
transmembrane sodium gradient that typically drives calcium 
transport out of the cell, 13 -43 -48 or degradation of the ion-trans 
porting proteins through denaturing,22 ' 41 '42 enzymatic cleav 
age, '3,14,22,39 or otner mechanisms. Again, as was the case 
with the denaturation theory, these varied causes are evidence 
that this theory does not typically describe events in isolation 
but instead that there is some overlap among the theories.

Mitochondrial Mechanisms. Lane et al49 suggested that mi 
tochondria have become some of the most heavily studied or- 
ganelles since they were identified as the power plant of the 
cell in 1940. Mitochondrial explanations for cell mortality* are 
perhaps the most commonly cited mechanisms today, holding 
that progressive mitochondria! injury leads to metabolic inade 
quacy in the cell and that this loss of mitochondrial function is 
one of the leading initiators of cell death. It is very likely that 
metabolic failure through mitochondrial damage is one of the 
most important causes of the other lethal pathophysiologic pro 
cesses that we have identified. This is evidenced by research- 
ers22,28,37,38,40 wno^ us j ng electron microscopy, have identified 
specific changes in the appearance of the mitochondria, includ 
ing mitochondrial swelling and blebbing of the mitochondrial 
membrane. These morphologic changes have been classified 
into 6 grades22-40 and are thought to correspond to mitochon 
drial damage. 14-22 These mitochondrial changes are among the 
earliest indicators of lethal cell injury. 13 ' 14 ' 16 '22 '31 '40 - 50

The timing of these mitochondrial changes is the most prob 
able reason why this theory is commonly cited. Because mi 
tochondrial changes appear to happen before cellular oncosis, 
loss of cytoskeletal structure, or loss of cell membrane fluidi 
ty, 14 '22 -50 it is very likely that the mitochondrial changes initiate 
or contribute to these other changes. 13 ' 14' 16'22'31 As mentioned 
herein, none of the theories about the mechanisms for cellular 
death are adequate in isolation, and they all appear to have some 
degree of overlap. It appears that insufficient ATP, resulting spe 
cifically from mitochondrial failure, may be the trigger for many 
of the other mechanisms contributing to cell death.22 -40

Knight6 - 11 spoke to the link between inadequate ATP and 
cell death in the secondary injury model. In his model, how 
ever, he primarily attributed the lack of adequate ATP to the 
hypoxia-induced shift from aerobic to anaerobic metabolism. 
Although this is most certainly true, as mentioned herein, the 
more recent view is that the lack of ATP is one of several 
concurrent lethal mechanisms and that hypoxia is only one of 
several causes for the lack of ATP. It appears that the lack of 
ATP also probably results from the failure of the mitochondria 
itselfI3.i4.22.3i.50 ancj not j ust from me sm-ft from aerobic to
anaerobic metabolism.

Unfortunately, there is much we do not know about mito 
chondrial injury that occurs specifically in skeletal muscle or 
connective tissues. First, most of the studies of mitochondrial 
injury have been performed on organ tissues. Second, many of 
the investigators have used a complete ischemia model. Third, 
many of these researchers have not directly examined flux 
through metabolic pathways but have instead centered on mor 
phologic appearance40 or dye exclusion tests52 (dead cells can 
not prevent dye from diffusing through their cell membranes).

*15, 19, 22, 27, 28, 31, 40, 48, 50, 51.

Causes of Mitochondrial Injury

The progressive failure of the mitochondria appears to be a 
consequence of several different mechanisms. 13 ' 14 '22 Three of 
the most commonly accepted of these are hypoxic or ische- 
mic,22 - 28 ' 37 '38 '40 oxidative or reperfusive, 13 ' 14 - 22 - 28 - 5 o,53 and cal. 
cium-initiated mechanisms. 14,22,43,48,54

Hypoxic or Ischemic Injury. Several authors 13" 16 ' 19 ' 22 '27 
suggested that mitochondrial failure is commonly caused by 
hypoxia and ischemia, and much of what is known about this 
model has been learned through ischemia studies. 22 '28 '37 '38 -40 
During ischemia, the mitochondria no longer have oxygen 
available to serve as the terminal receptor for electrons in the 
first phase of the oxidative phosphorylation pathway. As a 
result, flux through this pathway is severely limited or ends 
altogether, and the oxidative production of ATP ceases to be 
adequate for mitochondrial or cellular homeostasis.

The mitochondrion itself appears to be among the first or- 
ganelles adversely affected by the hypoxia-induced lack of 
ATP 13,14,22,50 Mitochondria are thought perhaps to be the de 
scendants of archaic bacteria that infected primal cells, and 
they retain many of their own basic cellular mechanisms, in 
cluding their own DNA, their own mechanisms for transcrip 
tion and translation, and their own membrane ion 
pumps. 22 '55 '56 Failure of these mitochondrial ion pumps during 
hypoxia is thought to be one cause of the early and obvious 
changes in appearance of the mitochondrial membrane during 
hypoxia.22'28 '37 '38 '40 Damage to these pumps and (more so) to 
the mitochondrial membrane may be the result of the hypoxia- 
induced activation of a number of proteases and phospholi- 
pases. 14 Progressive failure of the mitochondrial membrane 
hastens the progressing failure of the metabolic machinery 
within the mitochondrion, 14 leading to ever-increasing prob 
lems for the entire cell.

In addition to the metabolic failure of the mitochondrion 
during hypoxia, a number of proteins, including heat shock 
proteins, are expressed. 22 - 37 '57 These stress proteins are used 
internally by cells (ie, not secreted)22 and are expressed as a 
result of virtually any form of cellular stress. LV16'22 - 37 - 57 Al 
though these proteins, particularly those in the heat shock pro 
tein 70 family, have many roles in attempting to "save" mal 
formed or damaged cellular molecules, others (eg, ubiquitin) 
play a key role in tandem with proteasomes in degrading in 
tracellular molecules whose damage is beyond salvage. 22 -45 -46 
Hypoxia-induced expression of ubiquitin and activation of 
proteasomes may play important roles in protein catabolism 
within the injured cell.

Oxidative or Reperfusive Injury. Although hypoxia is cer 
tainly capable of causing mitochondrial damage, most authors 
agree that more damage actually occurs after the return of 
perfusion and oxygen to the previously hypoxic area (ie, dur 
ing reperfusion). 13~ 16 '22 -44 ' 57 - 58 Reperfusive injury is caused by 
the action of free radicals and is, therefore, often referred to 
as oxidative injury. The biochemical pathway for reperfusive 
injury has been well described 13" 16 '22 ' 37 '50 - 57 and involves the 
production of oxygen-derived free radicals, unstable and ex 
tremely reactive molecules with an unpaired electron in their 
outermost orbit. 22 In biological systems, free radicals are pro 
duced in 2 different ways.59 The first is related to the impact 
of radiation and has little importance in this review. The sec 
ond is electron transfer involving transition metals (usually 
Fe[II] or Cu[II]) or enzymes. 13 '22 '44 - 59 In the cell, one of the 
principal locations for the enzymatic-transition metal pathway
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for creation of oxygen-derived free radicals is the mitochon 
drion. 22 ' 28 '53 '59 As potent oxidizers, free radicals irreparably 
react with lipids, proteins, carbohydrates, and even DNA mol 
ecules, causing a conformational change that alters the func 
tion of these molecules, in many cases completely disabling 
them. 13 '22 '50 Lipids are prime molecular targets of free radi 
cals, making cell and organelle membranes particularly vul 
nerable to attack and lipid peroxidation.

During posthypoxia reperfusion, an unusually large quantity 
of oxygen-derived free radicals is produced.22,28,44,50,53,59 ge _ 
cause a larger quantity of free radicals is produced than can 
be combated with our normal antioxidant defenses, tissue dam 
age results. 22 '28 '44 '59 One of the primary sites of reperfusive 
free-radical damage is the mitochondrial membrane,53 damage 
to which leads to a loss of functionality of the mitochondri- 
on 22,28,50,53 Reperfusive injury may also be exacerbated by a 
nitric oxide-mediated postinjury period of vasodilation or hy- 
perperfusion. 58

Calcium Influx Injury. During the past decade, the role of 
calcium ions in both mitochondrial and cell injury has been 
examined in detail. 14'22 ' 31 '43 '48 '54 '60-63 At one time, it was 
thought that an influx of calcium ions was primarily part of 
the oxidative injury pathway involving hydrogen peroxide, but 
calcium influx injury has subsequently been shown to also be 
a separate threat over and above its role in oxidative inju 
ry.43 '61 Also, calcium influx plays an important role in apo- 
ptosis-induced cell death. 62 '64

Under normal homeostatic conditions, the intracellular con 
centration of calcium is very low (less than lO" 7 mol/L). 22 '47 
Under pathologic conditions, however, as cytosolic calcium 
levels increase as a result of various pathophysiologic and sec 
ond-messenger mechanisms, the endoplasmic reticulum and 
mitochondria act as calcium sinks, whereby a complex array 
of calcium transporters allows them to absorb large quantities 
of calcium ions. 22 '51 '60 '63 Because calcium is a key regulator 
of mitochondrial enzymes,31 '58 ' 61 increased mitochondrial cal 
cium poses a number of challenges to mitochondrial function, 
including activation of calcium-dependent proteases and phos- 
pholipases. 13- 16 '22 '43 These disruptive enzymes may not be the 
greatest threat to mitochondrial function, however. Bernard! et 
ap 1,60,63 j-,ave snown that an increase in mitochondrial calcium 
leads to opening of the permeability transition pore, an inner 
mitochondrial membrane channel, which is thought to lead to 
membrane depolarization, osmotic swelling, and outer mem 
brane rupture, 31 which would amplify the apoptotic death cas 
cade. 64 Clearly, calcium plays a major role in mitochondrial 
causes of cell death; however, the mechanics of calcium's role 
in traumatic injury are not well defined. It is possible that 
secondary injury after musculoskeletal trauma may be trig 
gered through apoptosis, as appears to be the case with burn

35injuries.

What About Exercise-Induced Muscle Damage?
In addition to these lines of research regarding cellular injury, 

there is also a body of literature54 '65-67 describing exercise-in 
duced muscle damage (referred to as delayed-onset muscle sore 
ness in older literature). Exercise-induced muscle damage, typ 
ically caused by excessive eccentric muscular exercise, leads to 
significant ultrastructural changes within skeletal muscle, par 
ticularly to the cytoskeletal structural proteins.65-67 Much of this 
damage is thought to be directly related to mechanical stress 
during the exercise. 65 '66 Additionally, some evidence suggests

that mitochondrial calcium may play a role in the muscle dam 
age.54 Although this research is progressing at a great rate, ex 
ercise-induced muscle damage theory may not be terribly ap 
plicable to other forms of injury in muscle tissue. The 
inflammation that accompanies exercise-induced muscle injury 
appears to be somewhat different than that observed with crush 
injury and other direct trauma.68 '69 Similarly, the progression of 
injury and the subsequent repair appear to be different from that 
seen with other types of injury.40 '43 -66-69

Examining Injury Sequelae
If cryotherapy and other short-term interventions are indeed 

effective at reducing metabolic demand and, therefore, altering 
the sequelae of injury, then we should be able to quantify this 
phenomenon experimentally. Researchers concerned with limb 
replantation have made a related attempt. 38 Using amputated 
cat hind limbs stored at temperatures of 22°C, 15°C, 10°C, 
5°C, and 1°C, Sapega et al 38 quantified ATP and phosphocre- 
atine levels using phosphorus 31 nuclear magnetic resonance. 
They reported that, with the exception of 1°C, lower temper 
atures resulted in better ATP sparing and there was no differ 
ence between storage at 5°C and 10°C. With storage at 1°C, 
tissues used more ATP than limbs stored at higher tempera 
tures. Therefore, it would appear that when tissues are cooled 
to 1°C, stimulation of some ATP-degrading process may occur 
and there is a limit to desirable tissue storage temperatures. 38 
Unfortunately, because Sapega et al only studied amputated, 
nonperfused limbs and only at temperatures of 22°C and be 
low, it is difficult to generalize the findings of this study to 
other cryotherapy treatments. This is particularly true of treat 
ments to thick muscular areas, in which in vivo temperatures 
in humans during cryotherapy rarely fall below 20°C.''6 There 
may be slightly more applicability to superficial ligamentous 
tissues, in which temperatures during cryotherapy do reach the 
range studied by Sapega et al. 6 '70

A second avenue into examining mitochondrial injury after 
trauma has involved examining the flux through the oxidative 
phosphorylation pathway. 5 ' 28 When the mitochondria are dam 
aged, the activity of mitochondrial enzymes is dimin 
ished. 5 '21 - 28 Altered oxidative phosphorylation suggests an in 
ability to produce adequate ATP by aerobic means. 5 - 28 '51 
Because so many of the pathophysiologic mechanisms that 
lead to cell death depend on mitochondrial function and ATP 
supply, this appears to be a promising technique for studying 
injury intervention and secondary injury. Although this ap 
proach holds some promise, in most of the literature on this 
technique, 28 '40 '54 researchers have used an ischemia model, 
which may not relate well to most musculoskeletal trauma. To 
date, only one group has applied these techniques to acute 
musculoskeletal trauma. 5 Merrick et al5 demonstrated that 5 
hours of continuous cryotherapy inhibited the loss of mito 
chondrial oxidative function that follows crush injury (Figure 
2). It should be noted that these findings were limited to con 
tinuous cryotherapy for 5 hours. The effect of intermittent 
cryotherapy for other durations has not been examined.

A third avenue into examining secondary injury has been 
adopted by Fisher et al. 24 They examined postinjury protein 
catabolism, frequently reported as posttraumatic atrophy. By us 
ing novel inhibitors of catabolic pathways, they attempted to 
identify the specific causes of the postinjury protein breakdown. 
They reported that immune cells, through digestion by lysosom- 
ic enzymes (cathepsin B), play a significant role in the break-
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Figure 2. Cryotherapy inhibits the loss of mitochondria! oxidative 
function following crush injury. Reprinted with permission from 
Merrick et al. 5 TTC indicates triphenyltetrazolium chloride.

down. Inhibiting these enzymes resulted in a 44% decrease in 
protein catabolism. Similarly, they reported that selectively in 
hibiting calcium-activated proteases reduced protein catabolism 
by 18%, suggesting that calcium also plays a significant role.

CONCLUSIONS

The secondary injury model, dominant since its introduction 
more than 25 years ago," is based on the modulation of the 
sequelae of musculoskeletal injury that is observed with cryo- 
therapy. Knight6-" described these sequelae in terms of pri 
mary and secondary injury and framed these concepts around 
the most common pathologic models at the time. Although this 
theory is still strong and has proven to be largely correct, some 
tenets of the theory require reconciling with current litera 
ture. 22,39,40,43 The original theory meshed well with lysosomal 
and membrane permeability explanations of cell death. How 
ever, there are several limitations to these explanations, and 
several more recently described mechanisms need to be inte 
grated into this injury model. When we examine the literature 
concerning the events leading to the death of the cell, it is 
clear that the mitochondria can play a major and early role. 
Mitochondrial function can be impaired by a number of mech 
anisms, although the role of these mechanisms in musculo 
skeletal trauma has yet to be examined.

Clinical and Research Implications
This review has primarily examined acute injury patho- 

physiologic theory rather than clinical practice. The omission 
of an examination of clinical techniques was not an oversight. 
The truth is that there is a conspicuous absence of research 
directly examining the efficacy of our clinical treatments on 
the cellular pathologic mechanisms associated with injury. 
Similarly, most of the pathophysiologic mechanisms identified 
in this review have yet to be examined in a musculoskeletal 
injury model at all. If we directly examine secondary mech 
anisms for cell death in future research, we may be able to 
specifically determine the efficacy of treatments, such as cryo- 
therapy, on these secondary mechanisms. Moreover, we may 
be able to determine the specific treatments to produce the best 
suppression of secondary injury. For example, we do not cur 
rently have direct evidence of the best tissue temperature,

treatment duration, or application pressure to suppress second 
ary injury after musculoskeletal trauma.

Knight's secondary injury theory6 ' 11 has been the cornerstone 
for cryotherapy research and for acute management of muscu 
loskeletal injury for some time. As solid as this cornerstone has 
proven to be throughout the years, a cornerstone is not enough. 
We need to build up the rest of the structure around the cor 
nerstone in the hope that better understanding of the patho 
physiologic mechanisms may allow us to make meaningful im 
provements in the way we manage acute injuries. One area that 
may prove to be a valuable building block is examination of 
mitochondrial and metabolic function after trauma. 5 A second 
is the postinjury atrophy in muscular tissues. 24 A third is the 
role of the immune system in posttraumatic atrophy.24 This area 
is particularly interesting because we may well learn that im 
mune cells and other immune processes are a significant cause 
of secondary injury through direct means such as lysosomal 
digestion24 or perhaps indirect means by inducing apoptosis, as 
is the case with burn injuries. 35 However, until we begin to 
examine these mechanisms in our research and teach them to 
our students, we will not know whether we can improve on the 
way that we treat acute injuries.
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PROPO

The NATA Research and Education Foundation announces that funding is available for 

Bone and Joint Decade Grant Awards. Priority consideration is given to proposals that 

include a certified athletic trainer as an integral member of the research team. Multiple 

awards are available.

BACKGROUND

Musculoskeletal disorders are the most common causes of 
severe long-term pain and physical disability. It is estimated 
that nearly 30 million people sustain a musculoskeletal injury 
in the Unites States each year with a societal cost of some 
$254 billion. Bone and joint disease is the primary cause of 
visits to physicians. The National Athletic Trainers' Associa 
tion Research and Education Foundation is working in con 
cert with the United Nations, the World Health Organization, 
and numerous other health care organizations and national 
governments to support the 2000-2010 Bone and Joint 
Decade. The Bone and Joint Decade initiative is a global cam 
paign to improve the quality of life for people who have mus 
culoskeletal disorders, and to advance understanding and 
treatment of musculoskeletal disorders through prevention, 
education and research. The goals of the Bone and Joint 
Decade will be achieved by:

1. Raising awareness of the growing burden of 
musculoskeletal disorders on society.

2. Empowering patients to participate in their own care.

3. Promoting cost-effective prevention and treatment.

The Bone and Joint Decade focuses on four clinic areas: joint 
diseases, spinal disorders, osteoporosis, and trauma to the 
extremities. Since physical activity is associated with the cause 
and treatment of each clinic area, athletic trainers invariably 
confront problems related to the prevention, evaluation and 
management of these conditions.

OBJECTIVES

The NATA Research and Education Foundation encourages 
submission of high-quality research proposals that will clarify 
the effectiveness of preventative, diagnostic and treatment 
methods for musculoskeletal injuries and diseases relative to 
participation in physical activity. Areas of interest may include 
but are not limited to: efficacy of treatments to reduce long- 
term consequences of injury, with particular relevance to the 
development of joint disease; efficacy of prevention strategies 
of serious musculoskeletal injuries to the extremities and 
spine; efficacy of methods to identify participant injury risk; effi 
cacy of methods to identify participant risk for and treatment of 
exercise-induced osteoporosis.

PROCEDURE

4. Advancing understanding of musculoskeletal disorders 
through research to improve prevention and treatment.

Pre-Proposal Submission: The NATA Foundation now requires 
that investigators interested in submitting a grant application



to the NATA Foundation first submit a "Pre-proposal". The pur 
pose of the Pre-proposa! is to optimize the time invested by 
both the NATA Foundation Research Committee and the inves 
tigators in grant proposals submitted to the NATA Foundation. 
The Pre-proposal will allow the NATA Foundation Research 
Committee to evaluate whether or not the proposed research 
project is of interest to the NATA Foundation. The NATA 
Foundation Research Committee will evaluate the Pre-propos 
al both for subject matter (topic and hypotheses) and for 
research design/methodology. Based upon this evaluation, the 
committee will then either invite the submission of a full pro 
posal or indicate that the proposed project is not of interest to 
the NATA Foundation. An invitation to submit a full proposal 
does not imply a commitment to funding. It does indicate that 
the topic is of potential interest to the NATA Foundation and 
that the general research design seems reasonable based on 
the information given in the Pre-proposal. A full proposal must 
be submitted within two (2) years after the date of the letter 
indicating acceptance of the Pre-proposal and providing an 
invitation to submit a full proposal. Otherwise, to assure time 
liness and pertinence of the subject matter, a new Pre-propos 
al must be submitted. A commitment to funding may occur 
only after a detailed review of the full proposal by the NATA 
Foundation Research Committee.

REQUIREMENTS OF GRANT RECIPIENTS

Recipients of Bone and Joint Decade grant awards will be 
requested to present their findings at the 2007 NATA Annual 
Meeting and Clinical Symposia in Anaheim, California. The 
findings, however, may be presented at an earlier NATA 
Annual Meeting, if delay would be detrimental. In this case, 
the principal investigator could present prior to 2007, and 
also present a topic related to the funding support at the 
June 2007 Annual Meeting. Travel costs for either or both 
meetings would be legitimate budget expenses in the origi 
nal request for funding.

MAIL COMPLETED PRE-PROPOSAL TO:

Michael R. Sitler, EdD, ATC 
Chair, NATA Foundation Research Committee 
Department of Kinesiology, 114 Pearson Hall 
Temple University, Philadelphia, PA 19122

INSTRUCTIONS FOR SUBMISSION:

A Pre-proposal may be submitted at any time. The Pre-pro 
posal must be submitted in both hard copy (2 page limit, sin 
gle-spaced) and 3.5" diskette. The applicant will receive results 
of the review within 6 weeks after the pre-proposal is received. 
Submission deadlines for full proposals are March 1 and 
September 1. The applicant must be explicit and concise in 
providing the following information:

1. Name, Credentials, Address, Phone, Fax, E-mail, 
Sponsoring Institution, Title of Proposal

2. Statement of the Problem. This section should contain a 
brief statement of the problem and should state explicitly 
how the project relates to athletic training and/or the 
health care of the physically active.

3. Specific Aims and Hypotheses. This section should pres 
ent the specific questions to be addressed and the spe 
cific hypotheses that will be tested in the project. It is 
often helpful to present numbered specific aims accom 
panied by the associated hypotheses.

4. Experimental Design and General Methods. This section 
should contain a general outline of the research design 
of the proposed study, and should indicate what meth 
ods will be used to collect key data. There is no need to 
provide detailed descriptions of the methods.



NATA Research & Education Foundation

CALL FOR ABSTRACTS
National Athletic Trainers' Association—Annual Meeting & Clinical Symposia 

St. Louis, Missouri • June 24-28, 2003

DEADLINE FOR ABSTRACT SUBMISSION: JANUARY 3, 2003

All abstracts submitted for presentation at the 2003 NATA Annual Meeting and Clinical Symposia must 
be submitted ONLINE. Go to the Research Programs section of the Foundation website at 
www.natafoundation.org for the online Author Information Form.

Please call Patsy Brown at 1-800-879-6282 if you have any questions.

PROCESS

Instructions for Online Submission of Abstracts and 
Process for Review of All Submissions

Please read all instructions before preparing and sub 
mitting the abstract. Individuals may submit only one free 
communications or clinical case report abstract as pri 
mary (presenting) author, but may submit unlimited ab 
stracts as a co-author. All abstracts will undergo blind 
review. Authors may request a preference for oral or 
poster presentation of their abstracts. All presentations 
must be original (not previously presented). This restric 
tion includes any electronic/internet postings. Exceptions 
to this restriction are limited to state and district meetings 
of athletic training organizations.

FREE COMMUNICATIONS (ORAL OR POSTER 
PRESENTATION) ABSTRACTS

General Content Requirements

Free Communications abstracts must include the pur 
pose of the study or hypothesis, a description of the sub 
jects, the experimental methods and materials, the 
type(s) of data analysis, the results of the study, and the 
conclusion(s).

Instructions for Preparing the Abstract

1. Provide all information requested on the online Ab 
stract Author Information Form.

2. Top, bottom, right, and left margins of the body of the 
abstract (in a WORD file) should be set at 1.5" using 
the standard 8.5" x 11" format. Use a regular font no 
smaller than 12. Provide the title of the paper or pro 
ject starting at the left margin.

3. On the next line, indent 3 spaces and provide the names 
of all authors, with the author who will make the presen 
tation listed first. Enter the last name, then initials (with 
out periods), followed by a comma, and continue with 
the other authors (if any), ending with a colon.

4. On the same line following the colon after the name(s) 
of the author(s), indicate the name of the institution 
(including the city and state) where the research was 
conducted.

5. Double space and begin entering the body of the ab 
stract flush left in a single paragraph with no inden 
tions. The text must be non-structured (i.e., no head 
ings). Do not justify the right margin. Do not include 
tables or figures.

6. The body of the abstract must not exceed 400 words.

CLINICAL CASE REPORT (ORAL PRESENTATION 
ONLY) ABSTRACTS

General Content Requirements

Clinical Case Report abstracts provide for the presen 
tation of unique individual athletic injury cases of general 
interest to the NATA membership.

Instructions for Preparing the Abstract

1. Provide all information requested on the online Ab 
stract Author Information Form.

2. Top, bottom, right, and left margins of the body of the 
abstract (in a WORD file) should be set at 1.5" using 
a standard 8.5" x 11" format. Use a regular font no 
smaller than 12. Provide the title of the clinical case 
report starting at the left margin. The title should not 
contain information that may reveal the identity of the
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individual or the specific nature of the medical prob 
lem to the reader. An example of a proper title for a 
clinical case report is "Chronic Shoulder Pain in a Col 
legiate Wrestler."

3. On the next line, indent 3 spaces and provide the 
names of all authors, with the author who will make 
the presentation listed first. Enter the last name, then 
initials (without periods), followed by a comma, and 
continue with the other authors (if any), ending with a 
colon.

4. On the same line following the colon after the name(s) 
of the author(s), indicate the name of the institution 
(including the city and state) where the research was 
conducted.

5. Double space and begin entering the body of the ab 
stract flush left with no indentions. The text must be 
non-structured (i.e., no headings). Do not justify the

right margin. Do not include tables or figures. A max 
imum of one paragraph should be presented for each 
of the following required content areas:

a. Personal Data/Pertinent Medical history (age, sex, 
sport and/or occupation of individual, primary com 
plaint, and pertinent aspects of his/her medical 
history)

b. Physical Signs and Symptoms (a brief summary of 
the physical findings)

c. Differential Diagnosis (array of possible injuries/ 
conditions)

d. Results of Diagnostic Imaging/Laboratory Tests
e. Clinical Course (e.g., diagnosis, treatment, surgical 

technique, rehabilitation program, final outcome)
f. Deviation From the Expected (a brief description of 

what makes this case unique)

6. The body of the clinical case report abstract must not 
exceed 700 words.
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of this study showed," use "Our results 
showed").
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30. Original Research manuscripts will be cate 
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