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Neurosurgeons have long had a vested interest in 
traumatic injuries to the brain and spine, and have more 
recently taken a leadership role in the prevention of mild 
and severe traumatic injuries. Trauma remains the lead-
ing cause of death in children in the US, and severe trau-
matic injuries remain a leading cause of morbidity, lost 
productivity, and death among otherwise healthy adults. 
Many of these injuries are suffered during sports and 
other recreational activities.  

During the past few years, sports-related head and 
spine traumas have received significantly more attention 
in the lay press, especially the impact of concussions and 
chronic traumatic encephalopathy from repetitive brain 
injury. As neurosurgeons are among the few specialists 
who care for patients with the full spectrum of nervous 
system injuries, from mild to severe, it is essential that we 
continue to shape the field in research, clinical practice, 
and public policy discussions. Several excellent articles 
in this volume address these timely topics, including the 
range of injuries in soccer, impact of chronic repetitive 
head injury, return to play after concussion, decompres-
sive surgery for severe head injury, all-terrain vehicles, 
and sports-related spine and peripheral nerve injuries. 
We hope you will find this issue of Neurosurgical Fo­
cus enlightening and enjoyable. (DOI: 10.3171/2011.9. 
FOCUS11258)
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Soccer is the most popular sport in the world, with 
approximately 200,000 professional and 240 mil-
lion amateur players.23 In the last 16 years, a variety 

of studies have reported on injuries to the head and other 
parts of the body. Head injuries can be the result of the 
contact of one head with another head, with the upper 
extremity of the opponent (usually the elbow), with the 
ground, with the ball, with the foot or knee, and (rarely) 
with goalposts.13 Head injuries were reported to amount 
to 4%–22% of all injuries in soccer, although the severity 
of all the injuries and the mechanisms involved have not 
been well documented.24,37,39

In 1991, Tysvaer and Løchen38 postulated that “head-
ing” the ball could lead to chronic brain injuries such as 
those noticed in boxers.19 Since the publication of these 
results, several cross-sectional studies4,21,27–30,36 have indi-
cated that soccer can cause measurable sustained brain 
impairment, and this has raised significant concerns 
about the effects of repetitive heading in soccer.

The frequency of soccer injuries overall is estimat-

ed to be approximately 10–35 injuries per 1000 playing 
hours.14 The majority of injuries occurred at the lower ex-
tremities, mainly in the knees and ankles, although, as 
Dvorak and Junge14 mentioned, the number of head inju-
ries was probably underestimated. This is due to the fact 
that the player is afraid to mention his or her symptoms 
to a trainer for fear of being prevented from returning to 
play.18 In an anonymous study done by Delaney et al.,11 
more than 46% of university soccer players experienced 
a concussion in just one fall season, and almost two-
thirds of the same group experienced a concussion over 
the 12-month period while playing soccer.12 Serious head 
injuries are well documented, whereas mild head injuries 
are often not examined. Usually only players who had 
concussions with severe symptoms presented for evalua-
tion and diagnosis in the emergency department.

Most of the head injuries are skull fractures or an in-
ternal head injury like intracranial hemorrhage, epidural 
or subdural hematoma, or cerebral contusion.11 Delaney 
et al.13 reported that the side of the head seems to be the 
most vulnerable area for concussions, because most con-
cussive blows occur to the side or temporal part of the 
head. These results differed from our study.
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Object. The goal of this study was to evaluate the incidence and mechanisms of head injury during soccer games 
and to describe the results after spontaneous resolution of symptoms or after treatment.

Methods. In a retrospective study from 2005, records on 451 players from the German Soccer Association who 
had suffered various injuries were collected. The study used a questionnaire in which the player described the acci-
dent and the playing situation as well as the clinical course after trauma. This questionnaire also included information 
about the physical symptoms of the players and the length of their rehabilitation. Two groups were formed: one with 
head injuries (case group), and the other with injuries of other body parts (control group).

Results. Of the injuries reported, 108 (23.9%) were related to the head, 114 (25.3%) to the knee, 58 (13%) to 
the ankle, 56 (12%) to the calf, and 30 (7%) to the shoulder. The areas of the head most frequently involved were the 
facial and occipital regions. In the head injury group, the head duel was the most common playing action to lead to 
trauma. In those cases, the body part that hit the injured player was the elbow, arm, or head of the opponent. The most 
common playing situation was combat in the penalty area. The median hospitalization time after the trauma was 2 
days for the case group and 5 days for the control group. The rehabilitation time for the case group was also shorter 
(median 6.5 days) than for the control group (median 30 days).

Conclusions. Trivial head injuries in soccer can have a long and complicated course. Nevertheless, the temporary 
disability is shorter in most cases than for players with injuries to other parts of the body. Modifying the rules of play 
would be necessary to reduce the incidence of head trauma. (DOI: 10.3171/2011.10.FOCUS11184)
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The acute injuries occur in a split second, and it is 
difficult for medical staff to provide exact information 
about the injury mechanisms to avoid their consequences. 
Therefore, based on a series of cross-sectional studies in 
active and older retired soccer players of the Hessian soc-
cer association (Hessischer Fußball Verband), and using a 
standardized questionnaire, we tried to describe the most 
common mechanisms and consequences of head injuries 
in soccer in a study of 451 amateur players.

Methods
Patient Population

As a source for our retrospective study, we used the 
claim register of the ARAG, the sport insurance provider 
for all athletes of the Hessian sports association (Landess-
portbund Hessen). The claim register of the ARAG in-
cludes all registered injuries that have been treated by 
medical staff. We included all injuries from the previous 
year, and enrolled 841 people in the study. After the data 
interpretation and statistical evaluation, we ended up in-
cluding 451 players in the study.

Our study was retrospective and assisted by a stan-
dardized questionnaire. We used coded numbers and 
anonymous data. We excluded 390 players who, although 
they matched the case and control groups, did not provide 
complete information; we included only players who re-
turned completely filled and well-documented question-
naires. We then designated 2 groups. The case group in-
cluded all athletes who got a head injury during a match 
or while training (108 players). The control group includ-
ed all athletes who got injured on other parts of the body 
during a match or while training (343 players). We did not 
document overlaps between injury groups.

Questionnaire Used
The questionnaire included 2 parts. In the first part, 

we collected all the pieces of information on the mech-
anisms and consequences of the injuries as well as the 
matching of data and the participant’s capacity to remem-
ber the injuries. This part of the questionnaire was based 
on a validated questionnaire that had been established by 
Bochum University for the study of injuries in soccer, and 
we modified it with information on training characteris-
tics.16

The second part of the questionnaire was for infor-
mation on the symptoms and type of head injury. Impor-
tantly, this part also included the specification of time of 
injury, the type of symptoms as well as their intensity, and 
the location of the head injury. Almost all of the ques-
tions in the first part of the validated questionnaire were 
closed ended, and the questions in the matching part, in 
which we interviewed the participants of the study about 
biological information as well as about their playing level, 
were open ended. We excluded all enrolled participants of 
the study who got injured outside the playing area, or who 
submitted incomplete data on their questionnaires.

Statistical Methods
For analyses dealing with the case series of injured 

players, t-tests of association were used to compare propor-
tions in the tables. The Fisher exact test was used when 
80% of the expected counts were < 5. Statistical analyses 
were conducted using SPSS version 12.0 software. The 
level of significance was set a priori at p < 0.05 for t-tests 
of association.

Results
The case group included 108 athletes aged 6–60 

years (median 23 years); the largest part of this group 
included players between 11 and 25 years of age. This 
group included 104 male and 4 female patients. The con-
trol group included 343 players (323 male and 20 female 
patients) who had suffered an injury to an extremity or 
the torso. The age of the players in this group was high-
er than in the case group; the median age in the control 
group was 24 years. Consequently, the players in the case 
group were significantly younger than those in the control 
group at the time of injury (p = 0.0204). The sex of the 
injured athletes was not significant (p = 0.280).

Allocation of Head Injuries
In the case group, 57.4% of all injuries (62 of 108) 

occurred in the facial area. The zygomatic and the orbital 
regions were the main focus of facial injuries (33 [53.2%] 
of 62). The nasal region was the second most frequently 
injured area of the face (21 [33.9%] of 62). In the neu-
rocranium, the occipital region was the most frequently 
injured head area (27 [58.7%] of 46; 25% of all head in-
juries), followed by the parietal, frontal, and temporal re-
gions (Fig. 1).

Symptoms of Head Injuries
The typical symptoms of head injuries were headache 

(91.7%), vertigo (72.1%), amnesia (51.3%), sleep disorders 
(49.5%), loss of consciousness (45.9%), nausea (40.5%), and 
poor concentration (29.1%). The highest intensity occurred 
in the cases of head and neck pain. The longest duration of 
symptoms occurred in the cases of sleep disorder (7.1 days) 
and vertigo (6.3 days).

Fig. 1.  Bar graph showing head injuries, categorized by the injured 
part of the head.
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Injuries in the Case Group
In the case group, 46 (42.6%) of 108 athletes suffered 

from collateral injuries. The most common collateral 
injuries were fractures (35 [76.1%] of 46), mainly of fa-
cial bones like the os nasale (17 [37%] of 46) and the os 
zygomaticum (7 [15.2%] of 46). A Le Fort fracture also 
occurred occasionally (3 cases). Other injuries were lac-
erations (8) and contusions (6), which were mostly local-
ized in the facial region (64.3%). A cerebral infarction 
(relating to the cerebellum and middle cerebral artery) 
occurred twice as a consequence of a head injury.

Allocation of Injuries in the Control Group
In the control group, the most injured parts of the 

body were at the lower extremities (241 [70.3%] of 343), 
with the upper extremities being injured in 88 (25.7%) of 
343 cases. A torso injury only occurred in 14 (4%) of 343 
cases.

Injuries in the Control Group
The injuries of the lower extremities were mainly 

at the knee (114 [47.3%] of 241) or localized ruptures of 
ligaments (88 [36.5%] of 241). The most common ankle 
joint injuries were bone fractures (31 [12.9%] of 241) or 
ruptures of ligaments (25 [10.4%] of 241). The most com-
mon injuries at the shin were fractures (39 [16.2%] of 241) 
and ruptures of the Achilles tendon (12 [5%] of 241). The 
injuries of the upper extremities included distal fractures 
(42 [47.7%] of 88) and shoulder fractures (19 [21.6%] of 
88). Other players suffered lacerations or contusions on 
their upper extremities.

Injuries Overall
On the whole, the right side of the body was more 

frequently injured than the left side. An investigation of 
the results of all injuries showed that the medium-heavy 
injuries occurred more often in the case group, whereas 
the heavy injuries occurred more often in the control 
group (Table 1).

As shown in Table 2, according to the system of Tön-
nis and Loew,35 the largest portion of the players of the 
case group suffered from Level I severity head injuries 
(48.1%). Loss of consciousness and amnesia occurred in 
56 (51.9%) of 108 players in the case group.

Seventy-four (68.5%) of the athletes in the case group 
and 274 (79.9%) of those in the control group received 

in-patient care. In the case group, the therapy was per-
formed conservatively (nonsurgically) for 67 (62%) of 108 
injuries, but only for 67 (19.5%), a much smaller percent-
age, of 343 in the control group. In the control group, 276 
(80.5%) of the 343 players were treated surgically. Con-
servative (p < 0.001) and outpatient (p = 0.0279) treat-
ments were done significantly more often in players in the 
case group than in those in the control group.

A follow-up treatment was done for 73 (67.59%) of 
the 108 players in the case group, and for 321 (93.6%) of 
the 343 players in the control group. Furthermore, subse-
quent rehabilitation was necessary for 275 (80.2%) of the 
control group but for only 4 (3.7%) of the case group. In 
the case group, the occurrence of follow-up treatment (p = 
0.000002) and rehabilitation (p < 0.001) was significantly 
lower than for the control group.

The comparison of these 2 groups showed no signifi-
cant differences between the players in height or weight, 
but the Body Mass Index of the players in the case group 
was significantly lower than that of the players in the con-
trol group (p = 0.0199).

The amount of experience playing or time training 
were not significantly different between groups (p = 0.413). 
However, the number of competitions was significantly 
different and was decidedly higher in the case group (p 
= 0.0377; see Table 3). The investigation of both groups 
showed no significant differences in the amount of time 
devoted to recovery due to a rest from training or from 
competition (Table 4).

As shown in Table 5, we observed that injuries for the 
case group occurred more often during a competition, at 
91 (84.3%) of 108, than did injuries for the control group, 
at 239 (69.7%) of 343. The differences are significant (p 
= 0.0008). Our retrospective investigation showed that 
midfielders suffered an injury more commonly than other 
players. The results were not significant (p = 0.4779).

The investigation of the place of injury showed that 
head injuries occurred significantly more often in the cen-
tral part of the field than on the periphery (p = 0.0093). 
Furthermore, head injuries took place significantly more 
often in the goal and penalty areas than at midfield (p = 
0.0214). Defensive or offensive halves of the field showed 
no significant differences (p = 0.6977). Almost all inju-

TABLE 1: Outcome of soccer-related injuries in 108 patients 
in the case (head injury) and 343 in the control (other injuries) 
groups*

Injury Grade Case Group (%) Control Group (%)

marginal: disabled 1–3 days NA 20 of 343 (5.8)
low: disabled 4–7 days 9 of 108 (8.4) 33 of 343 (9.6)
medium-heavy: disabled 7–31 
  days

52 of 108 (48.1) 92 of 343 (26.8)

heavy: disabled >31 days 47 of 108 (43.5) 198 of 343 (57.7)

*  NA = not applicable.

TABLE 2: Severity of head injuries in the case group*

Level of 
Severity

Loss of 
Consciousness Amnesia Portion of Players (%)

I 0 min <30 min 52 of 108 (48.1)
II <5 min >30 min 47 of 108 (43.5)
III >5 min >24 hrs 9 of 108 (8.4)

*  According to the system of Tönnis and Loew.

TABLE 3: Practical experience in case and control groups

Experience Case Group Control Group

median time spent training (min/wk) 227.0 235.1
median no. of competitions per season 24.4 10.9
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ries of players in the control group occurred in their own 
half of the playing area.

Significantly, the occurrence of head injuries almost 
always involved contact with another player, at 93.5% (p 
= 0.0001; see Table 6). Head injuries occurred more of-
ten in striker positions than in defensive positions in the 
case group, but not in the control group. In the majority 
of cases, head injuries occurred during ball duels (80.6%). 
This result was highly significant (p = 0.0179). The sec-
ond mechanism of head injuries was ball shots on the 
head without an external actor (see Table 7).

In the control group, most of the noncontact inju-
ries were caused by disturbances in the running process. 
Twisting (36.8%), stumbling (23.8%), and rotation while 
running (22.8%) were the most common mechanisms of 
injury in this group.

The development of the injuries is different between 
the groups. In the case group, they were mostly due to an 
external actor, but in the control group they were almost 
equally caused by the players themselves and by other 
players (30.0% and 31.5%, respectively) (see Table 8).

Additionally, excessive exertion of the players led to 
injuries for 66.7% of the case group and for 68.5% of the 
control group. Another reason for the injuries was break-
ing the rules, for 33.3% of the case group and for 31.5% of 
the control group. Our investigation of the kind of playing 
field showed that most injuries occurred on artificial turf, 
for 65 (60.2%) of 108 patients in the case group and for 
256 (74.6%) of 343 patients in the control group.

Discussion
Soccer has not always been perceived to be a high-

risk sport for craniofacial injuries. However, in recent 
years studies have shown that this sports discipline is also 
a high-risk sport in this regard. Current investigations in 
Europe have shown that soccer is responsible for approxi-
mately 50% of all sport-related injuries.9 The incidence of 
head and body injuries is influenced by the popularity of 
soccer in each country.

Similarly to the results of Andersen et al.,2 in our in-
vestigation the craniofacial region is, at 57%, the most in-
jured part of the head. Furthermore, these authors inves-
tigated the mechanisms of head injuries and found, as did 
our investigation, that 73% of facial injuries were caused 
by contact with upper extremities. Head-on-head injury 
in the Andersen et al. investigation, on the other hand, ac-
counted for only 35% of all head injuries, whereas in our 
investigation it accounted for 41.4%, primarily at the side 
of the head. Facial injury occurred in the investigation of 
Andersen et al. in head duels in 31% of cases and in 33.3% 
of cases in our investigation. Chomiak et al.10 found that 
74.2% of the players suffered a lower-extremity injury 
during play, whereas it was 70.3% in our investigation. 
We found that upper-extremity injuries occurred during 
play in 25.7% of our control group, whereas Chomiak et 
al. found the same to be true for only 14.4%.

Boden et al.8 investigated head injuries in 29 play-
ers, whereas our group involved 108 players. Boden and 
colleagues described mild head injuries in 72% of all in-
vestigated players, whereas in our investigation 48.1% of 
players suffered mild, 43.5% had moderate, and 8.4% had 
severe head injuries. Because the investigation of Boden 
et al. only involved 29 players and we investigated 108 
players, we postulated that the frequency of occurrence of 
the moderate and severe head injuries in a bigger group 
is clearly higher. In our investigation, we found that head-
aches were the main symptom of head injuries in 91.7% 
of cases, similar to Boden’s findings at 97%. Other symp-
toms were amnesia, poor concentration, vertigo, nausea, 
and personality change, which were comparable to the 
study results of Boden et al. (see Table 9). 

TABLE 4: Injury recovery period in case and control groups

Recovery Period Case Group Control Group

median rest from training 4.5 wks 4.1 wks
median rest from competition 8.6 wks 8.9 wks

TABLE 5: Setting of injury and position of injured player in case 
and control groups

Factor Case Group (%) Control Group (%)
setting of injury
  competition 91 of 108 (84.3) 239 of 343 (69.7)
  training 17 of 108 (15.8) 104 of 343 (30.3)
player position
  midfielder 40 of 108 (37.0) 151 of 343 (44.0)
  striker 31 of 108 (28.7) 67 of 343 (19.5)
  defensive position 20 of 108 (18.5) 93 of 343 (27.1)
  goalkeeper 17 of 108 (15.8) 32 of 343 (9.4)

TABLE 6: Occurrence of contact injury and position of other 
players involved in contact

Factor Case Group (%) Control Group (%)

contact injury
  yes 101 of 108 (93.5) 211 of 343 (61.5)
  no 7 of 108 (6.5) 132 of 343 (38.5)
player position
  midfielder 40 of 101 (39.6) 90 of 211 (42.6)
  striker 28 of 101 (27.7) 36 of 211 (17.1)
  defensive position 25 of 101 (24.8) 65 of 211 (30.8)
  goalkeeper 8 of 101 (7.9) 20 of 211 (9.5)

TABLE 7: Mechanism of head injury

Type of Play Case Group (%) Control Group (%)

ball duel 87 of 108 (80.6) 164 of 343 (47.8)
  head on head 36 of 87 (41.4) NA
  arm on head 23 of 87 (26.4) NA
  leg on head 14 of 87 (16.1) NA
  head on torso 14 of 87 (16.1) NA
ball contact w/o ball duel 15 of 108 (13.9) 96 of 343 (27.9)
no ball duel or ball contact 2 of 108 (1.8) 83 of 343 (24.2)
assault 4 of 108 (3.7) NA
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We found that most head injuries occurred among 
younger players, who suffered a head injury through con-
tact with the ball. Furthermore, older players suffered 
these injuries through ball duels; similar results were 
published by Pickett et al.34 The reason for the number 
of head injuries at the ages of 6–10 years is probably the 
fast development of condition, power, and speed at this 
age, while the coordination of muscles is not able to keep 
pace.15 All these factors induce aggressive ways of playing 
and lead to head injuries among members of this young 
group.26 Also, research of the literature shows results that 
confirm our finding that male players more commonly 
suffer head injuries.8,10,26,34

Age, sex, and play experience were internal factors 
of the mechanisms of head injuries of the soccer players, 
adding to the external factors of place, reason for play-
ing, play position, and playing situation. Furthermore, 
the condition and kind of location have very often been 
discussed in the literature as an important factor in head 
injuries. Andersen et al.2 and Boden et al.8 postulated that 
wet artificial turf was most commonly the reason for head 
injuries. Also Chomiak et al.10 reported that the type of 
playing surface was very important in the evaluation of 
head injuries. In our investigation, the injuries occurred 
on artificial turf for 60.2% (65 of 108) of the case group 
and for 74.6% (256 of 343) of the control group.

Our investigation of another external factor, the rea-
son for playing, showed that the frequency of head injury 
increased during the match (84.2%) and not in training. 
Boden et al.8 also found that 79% of all head injuries oc-
curred during the match and not in training. Peterson et 
al.33 published findings that almost all head injuries oc-
curred during the match.

In our investigation, the playing position was not sig-
nificant, which is consistent with previous investigations 
by Chomiak et al.,10 Nielsen and Yde,32 and Hawkins and 
Fuller.20 The midfield players had the highest frequency 
of injury in our investigation (37%), similar to the results 
of Chomiak et al., at 32.9%. Berbig5 published the finding 
that goalkeepers suffered from head injuries more fre-
quently than other players. In our investigation, however, 
similar to the findings for Chomiak et al., we found that 
a goalkeeper had suffered head injury in only 15.8% of 
cases. Therefore, in our opinion, the player in the midfield 
position is more frequently injured than a defensive or 
striker player. The frequency of the injuries also depends 
on their location on the playing field. The high frequency 
of injury in the midfield and in the defending penalty area 
has already been published by Andersen et al.,2 which is 
confirmed by our investigation, but these results are op-

posite to the findings of Chomiak et al.10 and Ekstrand 
and Gillquist,15 who postulated a higher frequency of in-
jury on the offensive side. However, in our investigation, 
head injuries occurred most frequently in the penalty and 
goal areas, as in the study published by Kirkendall et al.25 
They pointed to ball duels and clashes between strikers 
and goalkeepers on that small area as a reason for the 
frequency of head injuries. Furthermore, in our study, the 
midfielders in the case group were injured on the head 
significantly more often than other players. Fuller et al.17 
actually found that injuries most often occurred in the 
offensive half of the playing field but, as found in our re-
sults, they postulated that the outside section was very 
safe.

In our study, 93.5% of head injuries occurred as con-
tact injuries, whereas Nielsen and Yde32 found that only 
74% did. Boden et al.8 and Pickett et al.34 found contact 
head injuries in only 65% of cases. These results are 
self-explanatory because of the heterogeneity of the age 
groups and the size of the groups. Fouls are another rea-
son for contact injuries. In our investigation, only 24.3% 
of contact injuries could be attributed to fouls. However, 
Chomiak et al.10 and Peterson et al.33 found that profes-
sional players reported that fouls were the reason for con-
tact injuries (66.7% and 40%, respectively). This higher 
rate of fouls in the studies of these investigators was prob-
ably due to the players’ mastery of technique. However, 
almost the same rate of fouls occurred in the case and 
control groups. Therefore, fouls were not a significant 
cause of head injuries.

Arnason et al.3 reported that most injuries in soccer 
occurred through personal negligence, and that head in-
juries happened through contact with other players and 
through fouls in 52.7% of cases. In our study, duels were 
the reason and mechanism for 55.9% of all injuries. These 
mechanisms include an opponent treading on the player or 
player falls during duels. Bjordal et al.7 found that 46% of 
injuries of the cruciate ligament occur through this mecha-
nism. Nielsen and Yde32 reported ankle joint and knee joint 
injuries as a consequence of being stepped on. In the case 
of other injuries, these most often appeared because of run-
ning, twisting, stumbling, or rotation of feet.

Only 75% of the injured players in the control group 
were taking part actively in play during the injury. On 
the other hand, in the case group, all injured players were 
taking part in play during the accident.

The most common mechanism of head injuries in our 
study was header duels, at 51.6%, which is similar to the 
results of Fuller et al.,17 who reported that approximately 
55% of head injuries occurred through this mechanism 

TABLE 8: Cause of injury in the case and control groups

Cause Case Group (%) Control Group (%)

another player 57 of 108 (52.8) 108 of 343 (31.5)
own blame 16 of 108 (14.8) 103 of 343 (30.0)
shared blame 16 of 108 (14.8) 26 of 343 (7.6)
accident 14 of 108 (13.0) 54 of 343 (15.7)
location on playing field 5 of 108 (4.6) 52 of 343 (15.2)

TABLE 9: Symptoms of head injury in the present study 
compared with an earlier investigation in 29 patients

Symptoms of Head Injury Boden et al. Present Study
headache 97% 91.7%
amnesia 76% 51.3%
poor concentration 62% 29.1%
vertigo/nausea 52% 72.1%/40.5%
personality change 14% 6.3%
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among 248 professional soccer players. Andersen et al.2 
also stated that this mechanism was a cardinal mechanism 
of head injuries for 58% of professional Norwegian and 
Icelandic soccer players. In our study, head-on-head was 
the most common mechanism of injury in duels (41.4%). 
Upper extremity–to-head only led to injury in 26.4% of 
cases. Boden et al.8 (28.0%), Fuller et al.17 (33.0%), and 
Pickett et al.34 (25.5%) also found that head-on-head in 
duels was the most common mechanism of head injury, 
not contact between the head and the upper extremities.

However, the main mechanism of all head injuries is 
the collision of 2 players (93.5%) and, in 51.6% of cases, 
header duels.

Fuller et al.17 reported that the use of the upper ex-
tremities against the rules leads to significantly more 
head injuries than other actions during play. Boden et al.8 
published findings that 14% of all collisions and head in-
juries occurred through the use of upper extremities to 
the head. According to Andersen et al.,2 43% of head in-
juries were also caused by the upper extremities of the 
opponent, with 34% using the elbow and 7% using the 
hand or arm. Head-on-head contact caused 33% of head 
injuries, as reported in the same investigation. The results 
were obtained by video analysis of professional players.

Head-on-head contact is the second most common 
mechanism in the occurrence of head injuries. For only 
6% of investigated players, a head injury happened be-
cause of the opponent.34

We observed in our study that almost the same num-
ber of patients in the 2 groups were treated in hospital, 
although the treatment was different. In the case group, 
the treatment was almost always conservative, whereas 
the athletes in the control group got surgical treatment in 
80.5% of cases. This suggests a high frequency of frac-
tures of extremities, which have to be treated surgically.

Our study investigated the necessity of rehabilitation 
and found, significantly, that only 3.7% of the case group 
players and 80.2% of the control group players needed 
rehabilitation. This suggests that head injuries need an 
acute treatment and that rehabilitation is only necessary 
sporadically. Additionally, the conservative treatment of 
head injuries allows shorter rehabilitation periods. Hos-
pitalization duration differences were only marginal be-
tween the case group and the control group. This kind of 
investigation has not been published until now. However, 
the moderate and severe head injuries were common oc-
currences, as suspected, and deserve more attention in the 
future.

The recent trend in soccer to protect players from 
head injuries is to forbid heading, or at least to limit it 
until an age when young athletes can begin to master the 
techniques of heading and their skull anatomy is more 
mature.24 The second trend is the use of headgear, which 
is permitted by FIFA (Fédération Internationale de Foot-
ball Association). There are newly developed national 
standards for headgear.

Initially, in an experimental study conducted in 2003, 
Naunheim et al.31 showed that the use of headgear could 
reduce impact when heading, and that headbands may 
play a role in decreasing impact for more forceful blows. 
In 2006, Al-Kashmiri and Delaney1 published a report 

about head and neck injuries. They also postulated after 
their research that protective headgear may play a role in 
the prevention of concussions.

Jordan et al.22 published their findings that males 
have 0.14 concussions/1000 athletes and females have 0.15 
concussions/1000 athletes. Another similar study with a 
comparable population suggested higher rates: 0.6 concus-
sions/1000 athletes among men and 0.4 concussions/1000 
athletes among women.8

Some researchers believe that head injuries occur 
more commonly in certain areas of the playing field,1 
and the penalty area is thought to be a high-risk area, es-
pecially when players are competing for a cross-corner 
kick.24 Near the midfield, concussions occur from head-
to-head impact, especially when players are competing 
for air balls.24

Fuller et al.17 reported that most of the injuries oc-
curred when players converged on a free ball and not, as 
usually believed, when one player is in possession of the 
ball and is tackled by another player. Furthermore, they 
reported that female soccer players may be more at risk 
for concussions than their male counterparts. A different 
study by Delaney et al.13 and a work by Biros6 suggested 
that younger players may be more at risk for concussions 
because of their thinner skulls or larger heads.

Conclusions
Seemingly trivial soccer head injuries can have a 

long and complicated course. Nevertheless, the tempo-
rary disability is shorter in most patients than in the group 
of players with an injury in other parts of the body.
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In today’s realm of competitive sports environments 
worldwide, a large number of athletes participate 
in a wide variety of amateur or professional sports. 

Closed head injury is an occupational hazard of many 
sports, such as boxing, kickboxing, ice hockey, football, 
and many others. Participants in these sports are at risk 
for concussion, which is considered a type of mild TBI.

During the past decade, numerous studies have 
shown that TBI is often responsible for pituitary dys-
function such as hypopituitarism,2,29,55 which seems to be 
readily present even after mild TBI. Although sports are 
a well-known cause of concussion, trauma due to sports 
is generally not considered to be a cause of TBI in most 
epidemiological studies. Thus, the link between sports-
related head trauma and pituitary dysfunction is not well 
understood, even now. Recent studies have demonstrated 
that sports-related repetitive head trauma might induce 
pituitary dysfunction, and in particular, isolated GH de-
ficiency.38,65,67

The aim of this paper was to summarize the best evi-
dence for understanding the pathophysiological mecha-
nisms and to discuss current data and recommendations 
on sports-related repetitive head trauma as a cause of hy-
popituitarism.

Sports-Related Concussion
Concussion is considered a clinical syndrome char-

acterized by immediate and transient posttraumatic im-
pairment of neural function, such as alteration of con-
sciousness or disturbance of vision or equilibrium, and 
other signs due to the involvement of brainstem.5 Mild 
TBI (or concussion) may lead to postconcussion syn-
drome48 (secondary symptoms), including additional cog-
nitive problems, headaches, anxiety, fatigue, and psycho-
social problems.

Concussion is a type of injury that can occur in any 
sports activity, and is the most frequent type of acute TBI 
in sports. It is most often associated with boxing, football, 
ice hockey, and martial arts.36 The nature of the risk de-
pends on the nature of the game and its specific activities. 
Individual variables might predispose an athlete to con-
cussion, such as previous concussions, position played, 
and the sex of the athlete.24,25
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Although sport is a well-known cause of TBI, it was 
only in the 1980s that the medical community started to 
direct research toward the risk of sports-related concus-
sion. In the early 1980s, thanks to the work of Barth et al.8 
and Rimel et al.,53 a discussion was started among mem-
bers of the medical community regarding the description, 
classification, and management of sports-related concus-
sion.40

Hypopituitarism and Mild TBI
Traumatic brain injury has been recognized for al-

most a century as a cause of neuroendocrine dysfunc-
tion.19 However, it was thought to be a rare occurrence,27 
despite the results of autopsy studies that showed pitu-
itary gland necrosis in up to one-third of patients who 
suffered fatal TBI.10

In the past decade, studies reported that 5.4%–69% 
of hypopituitarism was associated with TBI.1,4,13,32,39,41,43, 

45,51,52,56,62 The severity of hormonal disturbance is gener-
ally related to the severity of TBI. However, mild TBI can 
contribute to pituitary dysfunction.10 Bondanelli et al.12 
noticed hypopituitarism in 37.5% of patients with mild 
TBI versus 59.3% of patients with severe TBI. Pituitary 
dysfunction can be partial or complete. Gonadotropin and 
GH deficiencies appear to be the most common.3,12

Recent studies have reported that pituitary func-
tion can improve over time in a considerable number of 
patients. However, it may also worsen over the 1- and 
3-year period after TBI.4,64 Traumatic brain injury may 
also cause hypothalamic dysfunction and diabetes insipi-
dus.14,33,37

Hypopituitarism and Sports
As mentioned earlier, sports-related concussion could 

be considered as a subgroup of mild TBI. Also, TBI is one 
of the most important public health problems,70 and may 
be associated with pituitary secretion dysfunction, which 
may contribute to long-term physical, cognitive, and psy-
chological disability.

Almost all of the studies regarding the relationship 
between TBI and sports published so far in the literature 
are based on neuropsychological or radiological assess-
ment, and no neuroendocrine changes are investigated. 
There is a paucity of data regarding the association be-
tween sports and hypopituitarism. To our knowledge, 
only 3 studies and 1 case report investigated the link 
between pituitary dysfunction and sports-related concus-
sion.35,38,65,67 Three of these studies were conducted by 
the same medical team.38,65,67 The studies only concern 3 
sports—boxing,38,67 kickboxing,65 and soccer35—that are 
obviously associated with chronic mild TBI.

The first report of pituitary function in boxers was 
published in 2004 by Kelestimur et al.38 In this prelimi-
nary study, the authors included 11 actively competing or 
retired male amateur boxers and investigated their GH 
status compared to a control group. A GH deficiency was 
found in 45% of these amateur boxers. The mean IGF-
I levels in boxers (237 ± 23.3 ng/ml) were significantly 
lower than in the control group (367 ± 18.2 ng/ml). There 
was a significant negative correlation both between peak 

GH levels and boxing duration and between peak GH lev-
els and number of bouts.

In 2007, Tanriverdi et al.65 investigated the GH status 
of 22 amateur kickboxers compared with a control group. 
The serum IGF-I level was significantly lower in kickbox-
ers (276.5 ± 25.9 ng/ml) than in the control group (346.9 
± 20.9 ng/ml). Of the 22 amateur kickboxers, 22.7% had a 
GH deficiency and 9.1% had an ACTH deficiency. There 
were negative correlations between serum IGF-I level and 
age, length of time the athlete has participated in sports, 
and number of bouts.

Ives et al.35 reported a case of a 16-year-old high-level 
junior soccer player who had experienced 4 episodes of 
mild TBI at different time points over a 4-month period. 
The first 3 traumas were considered by the athlete to be mi-
nor, and thus were not reported to medical personnel. The 
fourth trauma was a medically diagnosed concussion. Over 
the next year, the patient presented with failure of physical 
growth, stagnation of soccer abilities and physical skills, 
and lower energy levels. After a full battery of endocrine 
tests, the diagnosis was compatible with hypopituitarism 
(GH, ACTH, and thyroid-stimulating hormone [TSH] de-
ficiencies).

In 2008, Tanriverdi et al.67 investigated the pituitary 
function in 61 retired or active amateur boxers. The find-
ings were similar to those in previous studies, with 15% 
and 8% of GH and ACTH deficiency, respectively, among 
boxers. An interesting fact is the lower rate of hypopi-
tuitarism in active boxers (18%) than in retired boxers 
(47%).

All of these findings suggest that sports-related re-
petitive TBI has a cumulative effect on the development 
of pituitary dysfunction.

Pathophysiological Mechanisms of Hypopituitarism
Hypopituitarism was first described in 1914 by Sim-

monds.57 It is defined as an inability of the pituitary gland 
to provide sufficient hormones adapted to the needs of 
the human body. The classic cause of hypopituitarism is 
pituitary tumor (in 61% of cases).55

Anatomical Vulnerability of the Pituitary Gland
The pituitary gland is located in the sella turcica in 

the skull base. It measures 8 × 10 mm and weighs less 
than 1 g. It is tethered to the hypothalamus by the pitu-
itary stalk (infundibulum), which inserts on its superior 
surface. It is separated from the suprasellar cistern by the 
diaphragma sellae. The ICAs are the primary blood sup-
ply for the adenohypophysis and neurohypophysis. Blood 
reaches the anterior pituitary by means of long hypophy-
sial portal vessels (branches of the ICA and anterior circle 
of Willis) and short hypophysial portal vessels (branches 
of the intracavernous ICA and the inferior hypophysial 
artery) via the pituitary stalk. The long portal vessels 
provide 70%–90% of its blood supply, whereas the short 
portal vessels provide less than 30%.

The confined location within the bony sella, the deli-
cate infundibular hypothalamic structures, and the vulner-
able blood supply of the pituitary gland may be responsible 
for the vulnerability of the pituitary to mechanical trauma.
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The Most Common Theories
The pathophysiological mechanisms of hypopituita-

rism after TBI remain incompletely understood. How-
ever, several mechanisms have been evoked to explain 
pituitary dysfunction, such as hypoxic insult or direct 
mechanical injury to the hypothalamus, pituitary stalk, or 
pituitary gland; compression from hemorrhage, edema, or 
increased intracranial pressure; and vascular injury to the 
hypothalamus or the pituitary gland.

In the 1960s, Ceballos17 and Kornblum and Fisher42 
provided descriptions of pituitary lesions after fatal head 
injury. In a total of 202 patients from these 2 reports, 26% 
of the specimens were normal, 59% had capsular hemor-
rhage, 31% posterior lobe hemorrhage, 22% anterior lobe 
necrosis, 17% stalk hemorrhage, and 3% stalk necrosis.

Ischemic injury of the pituitary gland, due to second-
ary insults from hypotension, hypoxia, anemia, and brain 
swelling, can occur and compromise the integrity of the 
gland. Necrosis processes seem to be due to the vulner-
ability of the long hypophysial portal vessels when they 
pass through the diaphragma sellae, where they are par-
ticularly vulnerable to mechanical compression from both 
brain and pituitary swelling and direct stalk injury.21,42

Direct injury of the pituitary gland, pituitary stalk,31,47 
and/or hypothalamus can be caused by the following mech-
anisms: rotational and shearing injuries of the brainstem 
and hypothalamic-pituitary axis, and fractures through the 
skull base and sella turcica.11,21 This direct injury also can 
be reinforced by subsequent hemorrhage into the sella tur-
cica or into the pituitary gland.20,39

Antibodies Theory
Goudie and Pinkerton30 first suggested that autoim-

munity could play a role in affecting the pituitary gland, 
by describing the first case of lymphocytic hypophysitis 
in 1962. Some studies have shown the presence of anti-
bodies in patients with selective idiopathic hypopituita-
rism22,23 and in patients with autoimmune endocrine dis-
eases.16,46 Also, animal studies have shown a possible role 
of autoimmunity involving the hypothalamic-pituitary 
region and triggered by head trauma.54,59

In a preliminary study, in 2008, Tanriverdi et al.61 in-
vestigated the presence of APAs in 29 patients with TBI 3 
years after head trauma, and in 60 age- and sex-matched 
normal controls. The APAs were detected in 44.8% of 
TBI patients but in none of the controls. Furthermore, the 
hypopituitarism ratio was significantly higher in APA-
positive patients (46.2%) than in APA-negative patients 
(12.5%) (p = 0.04). There was also a significant positive 
correlation (r = 0.74) between high APA titer ratio and 
low peak GH response to the GH-releasing hormone plus 
GH-releasing peptide–6 test.

Subsequently, the same team60 investigated the pres-
ence of APAs and AHAs in active or retired amateur boxers 
who were exposed to sports-related repetitive head trauma. 
The patient population contains the same participants as in 
one of their previous studies (61 active or retired boxers),67 
plus 60 normal controls of similar age and sex. In boxers, 
AHAs and APAs were found in 21.3% and 22.9% of cases, 
respectively. Antibodies were found in none of the control 

patients. The hypopituitarism ratio was significantly high-
er in AHA-positive boxers (46.2%) than in AHA-negative 
boxers (10.4%) (p = 0.003). However, in contrast to findings 
in the study on TBI and APAs,61 there was no significant 
difference between APA-positive and APA-negative box-
ers with regard to hypopituitarism.

So, the nature and clinical significance of these anti-
bodies are controversial. Autoimmunity seems to have an 
impact on the development of pituitary dysfunction, but 
the mechanisms of activation of hypothalamic-pituitary 
autoimmunity after TBI or sports-related injuries remain 
unclear. However, these antibodies are considered as 
markers of pituitary impairment when they are detected 
at a high titer (> 1:8). In healthy people, they are undetect-
able (< 1:8).22 Large prospective studies are necessary.

Involvement of Genetic Polymorphisms
Genetic polymorphisms have been recognized as 

playing a role in CNS disorders.68,69

Apolipoprotein E is a key protein that plays an essen-
tial role in the repair of cell membrane and spread of neu-
ritis following injury.9,34,49 This protein is controlled by 
a gene with 3 primary alleles (e2, e3, and e4). In several 
studies, ApoE-e3 has been shown to increase the spread 
and branching of neuritis, whereas ApoE-e4 was found 
to have the opposite effect.9,49 Many studies have found a 
positive correlation between the presence of ApoE-e4 and 
poor outcome after TBI.18,26,28,44,58

Apolipoprotein E is one of the most abundant pro-
teins in the hypothalamic-pituitary region.50 Tanriverdi et 
al.,63 in a preliminary study, investigated the relationship 
between ApoE polymorphism and TBI-induced hypopi-
tuitarism. This study included 93 patients with TBI (61 
with sports-related head trauma and 32 in road traffic ac-
cidents) and 27 healthy controls. The ratio of hypopitu-
itarism after TBI was significantly lower in patients with 
ApoE-e3/e3 (17.7%) than in those without ApoE-e3/e3 
(41.9%; p = 0.01). Thus, the ApoE-e3/e3 genotype may 
decrease the risk of hypopituitarism after TBI.

Issues, Prevention, and Recommendations

Issues of Mild TBI-Related Hypopituitarism

On the one hand, symptoms of pituitary dysfunction 
can be masked by identical postconcussion symptoms or 
overshadowed by other symptoms.29 Thus, symptoms of 
hypopituitarism may not show up until several years after 
trauma. Furthermore, at the time of concussion, only ap-
proximately 10% of athletes are rendered unconscious.7 
That is why this complication may be undiagnosed15 in 
many patients with mild TBI. Because most sports par-
ticipants are young adults with near-normal life expec-
tancy, the implications of undiagnosed postconcussion 
pituitary dysfunction can be dramatic. Although reports 
have increased, concussions are not recognized as seri-
ous injuries or are not consistently identified by athletic 
training staff.7

On the other hand, many questions persist, especially 
regarding the exact pathophysiological mechanisms of 
hypopituitarism in sports-related head trauma. The cur-
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rent hypotheses seem synergistic, and seem to play a dif-
ferent role in the function of the mechanism and severity 
of the TBI. Indeed, sella turcica fractures and brain swell-
ing might be related to severe TBI and cause immediate 
pituitary dysfunction. Severe brain injuries can occur in 
sports, such as the “knockout” in boxing, but mild TBI is 
more frequent. Autoimmunity might play more of a role 
in the long term. Time and repeated trauma seem also to 
play an important role, because pituitary dysfunction is 
more frequent in retired boxers than in active ones.

Thus, further multidisciplinary and multicenter stud-
ies are warranted to clarify all these possible mechanisms 
and their role in each type of TBI, and to produce clear 
recommendations.

Prevention and Recommendations
The potential long-term consequences of repetitive 

head trauma sustained in high-contact sports have been 
known for years. Although clearly criticized by the medi-
cal community, because of the possible damage to health 
that can be induced, certain sports such as boxing remain 
authorized and very common worldwide. This increas-
ing problem has led to the release of several consensus 
guidelines on concussion management in sports. For in-
stance, the American Collegiate Athletic Association and 
the American Academy of Neurology have established 
clear guidelines and management plans for concussion. 
However, several fundamental issues remain,6 as follows: 
the difficulty of the recognition of a concussive event by 
medical staff; the recognition and understanding of short- 
and long-term sequelae; the management of each stage; 
and the establishment of proper action to mitigate effects 
of the injury. Therefore, sponsors of sports programs 
should be fully involved and should design and maintain 
an injury-prevention program. Furthermore, regulatory 
controls, educating participants, designing specialized 
protective products, and monitoring injury frequency are 
evidently necessary.

As mentioned, many means of prevention exist. How-
ever, there are no specific recommendations on hypopi-
tuitarism in sports-related head trauma; thus, further re-
search is necessary.

Pending these recommendations based on evidence, 
Tanriverdi et al.66 recommend the routine investigation of 
pituitary function in retired athletes who had participated 
in contact sports, and also in athletes who have a history 
of concussion or who have clinical findings suggesting 
pituitary hormone deficiencies.

Conclusions
Current knowledge clearly supports the proposition 

that sports, especially combat sports, are a cause of hy-
popituitarism, particularly isolated GH deficiency. There-
fore, the medical community should be aware of this, and 
participants in sports who were exposed to chronic repeti-
tive TBI should be screened. However, further multicenter 
and multidisciplinary studies are required to explore the 
details of pathophysiological mechanisms and to produce 
accurate prevention recommendations and guidelines on 
hypopituitarism in sports-related head trauma.
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In 2002 Dr. Bennet Omalu22 discovered and described 
CTE in a football player when he performed an au-
topsy on Mike Webster. Since 2002, Dr. Omalu, the 

Brain Injury Research Institute, and other researchers 
have identified and described CTE in numerous football 
players, wrestlers, boxers, and ice hockey players, which 
have been reported in the literature.16,17,19–22,24,25 Follow-
ing our elucidation of CTE in athletes, we hypothesized 
that PTSD in war veterans may belong to the CTE spec-
trum given that active military personnel are high-risk 
cohorts for repeated subconcussive and concussive trau-

matic brain injuries; for example, bomb blasts can cause 
traumatic brain injuries from primary pressure wave and 
acceleration-deceleration injury mechanisms.4,28 We ex-
panded our CTE surveillance and brain tissue analyses to 
include deceased military veterans who were diagnosed 
with PTSD.

In 2010 we encountered CTE changes in the brain of 
a 61-year-old deceased Vietnam war veteran, who died 
suddenly as a result of coronary atherosclerotic disease. 
This case was reported in the Stars and Stripes news 
magazine of the Department of Defense.26 The case was 
not published because we did not have comprehensive ac-
cess to the medical records and family and social histo-
ries. Approximately 1 year later we have identified CTE 
changes in the brain of a 27-year-old Iraqi war veteran 
who was diagnosed with PTSD and committed suicide 
by hanging.

In our 2010 CTE paper,20 we had defined CTE as 

Chronic traumatic encephalopathy in an Iraqi war veteran 
with posttraumatic stress disorder who committed suicide
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Following his discovery of chronic traumatic encephalopathy (CTE) in football players in 2002, Dr. Bennet 
Omalu hypothesized that posttraumatic stress disorder (PTSD) in military veterans may belong to the CTE spectrum 
of diseases. The CTE surveillance at the Brain Injury Research Institute was therefore expanded to include deceased 
military veterans diagnosed with PTSD. The authors report the case of a 27-year-old United States Marine Corps 
(USMC) Iraqi war veteran, an amphibious assault vehicle crewman, who committed suicide by hanging after two 
deployments to Fallujah and Ramadi. He experienced combat and was exposed to mortar blasts and improvised 
explosive device blasts less than 50 m away. Following his second deployment he developed a progressive history 
of cognitive impairment, impaired memory, behavioral and mood disorders, and alcohol abuse. Neuropsychiatric 
assessment revealed a diagnosis of PTSD with hyperarousal (irritability and insomnia) and numbing. He committed 
suicide approximately 8 months after his honorable discharge from the USMC. His brain at autopsy appeared grossly 
unremarkable except for congestive brain swelling. There was no atrophy or remote focal traumatic brain injury such 
as contusional necrosis or hemorrhage. Histochemical and immunohistochemical brain tissue analysis revealed CTE 
changes comprising multifocal, neocortical, and subcortical neurofibrillary tangles and neuritic threads (ranging from 
none, to sparse, to frequent) with the skip phenomenon, accentuated in the depths of sulci and in the frontal cortex. 
The subcortical white matter showed mild rarefaction, sparse perivascular and neuropil infiltration by histiocytes, and 
mild fibrillary astrogliosis. Apolipoprotein E genotype was 3/4. The authors report this case as a sentinel case of CTE 
in an Iraqi war veteran diagnosed with PTSD to possibly stimulate new lines of thought and research in the possible 
pathoetiology and pathogenesis of PTSD in military veterans as part of the CTE spectrum of diseases, and as chronic 
sequelae and outcomes of repetitive traumatic brain injuries. (DOI: 10.3171/2011.9.FOCUS11178)
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a progressive neurodegenerative syndrome caused by 
single, episodic, or repetitive blunt force impacts to the 
head and transfer of acceleration-deceleration forces to 
the brain. Chronic traumatic encephalopathy presents 
clinically after a prolonged latent period as a composite 
syndrome of mood disorders and neuropsychiatric and 
cognitive impairment. Direct brain tissue analysis reveals 
multifocal or diffuse tauopathy, which may be accompa-
nied by low-grade and multifocal white matter rarefac-
tion, microglial activation, and parenchymal histiocytes. 
Amyloidopathy may be present; however, the primary 
proteinopathy in CTE is a tauopathy. Some patients with 
CTE may not exhibit the classic prolonged latency period 
before clinical symptoms begin.

Posttraumatic stress disorder in war veterans was 
first designated in 1978 to describe a condition in Viet-
nam war veterans, and the syndrome was first recognized 
by the American Psychiatric Association in the early 
1980s.30 A primary neurodegenerative proteinopathy has 
not been defined for PTSD in war veterans. Pathogno-
monic tissue neuropathological features have not been 
specified. Clinical diagnoses are currently based on pre-
senting clinical symptomatology, based on two diagnostic 
systems, which continue to evolve as our understanding 
of PTSD continues to grow.30,32 Table 1 shows the DSM-
IV-TR clinical criteria for PTSD diagnosis,1 and Table 2 
shows the ICD-10 clinical criteria for PTSD diagnosis.31

We report this case as a sentinel case of CTE in an 
Iraqi war veteran diagnosed with PTSD to possibly stim-
ulate new lines of thought and research in the possible 
pathoetiology and pathogenesis of PTSD in military vet-
erans as it relates to PTSD being part of the CTE spec-
trum of diseases, and as chronic sequelae and outcomes 
of repetitive traumatic brain injuries.

Case Report
Premortem History

This subject was a 27-year-old Caucasian man who 
committed suicide by hanging approximately 8 months 
after his honorable discharge from the USMC and while 
he was beginning a divorce process with his wife. His 
wife for 3 years, a 6-year-old stepson, and a 2-year-old 
biological son had left him and moved in with her parents. 
Reportedly, he had performed well in high school, obtain-
ing mostly “A” grades. In college he began binge drinking 
and barely received passing grades, which he attributed to 
his binge drinking; however, he received a bachelor’s de-
gree in history. Following college he joined the USMC at 
the age of 23 and was honorably discharged after 4 years 
(2006–2010) with a rank of corporal. Before entering the 
military he had worked as a waiter and as a staff member 
in a national vitamin retail chain.

His listed military occupational specialty was 1833 
Amphibious Assault Vehicle Crewman. He served two 
deployments to Iraq. The first deployment to Iraq was in 
2007 for approximately 8 months in Fallujah, where he 
was assigned to mechanized mobile patrols. The second 
deployment occurred in 2008 for approximately 5 months 
in Ramadi, where he was assigned to an entry control 

point. He experienced combat and reported exposures to 
mortar blasts and IED blasts less than 50 m away. During 
the second deployment he was court marshaled twice for 
acting out, insubordination, fighting, hazing, and assault, 
and was dropped 1 rank. He described only a few inci-
dents during his deployment that he found bothersome. 
There was an incident during the 3rd week of his first de-
ployment when he witnessed a vehicle in his patrol blown 
up, and marines killed and wounded. In another incident, 
approximately 2 weeks later, while hooking up their dis-
abled vehicle to tow, 2 marines in his section were shot 
and he helped to patch them up. In yet another incident, 
he witnessed a school bus full of Iraqi citizens, many of 
whom were children, blown up by an IED.

After his deployments he was stationed at a base and 
played football in a base league. During a football game 
in 2009, approximately 9 months after his second deploy-
ment, he reported being hit from the side causing him to 
fall to the ground. He stood up, stumbled, fell again, and 
then continued the game. Other players noticed that he 
was confused and kept asking the count and details of the 
next play and he had to be removed from the game. The 
events of the following week were unclear and he report-
ed residual headaches and memory problems. Reportedly 
a conventional CT scan of the head was performed and 
showed no significant findings. He reported playing foot-
ball and hockey for leisure and was never diagnosed with 
a concussion, although he suffered his “bell rung.”

Two days prior to a 2010 neuropsychological evalu-
ation, he was involved in a single motor vehicle crash 
while he was driving under the influence of alcohol, when 
he turned a corner and flipped his car. He woke up later 
hanging upside down in the car. It was not clear whether 
he lost consciousness from a head injury or from stupor-
ous alcohol intoxication. He noted the following morning 
that he suffered from headaches and vomited; however, it 
was not also clear whether these symptoms were alcohol-
related or head injury–related. He lost his driver’s license 
after this crash for driving under the influence and re-
fusing a blood-alcohol test. He visited a Veteran Affairs 
Medical Center the day before he committed suicide and 
reported having a new job as a football coach with his 
old high school, and was currently attending a commu-
nity college. His driving under the influence charges had 
been dismissed.

In 2010, he was referred for a neuropsychological 
screening. His wife reported that he forgot dates, con-
versations, and trivialities of daily living. He also forgot 
whether he completed tasks, and sometimes confused his 
wife’s and sister’s names. He had problems making deci-
sions and therefore avoided them. He believed he snapped 
at his children too frequently and was increasingly be-
coming a grumpy person. He admitted to headaches that 
occurred 3 to 4 times per week, which he described as 
pressure in his entire head. The headaches were relieved 
by a nonsteroidal antiinflammatory agent. He experienced 
bilateral hearing problems and tinnitus, which he dated 
back to when he had worked on engines in the military. 
He reported dizziness when he woke up at night to use 
the bathroom, slept only 4 hours a night, and had trouble 
falling asleep. Other reported symptoms included irrita-



Neurosurg Focus / Volume 31 / November 2011 

Chronic traumatic encephalopathy in an Iraqi war veteran

3

bility, discomfort with crowds, startle reactions, anhedo-
nia, withdrawal and lack of engagement with the family, 
emotional numbing, and detachment. Many of his symp-
toms began after his first and second deployments. He 
also reported getting angry quickly and losing his temper 
frequently. He smoked cigarettes and reported drinking 
rarely; however, when he did drink, he drank a lot. When 
he got out of the marines he drank weekly. There was 
minor experimentation with marijuana and other drugs 
while he was in college. He was not aware of any family 
history of mental illness or any developmental impair-
ment. His other significant medical history was a nasal 
bone fracture from an unspecified cause when he was 21 
years old.

Neuropsychological Testing
The following neuropsychological tests and proce-

dures were performed: Wechsler Test of Adult Intelli-
gence; California Verbal Learning Test; Rey-Osterrieth 
Complex Figure Test; Grooved Pegboard Test; Finger 
Tapping Test; Trail Making Test; Word-list generation 
tasks; Ruff Figural Fluency Test; Ruff 2&7 Selective At-
tention Test; Test of Memory Malingering; Beck Depres-
sion Inventory-2; and PTSD checklist-military version.

For general cognitive functioning, his baseline intel-
lectual abilities were estimated to fall in the high aver-
age to superior range based on demographic variables as 
well as a word-reading test (Wechsler Test of Adult Intel-

TABLE 1: Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR), Fourth Edition: Diagnostic Criteria for Posttraumatic Stress 
Disorder*

A.  The person has been exposed to a traumatic event in which both of the following were present:
  1.  The person experienced, witnessed, or was confronted with an event or events that involved actual or threatened death or serious injury, or a 
      threat to the physical integrity of self or others
  2.  The person’s response involved intense fear, helplessness, or horror. Note: In children, this may be expressed instead by disorganized or agi- 
      tated behavior
B.  The traumatic event is persistently reexperienced in 1 [or more] of the following ways:
  1.  Recurrent and intrusive distressing recollections of the event including images, thoughts, or perceptions. Note: In young children, repetitive play 
      may occur in which themes or aspects of the trauma are exposed. 
  2.  Recurrent distressing dreams of the event. Note: In children, there may be frightening dreams without recognizable content. 
  3.  Acting or feeling as if the traumatic event were recurring [includes a sense of reliving the experience, illusions, hallucinations, and dissociative 
      flashback episodes, including those that occur on awakening or when intoxicated]. Note: In young children, trauma-specific reenactment may 
      occur. 
  4.  Intense psychological distress at exposure to internal or external cues that symbolize or resemble an aspect of the traumatic event
  5.  Physiological reactivity on exposure to internal or external cues that symbolize or resemble an aspect of the traumatic event
C.  Persistent avoidance of stimuli associated with the trauma and numbing of general responsiveness (not present before the trauma), as indicated by 
    3 (or more) of the following: 
  1.  Efforts to avoid thoughts, feelings, or conversations associated with the trauma
  2.  Efforts to avoid activities, places, or people that arouse recollections of the trauma
  3.  Inability to recall an important aspect of the trauma
  4.  Markedly diminished interest or participation in significant activities
  5.  Feeling of detachment or estrangement from others
  6.  Restricted range of affect (e.g., unable to have loving feelings)
  7.  Sense of foreshortened future (e.g., does not expect to have a career, marriage, children, or a normal life span)
D.  Persistent symptoms of increased arousal (not present before the trauma), as indicated by 2 (or more) of the following:
  1.  Difficulty falling or staying asleep
  2.  Irritability or outbursts of anger
  3.  Difficulty concentrating
  4.  Hypervigilance
  5.  Exaggerated startle response
E.  Duration of the disturbance (symptoms in Criteria B, C, and D) is more than 1 month. 
F.  The disturbance causes clinically significant distress or impairment in social, occupational, or other important areas of functioning. 
Specify if: 
  Acute: if duration of symptoms is less than 3 months
  Chronic: if duration of symptoms is 3 months or more
Specify if:
  With Delayed Onset: if onset of symptoms is at least 6 months after the stressor

*  Reprinted with permission from the DSM-IV-TR (Copyright © 2000). American Psychiatric Association.
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ligence: estimated full-scale intelligence quotient = 119, 
90th percentile). For attention, he was able to attend to 
instructions throughout the evaluation. He occasionally 
required some limited repetition of directions. A measure 
of selective attention was in the average range for speed 
(58th percentile) and accuracy (62nd percentile). His per-
formance improved slightly as the test progressed, which 
suggested intact sustained attention to the task. For cog-
nitive/motor processing speed, connection of sequentially 
numbered circles was performed in the average range (25 
seconds, 42nd percentile). Fine motor dexterity was in 
the average range bilaterally. The dominant-hand perfor-
mance was 1 second slower than the nondominant hand 
(right 61 seconds, 42nd percentile; left 60 seconds, 69th 
percentile).

For executive functioning, a task that required the 
ability to establish and maintain an alternating alphanu-
meric sequence was performed in the average range (49 
seconds, 58th percentile) with no errors. Word-list gener-
ation by letter was in the superior range (FAS = 17/18/25, 
92nd percentile), while generation by category was high-
average (28 animals, 76th percentile). Design fluency was 
in the low-average range (14th percentile), with a few rep-
etition errors (5 total, 42nd percentile). Approach on the 
first trial was efficient and productive, but his efficiency 
declined on the subsequent 4 trials, resulting in a lower 
total output. Copy of a complex design was impaired (less 
than first percentile), due largely to a highly segmented 
approach with no attention to the gestalt of the figure.

For learning and memory, his ability to learn a list 

of 16 words over 5 consecutive learning trials was in the 
average range (California Verbal Learning Test-2, 42nd 
percentile). His performance on a subsequent interference 
list was in the superior range (93rd percentile), reflect-
ing a benefit from prior exposure to analogous task. Free 
recall following this interference list was in the average 
range (12 words, 69th percentile). Cuing did not change 
his performance (50th percentile). After a longer delay, 
his recall was at the 31st percentile, and with cuing, at the 
14th percentile. He committed 11 intrusion errors across 
trials (second percentile): about half were the same single 
word, which he listed on each learning trial and 1 recall 
trial, and the remainder represented source memory er-
rors. Yes/no recognition revealed a positive response bias 
(15/16 hits, 50th percentile; 6 false positive errors, most 
of which were source-recognition errors and all of which 
were semantically related, 7th percentile). Forced-choice 
recognition was errorless (16/16). Incidental memory for 
a complex design was in the impaired range for both im-
mediate (second percentile) and delayed (first percentile) 
conditions, likely due in large part to his aforementioned 
fractured approach to the initial copy of the figure.
Diagnosis of PTSD

His final diagnoses were the following: Axis 1: PTSD 
with hyperarousal (irritability and insomnia) and numb-
ing, alcohol abuse, continuous; Axis 2: deferred; Axis 3: 
hyperlipidemia; Axis 4: combat deployment, reintegra-
tion difficulties, unemployment, recent arrest, marital 
stress. His prescribed neurotropic medications included 

TABLE 2: World Health Organization ICD-10 classification of mental and behavioral disorders. Clinical descriptions and diagnostic  
guidelines*

PTSD
This arises as a delayed and/or protracted response to a stressful event or situation (either short- or long-lasting) of an exceptionally threatening or  
  catastrophic nature, which is likely to cause pervasive distress in almost anyone (e.g., natural or man-made disaster, combat, serious accident,  
  witnessing the violent death of others, or being the victim of torture, terrorism, rape, or other crime). Predisposing factors such as personality traits 
  (e.g. compulsive, asthenic) or previous history of neurotic illness may lower the threshold for the development of the syndrome or aggravate its  
  course, but they are neither necessary nor sufficient to explain its occurrence.
Typical symptoms include episodes of repeated reliving of the trauma in intrusive memories (“flashbacks”) or dreams, occurring against the persisting 
  background of a sense of “numbness” and emotional blunting, detachment from other people, unresponsiveness to surroundings, anhedonia, and  
  avoidance of activities and situations reminiscent of the trauma. Commonly there is fear and avoidance of cues that remind the sufferer of the orig- 
  inal trauma. Rarely, there may be dramatic, acute bursts of fear, panic or aggression, triggered by stimuli arousing a sudden recollection and/or re- 
  enactment of the trauma or of the original reaction to it.
There is usually a state of autonomic hyperarousal with hypervigilance, an enhanced startle reaction, and insomnia. Anxiety and depression are com- 
  monly associated with the above symptoms and signs, and suicidal ideation is not infrequent. Excessive use of alcohol or drugs may be a compli- 
  cating factor. The onset follows the trauma with a latency period, which may range from a few weeks to months (but rarely exceeds 6 months). The  
  course is fluctuating but recovery can be expected in the majority of cases. In a small proportion of patients the condition may show a chronic  
  course over many years and a transition to an enduring personality change.
Diagnostic Guidelines
This disorder should not generally be diagnosed unless there is evidence that it arose within 6 months of a traumatic event of exceptional severity. A  
  “probable” diagnosis might still be possible if the delay between the event and the onset was longer than 6 months, provided that the clinical mani- 
  festations are typical and no alternative identification of the disorder (e.g., as an anxiety or obsessive-compulsive disorder or depressive episode) is 
  plausible. In addition to evidence of trauma, there must be a repetitive, intrusive recollection or re-enactment of the event in memories, daytime im- 
  agery, or dreams. Conspicuous emotional detachment, numbing of feeling, and avoidance of stimuli that might arouse recollection of the trauma are 
  often present but are not essential for the diagnosis. The autonomic disturbances, mood disorder, and behavioural abnormalities all contribute to  
  the diagnosis but are not of prime importance.

*  Reprinted with permission from the WHO.



Neurosurg Focus / Volume 31 / November 2011 

Chronic traumatic encephalopathy in an Iraqi war veteran

5

citalopram, trazodone, and prazosin. In a clinic visit 2 
months prior to his suicide, he reported persistent PTSD 
symptoms.
Postmortem History

The subject’s parents had requested the police per-
form a well-being check of their son after they had not 
heard from him for 2 days. The police found our sub-
ject in his residence hanging from a staircase by a leather 
belt noose around his neck. A full forensic autopsy by 
the combined technique of Virchow and Rokitansky14 
was performed by the medical examiner. After informed 
consent was granted by the wife and next-of-kin, his brain 
was forwarded to the Brain Injury Research Institute for 
gross neuropathological, histochemical, and immunohis-
tochemical analysis.

Autopsy Findings
At autopsy our subject was unclad, appeared well-

developed and well-nourished, weighed approximately 211 
pounds, measured approximately 74 inches, and appeared 
consistent with the stated age of 27 years old. There was 
a ligature, which was tightly wound around the neck in 
a noose, and composed of a brown braided leather belt, 
which was looped through a buckle located on the poste-
rior neck. The underlying ligature indentation mark was 
situated circumferentially around the neck in a transverse-
oblique-ascending fashion. There were no anterior strap 
muscle hemorrhages or fractures of the hyoid bone or thy-
roid cartilage.

Dissection of the thoracic and abdominal cavities 
revealed normally situated viscera, which were grossly 
and histologically unremarkable. The scalp revealed no 
contusional hemorrhages. Dissection of the cranial cav-
ity revealed no skull fractures and no intracranial hem-
orrhages. Toxicological analysis of the fluoridated heart 
blood and vitreous humor revealed the presence of citalo-
pram only without any other drug detected. A sample of 
whole heart blood was submitted for apolipoprotein E ge-
notyping in an ethylenediaminetetraacetic acid specimen 
bottle. The underlying cause of death was determined to 
be asphyxiation due to hanging and the manner of death 
was determined to be a suicide.

Gross Neuropathological Findings
The brain was fixed in 10% buffered formaldehyde 

for 2 weeks before it was grossed. The dura mater re-
vealed no xanthochromia, membranes, or hemorrhages. 
The weight of the formaldehyde fixed brain was 1624 
grams. The cerebral and cerebellar hemispheres appeared 
symmetrical and exhibited gyral, sulcal, and folial convo-
lutions that appeared normal. There was diffuse global 
and symmetrical expansion of gyri and compression of 
sulci, accompanied by symmetrical bilateral grooving of 
the unci and cerebellar tonsils, with symmetrical com-
pression of the subarachnoidal cisterns. The arachnoid 
and pia mater appeared smooth and glistening without 
acute or chronic subarachnoidal hemorrhages. There was 
no acute or chronic cerebral cortical contusional or isch-
emic necrosis or hemorrhage. There was no lobar cortical 
atrophy.

The centrum semiovale and the periventricular white 
matter revealed very focal decompositional change and 
Swiss-cheese appearance, accompanied by central red-
pink parenchymal discoloration, edema, and congestion. 
There was no periventricular leukomalacia, demyelinat-
ing plaques, necrosis, hemorrhage, or infarct in the sub-
cortical white matter. There was no acute or chronic glid-
ing contusional hemorrhage or necrosis.

The ventricles were symmetrically compressed and 
showed no acute or chronic intraventricular hemorrhage. 
The genu, body, and splenium of the corpus callosum re-
vealed no hemorrhages or necrosis. All subcortical nu-
clei, including the caudate nucleus, putamen, globus pal-
lidus, thalamus, and subthalamic nucleus, on both sides, 
revealed no atrophy, necrosis, or hemorrhage (Fig. 1 up-
per). The hippocampus and parahippocampal gyrus, on 
both sides, were not dysplastic or atrophic (Fig. 1 lower).

The midbrain, pons, and medulla oblongata revealed 
no atrophy, dorsolateral hemorrhage, or collicular and teg-

Fig. 1.  Gross photographs of the coronal section of the brain at the 
level of the anterior commissure (upper) and hippocampus (lower), 
showing diffuse parenchymal edema with very focal Swiss-cheese 
change, without atrophy of the subcortical ganglia (upper), hippocam-
pus or thalamus (lower), or any other focal gross parenchymal gray or 
white matter lesions. 
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mental necrosis or hemorrhage. The basis pontis showed 
no central myelinolysis or Duret hemorrhage. The cerebral 
peduncles, medullary pyramids, and cerebellar peduncles 
were not atrophic and showed no hemorrhage or necrosis. 
The substantia nigra and locus ceruleus were adequately 
pigmented for age. The inferior olivary nuclei and dentate 
nuclei revealed normal convolutional patterns. The cere-
bellar hemispheres revealed no folial atrophy or necrosis. 
There were no hemorrhages or infarcts in the cerebellar 
cortex or white matter. The pituitary gland appeared unre-
markable. The spinal cord revealed no epidural, subdural, 
or subarachnoidal hemorrhage. The spinal medulla ap-
peared unremarkable without segmental atrophy, contu-
sional necrosis or hemorrhage, or white matter funicular 
degeneration or demyelination.

Thirty-one representative topographically selected 
sections of the dura mater, neocortex, subcortical ganglia, 
brainstem, pituitary gland, and spinal cord were obtained 
and stained by the following histochemical and immuno-
histochemical tissue staining protocols: 1) H & E; 2) tau; 
3) b-A4 amyloid; 4) a-synuclein; 5) glial fibrillary acidic 
protein; 6) CD-68; 7) Luxol fast blue and cresyl violet; 
8) ubiquitin; 9) TDP-43; and 10) Bielschowsky silver im-
pregnation stain.

Microscopic Neuropathological Findings

H & E Stains. The frontal, parietal, temporal, occipi-
tal, insular, and cingulate cortex revealed the expected 
columnar and laminar organization without cortical dis-
organization or dysplasia. There was negligible-to-mild 
neuronal dropout without eosinophilic neuronal necrosis. 
There was diffuse perineuronal vacuolation, expansion 
of Virchow Robin spaces and patchy neuropil micro-
spongiosis of both the gray and white matter. There was 
marked congestion of the arachnoid and pia mater and the 
penetrating parenchymal vessels. Multifocal sparse peri-
vascular pigment-laden histiocytes were noted in many 
Virchow Robin spaces.

The body and splenium of the corpus callosum, inter-
nal, external, and extreme capsules revealed no necrosis, 
hemorrhage, rarefaction, myelinolysis, or axonolysis. The 
periventricular white matter revealed no leukomalacia or 
subependymal astrogliosis. The subcortical ganglia in-
cluding the caudate nucleus, putamen, globus pallidus, 
hypothalamus, thalamus, amygdala, and basal nucleus 
of Meynert showed only diffuse neuropil extracellular 
edema. There was no mineralization of the walls of the 
vessels of the globus pallidus or cornu ammonis.

The dentate gyrus, cornu ammonis, subiculum, and 
entorhinal cortex of the hippocampus revealed no signifi-
cant neuronal dropout, dysplasia, or sclerosis. There was 
no eosinophilic necrosis of the pyramidal neurons of the 
stratum pyramidalis. The midbrain, pons, and medulla 
revealed parenchymal edema without any other focal or 
diffuse lesions. The neurons of the substantia nigra, lo-
cus ceruleus, and dorsal raphe nucleus were adequately 
pigmented and revealed no neuronal dropout, Marinesco 
bodies, pale bodies, or Lewy bodies. The cerebellar cor-
tex revealed negligible Purkinje neuron dropout and Berg-
mann astrogliosis. The internal granule cell layer and 

dentate nucleus were unremarkable. The cerebellar white 
matter revealed no rarefaction, necrosis, or infarcts. The 
dura mater revealed marked intradural congestion without 
inflammation, or acute or remote hemorrhage. The adeno-
hypophysis revealed focal interstitial fibrosis and marked 
sinusoidal congestion. The neurohypophysis was congest-
ed and edematous. The spinal medulla revealed the normal 
gray and white matter morphology without significant loss 
of the anterior horn neurons, which showed sparse non-
specific cytoplasmic neuronal changes. The white matter 
funiculi and tracts were unremarkable.

Other Histochemical and Immunohistochemical 
Stains. Tau-immunostained sections revealed none, to 
sparse, to multifocally frequent band- and flame-shaped 
neurofibrillary tangles and neuritic threads in the frontal 
cortex, parietal cortex, temporal cortex, occipital cortex, 
and cingulate cortex with a skip phenomenon,20 accentu-
ated in the depths of sulci (Fig. 2). The largest numbers 
of tangles and threads were noted in the frontal cortex, 
with none in the occipital cortex. The CA1 region and 
subiculum revealed none to sparse flame, band, and small 
globose neurofibrillary tangles and neuritic threads. The 
entorhinal cortex revealed moderate band- and flame-
shaped neurofibrillary tangles and neuritic threads. There 
was focally sparse to moderate flame- and band-shaped 
neurofibrillary tangles in the amygdala. The CA2, CA3, 
and CA4 regions of the cornu ammonis showed no neu-
rofibrillary tangles in the pyramidal neurons and no neu-
ritic threads. The granule neurons of the dentate fascia 
revealed no neurofibrillary tangles or neuritic threads. 
There was focally sparse flame- and band-shaped neu-
rofibrillary tangles and neuritic threads in the anterior 
perforated substance and basal nucleus of Meynert. The 
thalamus and hypothalamus showed several large glo-
bose neurofibrillary tangles and neuritic threads. The 
substantia nigra showed none to sparse small and large 
globose neurofibrillary tangles and neuritic threads. The 
caudate nucleus, insula cortex, putamen, and globus pal-
lidus revealed no neurofibrillary tangles. Only 1 neuritic 
thread was noted in the globus pallidus. There were no 
neurofibrillary tangles in the midbrain tegmentum. Few 
pretangles were noted in neurons of the periaqueductal 
gray matter. The ventral tegmental pons revealed a single 
large globose neurofibrillary tangle and several neuritic 
threads. A single neuron revealed a globose neurofibril-
lary tangle in the locus ceruleus, accompanied by several 
neuritic threads. The medullary tegmentum and the infe-
rior olivary nuclei revealed no neurofibrillary tangles or 
neuritic threads. The Purkinje neurons, internal granule 
neurons, and the dentate neurons of the cerebellum re-
vealed no neurofibrillary tangles. The anterior horn neu-
rons of the spinal cord revealed no neurofibrillary tangles. 
There were no neuritic threads in the spinal gray or white 
matter. Tufted astrocytes, thorn astrocytes, astrocytic 
plaques, and astrocytic coils and grains were absent in all 
sections of the brain examined.

There was focal ubiquitin immunopositivity of few 
neurofibrillary tangles and neuritic threads, otherwise 
there were no ubiquitin neuronal or glial inclusions in all 
sections of the brain examined. There were no diffuse or 
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neuritic amyloid plaques and no cerebral amyloid angiopa-
thy in all examined sections of the cortex, hippocampal 
formation, subcortical ganglia, brainstem, cerebellum, and 
spinal medulla. There were no Lewy bodies, Lewy neu-
ritis, or glial alpha-synuclein inclusions in all examined 
sections of the cortex, hippocampal formation, subcortical 
ganglia, brainstem, cerebellum, and spinal medulla.

Glial fibrillary acidic protein immunostains revealed 
multifocal mild perivascular fibrillary astrogliosis and 
activation of astrocytes in the gray cortex and molecular 
layer of the frontal cortex, cingulate cortex, parietal cor-
tex, temporal cortex, and occipital cortex. The subcortical 
gyral white matter of the cortical lobes revealed multi-
focal and superficial white matter fibrillary astrogliosis 
and activation of astrocytes. The body and splenium of 
the corpus callosum showed multifocal and mild fibril-
lary astrogliosis and activation of astrocytes. There was 
mild diffuse fibrillary astrogliosis of the hippocampus in-
cluding the dentate fascia and gyrus, alveus, strata oriens, 
radiatum, lacunosum, and moleculare. There was mild 
diffuse astrogliosis of the thalamus, midbrain, pons, and 
medulla oblongata. There was diffuse astrogliosis of the 
neurohypophysis. The cerebellum revealed Bergmann 
astrogliosis with multifocal fibrillary astrogliosis of the 
superficial folial cerebellar white matter. There was mild 
diffuse fibrillary astrogliosis of the hypothalamus, amyg-
dala, and anterior perforated substance (basal nucleus of 
Meynert). The anterior, lateral, and posterior cervical, 
thoracic, and lumbar funiculi did not show any remark-
able astrogliosis.

The CD-68–immunostained sections of the frontal 
cortex, parietal cortex, temporal cortex, occipital cortex, 

cingulate gyrus, caudate nucleus, insula cortex, putamen, 
thalamus, hypothalamus, globus pallidus, cerebellum, 
corpus callosum, midbrain, pons, and medulla revealed 
nonspecific multifocal lysosomal astrocytic and microg-
lial staining, accompanied by multifocal immunoposi-
tive staining of scattered perivascular histiocytes in and 
around the Virchow Robin spaces. Small clusters of neu-
ropil histiocytes were present multifocally accentuated in 
the frontal and parietal subcortical white matter, internal 
capsule, anterior body of the corpus callosum, splenium 
of the corpus callosum, anterior commissure, cerebral pe-
duncles, and transverse and longitudinal fascicles of the 
basis pontis. Similar changes were also noted in the cer-
vical, thoracic, and lumbar anterior, lateral, and posterior 
funiculi, as well as in the amygdala and anterior perfo-
rated substance.

The sections stained with Luxol fast blue and cresyl 
violet from the frontal, temporal, parietal, and occipital 
cortex revealed mild diffuse rarefaction of the subcortical 
white matter, relatively sparing the occipital cortex, and 
accentuated in the frontal and parietal cortex. There was 
mild to moderate rarefaction of the subcortical white mat-
ter of the cingulate cortex, periventricular white matter of 
the lateral angle of the lateral ventricle, and of the anterior 
corpus callosum, as well as of the anterior commissure. 
There was diffuse mild rarefaction of the internal, ex-
ternal, and extreme capsules. Minimal rarefaction of the 
cerebral peduncle and medullary pyramids was noted. 
There was mild to moderate rarefaction of the transverse 
and longitudinal fasciculi of the basis pontis. There was 
no rarefaction of the deep cerebellar white matter. The 
splenium of the corpus callosum revealed mild rarefac-

Fig. 2.  Photomicrographs of tau-immunostained section of the frontal cortex showing frequent neurofibrillary tangles and neu-
ritic threads (A and B), with higher magnification (C and D) showing band- and flame-shaped neurofibrillary tangles and neuropil 
neuritic threads. Original magnification × 200 (A), × 400 (B), × 600 (C and D).
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tion. There was no rarefaction or myelinolysis of the spi-
nal anterior, lateral, or posterior funiculi.

The TDP-43–immunostained sections of the left fron-
tal cortex, parietal cortex, cingulate cortex, insula cortex, 
claustrum, caudate nucleus, putamen, globus pallidus, and 
thalamus revealed very sparse and focal TDP-immunopos-
itive cytoplasmic and neuritic inclusions in the frontal 
cortex and caudate nucleus. The pyramidal neurons of the 
cornu ammonis and the granule neurons of the dentate fas-
cia revealed no TDP proteinopathy. The midbrain tegmen-
tum, colliculi, periaqueductal gray matter, and substantia 
nigra showed very sparse and focal TDP nuclear and cy-
toplasmic inclusions in the substantia nigra. The Purkinje 
cell layer, internal granule cell layer, and dentate nucleus 
revealed no TDP proteinopathy or cytoplasmic inclusions. 
The anterior horn neurons of the spinal medulla revealed 
sparse and focal nuclear TDP inclusions accompanied by 
sparse dystrophic TDP-positive neurites.

The specified constellation of gross neuropathologi-
cal, histomorphological, and immunophenotypical find-
ings in this case are consistent with changes we have de-
scribed and identified in CTE in American athletes.20

Apolipoprotein E Genotyping
Apolipoprotein E genotyping was performed using ge-

nomic DNA extracted from peripheral blood leukocytes in 
whole autopsy blood using the QIAamp DNA Blood Mini 
kit (Qiagen). The apolipoprotein E genotype was ascer-
tained from the amplified DNA by fluorogenic 5′ nuclease 
assays (TaqMan SNP genotyping assays; Applied Biosys-
tems). The apolipoprotein E genotype was 3/4.

Discussion
In this report we present the sentinel case of a 27-year-

old Iraqi war veteran who was formally diagnosed with 
PTSD, committed suicide by hanging, and whose brain 
at autopsy revealed gross, histomorphological, and im-
munophenotypical findings that we have identified and 
described in CTE in American athletes.20 As in our previ-
ous CTE cases,19–25 the primary proteinopathy we identi-
fied was a tauopathy in the form of multifocal sparse to 
frequent topographic neurofibrillary tangles and neuritic 
threads with a skip phenomenon.20 Focal secondary TDP 
proteinopathy was identified. Nonspecific white matter 
changes accompanied the tauopathy, consisting of non-
specific fibrillary astrogliosis, white matter rarefaction, 
and perivascular and neuropil infiltration by histiocytes. 
There was no significant cortical, subcortical, or hippo-
campal cerebral atrophy. Acute or chronic focal traumatic 
brain injuries such as lobar contusional necrosis or hem-
orrhages were absent.

Apolipoprotein E genotype in this case was 3/4. The 
E3 allele is the most recurrent apolipoprotein E allele we 
are observing in our CTE cohort,20 although our sample 
sizes are small and this observation is preliminary. We 
currently have no conclusive explanation for this trend 
that we are observing because the apolipoprotein E4 al-
lele has been reported to be the high-risk allele for Al-
zheimer disease and adverse outcomes of traumatic brain 
injury.2,8 However, we suspect that E4 may not be the pri-

mary apolipoprotein E risk allele for CTE although it has 
been suggested to be associated with chronic traumatic 
brain injury and cognitive impairment in boxers and pro-
fessional football players.11,13,29 Kristman et al.,12 however, 
did not find any important association between the E4 
allele and the risk of sustaining a concussion in amateur 
collegiate athletes.

Our subject was a member of a population cohort 
that can be exposed to repetitive traumatic brain injuries. 
Traumatic brain injury has been referred to as the signa-
ture injury of Operation Enduring Freedom and Opera-
tion Iraqi Freedom. It has been estimated that 15%–30% 
of troops engaged in active combat in Afghanistan and 
Iraq have suffered concussions and subconcussions, many 
as a result of blasts from explosive devices. The major-
ity of these patients manifest neuropsychiatric symptoms 
and cognitive impairments beginning immediately after 
the injury and lasting for days to weeks to months. Ap-
proximately 18%–30% of these patients develop persis-
tent, progressive, and sometimes disabling constellations 
of neuropsychiatric and cognitive impairments, which are 
interpreted to represent PTSD.3 Our subject also played 
football and hockey for leisure and suffered a remote na-
sal bone fracture. It is our belief that his eventual CTE 
risk outcome occurred as a result of his lifetime and cu-
mulative exposure to repeated subconcussive and concus-
sive traumatic brain injuries, with his military exposures 
being the primary injuries that precipitated CTE.

Our subject manifested persistent symptoms of CTE 
or PTSD and eventually committed suicide by hanging. 
We have previously associated parasuicides and suicides 
with CTE21 and are observing an overrepresentation of 
suicides and drug-related accidental deaths in our CTE 
cohort.20 According to a 2010 Department of Defense re-
port,6 the suicide rates in all services increased from about 
10 per 100,000 people in 2001 to about 20 per 100,000 
people in 2009, while the suicide rate in the general US 
population remained at approximately 11.5 per 100,000 
in 2007. The propositional question that this sentinel case 
report raises is: What role does CTE play in the increas-
ing incidence of suicides in the US military? This ques-
tion can only be answered by more forensic observational 
and translational research focused on CTE and suicides 
in military veterans.

Members of the armed forces can sustain repeti-
tive traumatic brain injury from training activities, from 
noncombat professional activities, and from combat ac-
tivities. Blast exposure is the most common cause of trau-
matic brain injury in the wars in Iraq and Afghanistan.7 
Explosives like mortar shells, rocket-propelled grenades, 
and IEDs cause blast injuries via complex physical events, 
which have the potential to precipitate repetitive subcon-
cussive and concussive brain injuries. The mechanisms 
of brain damage are not yet well understood, but several 
neurotrauma mechanisms have been proposed.4,7,27

While emphasizing that no human autopsy studies, 
conducted with current immunohistochemical methods, 
have been published on blast-related traumatic brain in-
jury in the military, Mac Donald et al.,15 using diffusion 
tensor imaging, concluded that blast exposure in US mili-
tary personnel causes traumatic axonal injury. Follow-up 
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diffusion tensor imaging 6 to 12 months after prelimi-
nary postexposure diffusion tensor imaging confirmed 
persistence of traumatic axonal injury abnormalities in 
the brains of their military subjects. Their conclusions 
and findings support the conclusions, interpretations, and 
propositional sentinel value of this case report. The pri-
mary proteinopathy in CTE is hyperphosphorylated tau, 
which is a microtubule-associated protein that is involved 
in the pathophysiological cascades of traumatic axonal 
injury.10 We observed nonspecific white matter changes 
in this case, which accompanied tauopathy.

In addition to tauopathy in this case, we observed a 
focal and sparse secondary TDP proteinopathy. Such a 
TDP proteinopathy frequently occurs as a nondiagnostic 
or nondefining accompaniment and secondary proteinop-
athy of a variety of primary proteinopathies in a broad 
spectrum of neurodegenerative diseases, including Al-
zheimer disease.5,9,18 Secondary proteinopathies in neuro-
degenerative diseases is a frequent occurrence, and CTE, 
as a trauma-induced neurodegenerative disease, may be 
accompanied by secondary proteinopathies in different 
cases of CTE.

Conclusions
In this paper we present the case of a 27-year-old 

USMC Iraqi war veteran who developed persistent im-
paired neuropsychiatric and cognitive functioning, and 
mood disorders, following deployments to Iraq and an hon-
orable discharge. He was clinically diagnosed with PTSD 
and prescribed neurotropic drugs. He eventually commit-
ted suicide by hanging. Autopsy, as well as gross and his-
tomorphological examination of his brain, revealed CTE 
changes similar to the CTE changes we have observed 
in American athletes. Chronic traumatic encephalopathy 
is the cumulative outcome of repeated subconcussive and 
concussive brain injuries, and in this instance, it is our 
opinion that the decedent sustained repeated subconcus-
sive and concussive brain injuries primarily from expo-
sures from blasts and secondarily from training activities 
and noncombat activities as a marine. Other possible tertia-
ry nonmilitary contributory factors to his cumulative risk 
of developing CTE may have included a remote traumatic 
history of nasal bone fracture and engagement in contact 
sports such as football and hockey for leisure. This sen-
tinel case highlights the need for forensic, observational, 
and translational research to further confirm that a propor-
tion of PTSD cases in war veterans may be due to, or con-
tributed to by, CTE caused by repeated subconcussive and 
concussive traumatic brain injuries.
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Much of the current discussion regarding sports-
related concussion is focused on prevention and 
return-to-play guidelines. This is appropriate, 

because prevention of the initial injury and subsequent 
reinjury is of paramount importance. The model concus-
sion prevention legislation, Washington State’s Zachery 
Lystedt Law, incorporates 3 key aspects, as follows: 1) 
athletes, parents, and coaches are required to receive 
yearly concussion education; 2) an athlete suspected of 
having a concussion must be removed from competition 
and not returned to play; and 3) a licensed health care 
professional must clear the athlete to return to play.3 Im-
plicit is the need for a standardized method to identify the 
concussed athlete during competition.

To this end, the “Consensus statement on concussion 
in sport,” generated during the 3rd International Confer-
ence on Concussion in Sport was widely published in 
2009.2 Germane to the current paper was the recommen-
dation that “Once the first aid issues are addressed, then 
an assessment of the concussive injury should be made 
using the SCAT2 or other similar tool.” The SCAT2 

“represents a standardized method of evaluating injured 
athletes aged from 10 years or older.” The SCAT2 can be 
used for preseason baseline evaluation, and it is available 
at no charge for distribution and use.

There are, however, barriers to the use of concussion 
test instruments like SCAT2: namely, lack of awareness 
and inconvenience. Lack of awareness regarding sports-
related concussion and of the availability of standardized 
testing platforms are being addressed through legislation 
and campaigns like the CDC’s “Heads Up: Concussion 
in Youth Sports.” The pencil and paper SCAT2 survey is 
inconvenient to use on the sideline (especially when the 
weather turns foul), and dissemination of test data is more 
difficult. A digital format, particularly a smart-phone ap-
plication, breaches these barriers. In this paper, we report 
our experience with the development of an iPhone app for 
concussion testing.

Methods
The app development team included a neurosurgeon 

(R.A.R.) to provide the medically relevant content, a 
graphic artist (G.A.C.) to design the user interface, and a 
computer programmer (N.S.) to translate the vision into 
the computer’s language.

Development of an iPhone application for sideline  
concussion testing
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During the planning process, we identified several 
desirable functions to incorporate into the app, as follows.

1. SCAT2 elements. The purpose of our app is to help 
determine if an injured athlete shows signs and symp-
toms of concussion. We therefore built the app around 
test elements from the well-established SCAT2 platform.

2. Ease of use. Because the app will be used to evalu-
ate injured athletes in the heat of battle, it has to be easy 
to use.

3. Multiple uses. Many school boards, particularly 
in rural areas, have budget and personnel limitations 
that make it difficult to implement a concussion-testing 
platform like ImPACT (Immediate Post-Concussion As-
sessment and Cognitive Testing). We planned an app that 
could be used for preseason baseline evaluations, in-com-
petition testing, and postconcussion monitoring.

4. Data transmission. The data generated from our 
app are compiled in the CSV format so that it can be di-
rectly entered into a database or spreadsheet program.

5. Adaptability. Although the app is currently based 
on SCAT2, we anticipate that other sideline concussion 
test strategies will be validated in the future. We wanted 
the flexibility to add this functionality to forthcoming 
versions of the app.

6. Security and backup. Because the app will store 
private health information, security is needed to prevent 
unwanted data access should the device be borrowed, 
lost, or stolen. To this end we incorporated a login screen 
requiring a user name and password. There is a quick 
test feature allowing access to the test elements (but not 
private health information) in the event of an emergency. 
Also planned is a synchronizing feature that will back up 
test data to a Health Insurance Portability and Account-
ability Act–compliant server hosted by Marquette Gen-
eral Health System.

Next came the graphic design and programming. 
Throughout this stage, simulated versions of the app were 
evaluated to be certain that a product consistent with our 
desired functionality took shape.

Last, the app was submitted to the Apple app store for 
testing and approval.

Results
The resulting app is named Concussion Test (Fig. 

1). There is no charge to download it through the iTunes 
store.

In Concussion Test, there are several ways to begin 
the testing protocol. First, an athlete can be selected from 
the player roster. In this scenario, an athlete’s name and 
his/her demographic information are stored in the app, 
along with preseason baseline concussion testing. Sec-
ond, an athlete’s demographic information can be entered 
right before the concussion test is administered. Third, 
there is a quick-test option that permits direct entry into 
the test elements. This is especially helpful if there is a 
need to evaluate an athlete who is not part of the team. At 
the end of the test elements, the option of adding the test 
data to an existing player or to a new player is available.

In addition to general demographic information, the 
app also stores results of prior concussion tests and the 

number of previous concussions, general medical infor-
mation useful in emergency situations, and emergency 
contact information.

The testing protocol is based on SCAT2 and includes 
the following elements: concussion symptom survey, 
modified Maddocks questions, balance test, immediate 
and delayed word recall, reverse digit recall, and reverse 
month recall (Fig. 2A and B). To prevent an athlete from 
memorizing the words and digits through repetitive test-
ing, the app automatically refreshes the word and digits 
list with each new test. This functionality is not available 
with the traditional pencil and paper SCAT2.

At the end of the test, a results screen appears, pro-
viding a plain-language summary of the data and recom-
mendations regarding return to competition (Fig. 2C). 
Test results can then be assigned to an existing player or 
a new player. An email screen (with the test data attached 
as a CSV file) permits distribution of results to members 
of the traumatic brain injury team (Fig. 2D).

This app also features a hospital locator—helpful if 
the team is competing away from home.

Discussion
Concussion recognition and prevention is not a triv-

ial endeavor. Scientific data support the conclusion that 
repetitive, mild head injury leads to the late sequelae of 
chronic traumatic encephalopathy.1 Moreover, it is abun-
dantly clear that the catastrophic second-impact syn-
drome is both real and preventable.4,5 It is imperative, 
then, that the concussed athlete be identified (especially 
when signs and symptoms are subtle), and then allowed 
to return to play only after resolution of symptoms. These 
tasks can best be accomplished by combining clinical 
judgment with a standardized, validated tool.

Through a combination of legislation and awareness 

Fig. 1.  Logo for the Concussion Test app.
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programs, concussion assessment tools will be increas-
ingly used. A digital format is advantageous due to easier 
data collection, analysis, distribution, and storage. A mo-
bile-phone app offers the ideal combination of function-
ality and portability. We therefore developed an iPhone 
app to assist with in-competition diagnosis of concussion 
and to permit the serial evaluations necessary to inform 
decisions about return to play.

There are several concerns with a mobile platform: 
cost, potential for abuse, and validity. The Concussion Test 
app is free. Nevertheless, the lowest-priced iPod Touch is 
$229.00, so there certainly is a greater expense compared 
with the pencil and paper SCAT2 survey. We anticipate 
that the advantages of the digital format compensate for 
this initial capital expense. Can sideline concussion as-
sessments be maliciously used to return an injured athlete 
to competition? Sure. However, that would require the test 
administrator to actively falsify the athlete’s answers. The 
mobile format is no more vulnerable to this than the pen-
cil and paper version.

Last, does a mobile (or digital) version of a pencil 
and paper survey need to be additionally validated? Our 
opinion is that as long as the method of presenting the 
question does not affect the thought processes leading to 
the answer, then additional validation is unnecessary. For 
both the pencil and paper SCAT2 survey and our app, 
an independent party administers the test elements and, 
therefore, the method of presentation is the same from 
the perspective of the athlete being tested. Moreover, 
there really is not a good way to establish concurrent va-
lidity between our app and the pencil and paper version. 
Sequential administration of the 2 surveys could easily 
result in different answers because concussion signs and 
symptoms can fluctuate over time. Also, there is often 
time pressure to complete the testing, rendering adminis-
tration of 2 complete surveys impractical.

Ours is not the first concussion-related iPhone app. 
When we began app development 1 year ago (July 2010), 
a search of the iTunes store for “concussion” yielded no 
results. Now (July 15, 2011), the same search produces 5 
apps:

• SCAT2, Meeuwisse Consulting Services, free

• SCAT2, Wayne Hans, $3.99

• Concussion, SportSafety Lab, free with $4.99 in app 
purchases

• Concussion Recognition and Response: Coach and 
Parent Version, Psychological Assessment Resources, 
$3.99

• Play it Safe Concussion Assessment, Concussion 
Health, free

The first 3 apps are SCAT2-based. The Concussion 
Recognition and Response app is based on the CDC’s 
“Heads Up: Concussion in Youth Sports” program. The 
Play it Safe app is based on the Concussion Health pro-
gram developed by the University of Texas Athletic De-
partment. These apps are all well conceived and execut-
ed. Although a detailed review of these apps is beyond the 
scope of this paper, the growing number of concussion-
related iPhone apps is a testament to the feasibility and 
practicality of the concept.

By providing coaches, parents, athletes, and health 
and athletic personnel a comprehensive and easy to use 
tool to identify and monitor student athletes suspected 
of having a concussion, smart-phone apps will increase 
awareness of the dangers of concussion and improve deci-
sion making with regard to removal from play and return 
to play. To paraphrase, there should be no doubt when to 
sit them out.

Fig. 2.  Selected screen shots demonstrating several of the app’s functions.  A: The Reverse Number Recall screen. To avoid 
memorization, the number sequences change with each new test.  B: The Balance Test screen has both a countdown timer and 
an event timer (tap to count) to record the number of errors made in 20 seconds.  C: The Results summary screen. Based on 
test responses, a recommendation regarding return to play is provided in plain language. There is also the option to assign test 
results to an existing player or to a new player.  D: The email screen. Test results are automatically attached as a CSV file, and 
can be sent to appropriate members of the traumatic brain injury program team.
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Conclusions
Mobile-phone apps, due to their popularity and ease 

of use, offer an excellent platform to promote wellness 
and prevention agendas such as concussion recognition 
and second-impact syndrome prevention. Neurosurgeons 
can and should use their expertise to help develop medi-
cally relevant smart-phone apps. Development of an app 
is a collaborative and cooperative process, and thus plays 
to neurosurgeons’ strengths.
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An estimated 1 in 10 (5.3 million) of the 54 million 
Americans living with disabilities have a disability 
caused by TBI (www.hhs.gov).49Approximately 

475,000 TBIs occur among children ages 0–14 years 
old every year in the US (www.cdc.gov), and the current 
leading cause of death in children more than 1 year old 
is TBI. Different pediatric age groups experience differ-
ent causes for their injury. In infants, the most common 
causes are falls and physical assaults. In toddlers and 
young children, car accidents and falls are most common. 
In children and teenagers, car accidents and sports are the 
most common causes.30

Proper management and care of pediatric patients is 
therefore crucial to improve functional outcome in this 
population. Recent advances have been made in the more 
general field of adult TBI, including the conclusion of a 
controversial trial that analyzed the clinical effectiveness 
of decompressive craniectomy following TBI in improv-

ing outcome in adults.16 The study did not explicitly target 
pediatric populations; however, the results of the study do 
raise important and timely clinical questions regarding 
the effectiveness of decompressive surgery in pediatric 
patients. There is still a paucity of evidence regarding the 
effectiveness of this therapy in this population, and there 
is an especially noticeable knowledge gap surrounding 
age-stratified interventions in pediatric trauma.

We have several goals in this review. First, we ex-
plore the anatomical variations between pediatric and 
adult populations in the setting of TBI. Second, we note 
the epidemiological and physiological differences within 
age-stratified pediatric populations. Third, we assess how 
these differences between adult and pediatric popula-
tions could translate into differences in the impact of de-
compressive surgery following TBI by analyzing current 
knowledge on the utilization of craniectomy as a treat-
ment in these different populations.

Physiology
Pediatric populations represent an important but of-

ten under-defined population in the literature investigat-
ing TBI. Many adult trials of decompressive craniectomy 
following TBI include patients as young as 10 or 15 years 
old in their protocols,16,26 demonstrating a failure to dis-

Traumatic brain injury in pediatric patients: evidence for the 
effectiveness of decompressive surgery
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tinguish between adult and pediatric populations. How-
ever, significant physiological, anatomical, and pathologi-
cal differences exist between the ages of birth and adult-
hood, resulting in the need for clear definitions in patient 
populations. For the purposes of this review, the pediatric 
population includes children from the moment of birth 
until 18 years of age.

Damage following TBI is the result of primary and 
secondary injuries on the brain. Primary injury is largely 
due to shearing forces between brain tissue of different 
densities, specifically between skull and dura mater, dura 
mater and gray matter, and white matter and gray matter.22 
Secondary physiological injury, however, is also respon-
sible for a large amount of morbidity and death. Second-
ary injury can result from impaired cerebral blood flow, 
regional edema, hemorrhage, elevated ICP and therefore 
reduced CPP, dysfunction of ion pumps, excessive release 
of neurotransmitters, cascade of cellular destruction via 
reactive oxygen species, proteolysis, and inflammation.19 
These processes can often lead to ischemia, infarct, and 
necrosis.

Intracranial pressure is one of the most impor-
tant brain physiological variables, especially following 
TBI.21,25,30,42 Control of ICP is therefore crucial in pre-
venting secondary injury. Healthy adults normally main-
tain ICP values below 20–25 mm Hg, although this exact 
threshold is not clear in any age group.10

Anatomy
There are multiple anatomical mechanisms for injury 

to the brain. In both pediatric and adult populations, the 
brain is cushioned by a surrounding layer of CSF and in-
fused by layers of vessels that provide structural and nu-
tritional support. The brain is protected further by layers 
of pia, arachnoid, and dura mater, surrounded by a bony 
skull. In young children, the skull has not yet calcified 
completely and is less capable of distributing pressure. 
By adulthood, the skull has hardened into a sandwich of 
cortical bone around a spongy diploë and can resist im-
pact fracture at 11 times the force strength of neonates.38

Anatomical and mechanical variations between 
adults and children explain some of the differences be-
tween the 2 age groups for severity of and response to 
TBI. Children have smaller brains than adults, and re-
searchers have demonstrated in chimpanzee models that 
upon subjection to whiplash, smaller brains are less vul-
nerable than larger brains to the same amount of angular 
acceleration inducing injury.39

Relative to their body and compared with adults, 
however, children have large and heavy heads with weak-
er cervical neck muscles, which allows for a more force-
ful impact and a more severe injury. In young children, 
the skull is more pliable and incapable of withstanding 
bending loads. Cranial sutures are not yet fused, and upon 
impact, the soft skull deforms into the brain. More severe 
trauma is associated with plastic deformation and crack-
ing of the skull.38

Differences in TBI Within the Pediatric Population
Many elements influence outcome following TBI, 

including patient age, impact severity, physiological vari-
ables, anatomical variations, and especially control of ICP. 
Although not definitively proven, children are believed to 
have stratified values of normal ICP based on their age. 
Infants maintain ICP of 2–4 mm Hg, while older chil-
dren typically maintain their normal ICP range between 
5 and 15 mm Hg.2 These values of ICP correlate with CPP 
guidelines implemented in 1997, whereby adequate CPP 
per age group is defined as ≥ 30 (neonate), ≥ 40 (1 month 
to 1 year), ≥ 50 (1–4 years), ≥ 60 (5–8 years), and ≥ 70 
mm Hg (> 8 years)11,48 (Table 1). However, a more recent 
clinical trial has noted lower values for critical minimum 
CPP, with values of 48, 54, and 64 mm Hg for children 
ages 2–6, 7–10, and 11–15, respectively (Table 1).13

The thresholds for ICP hypertension in children re-
quiring treatment are generally considered to be lower 
than in adults, with the threshold in infants approximately 
15 mm Hg and in young children between 15 and 20 mm 
Hg.2 Several clinical studies support these age-stratified 
values in pediatrics, noting that neurological outcome is 
improved when medical treatments targeted at maintain-
ing ICP below 20 mm Hg are used.20,46

Recent studies, both clinical and basic science, show 
variation in clinical outcome following TBI between 
children and adults (Table 2). Worse outcomes might be 
predicted in pediatrics because children have a higher in-
cidence of edema following TBI and a reduced antioxi-
dative capacity compared with adults.6,38 Also, children 
experience a higher incidence of hypotensive episodes 
following TBI, which decreases CPP.8 Finally, the young 
brain normally receives a higher percentage of cardiac 
output compared with the adult brain, and children are 
therefore at higher risk for ischemia following TBI due 
to their dependence on a higher perfusion rate.45,52 Re-
cent evidence has shown that older teens generally dem-
onstrate better outcomes than younger children, perhaps 
due to greater vulnerability among younger children to 
more severe physical injury.3,4,28,32 Despite these factors, 
however, children overall tend to have better clinical out-
comes following TBI than adults.3,4,28

To investigate the reasons for such differences in 
outcomes, many animal models have been used to com-
pare young versus old age and TBI. Studies have ex-
amined the role of biomechanics,35 metabolism,43 cell 
death,9,25 electrophysiology,17,44 and glutamatergic neuro-
transmission23,24  as possible mechanisms to explain the 
improved clinical outcome in pediatric compared with 
adult patients. An additional mechanism by which im-
mature brain tissue may recover better following TBI is 
due to the presence of low levels of chondroitin sulfate 
proteoglycan glycoproteins compared with adult tissue. 
This important matrix component provides rigidity and 
support to the brain parenchyma, and lower levels of the 
glycoprotein are associated with increased plasticity. This 
lower level may be 1 mechanism by which the developing 
brain can maintain plasticity and rapidly remodel follow-
ing injury.5,41,51

Surgical Interventions for TBI in the Pediatric 
Population

Because ICP following TBI is widely regarded as an 
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important physiological determinant of brain function 
and clinical outcome,21,25,30,42 many approaches have been 
developed to control ICP. However, despite the existence 
of guidelines for management following TBI, there is a 
lack of data surrounding specific interventions, especially 
in pediatric populations. Most guidelines focus on ICP 
control as a means to maintain adequate CPP.34 Current 
medical treatments to reduce ICP include hyperosmolar 
therapy (such as mannitol or hypertonic saline),53 hyper-
ventilation,15,47 sedation and paralytics, and head of bed 
elevation. In addition, barbiturate-induced coma2 and hy-
pothermia7 have been shown to reduce cerebral metabolic 
rate and oxygen demands, offering a protective role.2 If 
medical treatment is ineffective in normalizing ICP, sev-
eral types of surgical intervention are possible. Surgical 
methods used include hematoma evacuation, ventricular 
drains, and craniectomy. Hematoma evacuation is indi-
cated in the setting of a hemorrhagic mass lesion, while a 
ventricular drain is used in the setting of hydrocephalus 
or when CSF drainage is desired. The third method, cra-
niectomy, is the subject of many current clinical trials. 
The overall goal is to increase the total volume of the 
cranial cavity by removing a large portion of the skull, 
thereby lowering ICP and reducing the incidence of sec-
ondary injury to the brain.

Several approaches to decompressive craniectomy 
exist. In both children and adults, a bilateral frontotempo-
roparietal craniectomy is often used for diffuse bilateral 
swelling, while a unilateral frontotemporoparietal cra-
niectomy is chosen for unilateral brain swelling.21,25,30 A 
variety of specialized techniques have also been reported 
in children, including smaller, 4-cm bitemporal craniec-
tomies,48 larger craniectomies,25,28 and craniectomy com-
bined with expansion duraplasty.14,18,42 To date no study 
has compared the efficacy of the various techniques in 
improving outcome. Furthermore, the timing of decom-
pressive craniectomy and its effect on clinical outcome 
have not been clearly established in pediatric patients.

Current opinion on the effectiveness of craniectomy 
in improving clinical outcome in pediatric patients fol-
lowing TBI is divided. Reduction of refractory ICP has 
been shown to be a major predictor of mortality follow-
ing TBI,21,25,31,42 and many studies have confirmed the 
positive effects of craniectomy on reducing ICP follow-
ing TBI.1,37,49,50 However, few randomized controlled 
studies exist that specifically address the effectiveness of 

craniectomy in pediatric populations to improve clinical 
outcome. In most current adult and pediatric studies, re-
fractory ICP hypertension is often defined as ICP > 20 
mm Hg for some defined time period.14,20,40 However, no 
standard definition of ICP hypertension exists in pediatric 
patients, which poses difficult challenges for designing 
and comparing clinical trials and results.

Clinical Trials of TBI
Traumatic brain injury trials are inherently chal-

lenging. Guidelines recommend prespecified baseline 
prognostic criteria, broad inclusion criteria, and ordinal 
statistical analysis to maximize efficiency and generaliz-
ability of the results.33 Additionally, because functional 
outcome following TBI can change greatly from 1 to 5 
years postincident, long follow-up periods greater than 1 
year are needed.12 The 5 trials summarized in Table 3 are 
the most significant and recent in the field of craniectomy 
following pediatric and adult TBI. Of these studies, only 
the Taylor et al.48 and Kan et al.27 trials are dedicated pe-
diatric studies. The remaining 3 studies analyze primar-
ily adult populations with overlap into the pediatric age 
range. All 5 studies were of small sample size, with num-
bers of patients ranging from 27 to 309. Additionally, 2 of 
the 5 studies, conducted by Polin et al.42 and Kan et al.,27 
were retrospective studies.

Taylor et al., 2001
Completed in 2001, the Taylor et al.48 RCT investi-

gated the clinical effectiveness of very early application 
of craniectomy in children with TBI. Using functional 
outcome at 6 months after intervention as the primary 
outcome and the control of ICP as a secondary outcome, 
the authors demonstrated positive outcomes in craniec-
tomy patients compared with noncraniectomy patients, as 
well as a large decrease in ICP.

The inclusion criteria for study participants were re-
fractory intracranial hypertension, defined as sustained 
ICP during the 1st day after admission (> 20 mm Hg for 

TABLE 1: Comparison of 2 different clinical measures of 
minimum adequate CPP

Authors & Year Age Adequate CPP (mm Hg)

Bullock et al., 1996 neonate ≥30
1 month–1 yr ≥40

1–4 yrs ≥50
5–8 yrs ≥60
>8 yrs ≥70

Chambers et al., 2006 2–6 yrs >48
7–10 yrs >54

11–15 yrs >60

TABLE 2: Comparison of prognostic factors following TBI 
between children and adults

Prognosticator Children Adults

edema higher incidence lower incidence
antioxidative capacity lesser greater
hypotensive episodes higher incidence lesser incidence
% of cardiac output higher lesser
age stratification younger children 

  more vulnerable to 
  severe injury

younger adults more 
  favorable outcome

basement membrane 
  glycoproteins

lower levels of chon- 
  droitin sulfate

higher levels of chon- 
  droitin sulfate

physiological vari- 
  ables examined in 
  animals

biomechanics, cell 
  death, metabolism, 
  electrophysiol- 
  ogy, glutamatergic 
  neurotransmission

biomechanics, cell 
  death, metabolism, 
  electrophysiol- 
  ogy, glutamatergic 
  neurotransmission
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30 minutes, > 25 mm Hg for 10 minutes, or > 30 mm Hg 
for 1 minute), or clinical evidence of herniation, repre-
sented by pupil dilation. Of the control group patients, 1 
patient had fixed pupils preoperatively, and in the surgery 
group, 3 patients had fixed pupils preoperatively. Surgery 
was performed within 6 hours of randomization, with 
each patient in the surgery group receiving a 4-cm bitem-
poral craniotomy via a bilateral vertical incision in the 
midtemporal region. As noted in the Adelson guidelines, 
this surgical operation is smaller than historical craniec-
tomies for relief of ICP.25,29 Cranioplasty was performed 
several months later if indicated.

The study demonstrated positive results for the im-
plementation of early craniectomy in children with TBI. 
Seven of 13 surgery patients obtained a favorable out-
come at 6 months, while only 2 of 14 medical patients ob-
tained a favorable outcome (p = 0.046). However, due to 
the nature of the repeated significance testing performed 
during the test, a p value < 0.021 was required for sta-
tistical significance for this test, per the explanation of 
the authors. Additionally, surgery patients demonstrated 
an ICP decrease of 8.98 mm Hg during the 48-hour pe-
riod following intervention (95% CI 4.987–12.968), while 
medical patients demonstrated a decrease of 3.39 mm Hg 
over the same 48-hour period (95% CI -0.435 to 7.807). 
Finally, surgery patients demonstrated fewer ICP spikes 
(> 20 mm Hg) than medical patients (107 vs 223, respec-
tively).

In comparison with the recent adult craniectomy tri-
als described below, the Taylor et al. 2001 pediatric trial 
has important findings and implications. The authors hy-
pothesized that the implementation of an early craniec-
tomy in refractory ICP hypertensive patients would result 
in better patient outcomes than the historical standard 
of care, which reserved surgery as a final intervention in 
refractory ICP hypertension following TBI.21,42 Based on 
their preliminary findings, the use of early craniectomy 
may result in better functional outcomes at 6 months in 
pediatric patients. However, this trial is limited by sev-
eral factors. First, there was a small trial size of only 27 
patients, and future studies would need to greatly expand 
the patient number. Second, there are numerous anatomi-
cal, mechanical, and physiological differences between 
the infant brain and the adolescent brain, as explained 
earlier, and future trials will need to address these issues 
through age stratification. Third, the study was long, last-
ing over 7 years, and functional outcome evaluation was 
only performed early in the recovery period, at 6 months. 
Another study has noted that long-term recovery follow-
ing TBI can change greatly from 1 to 5 years postinci-
dent.12

Kan et al., 2006
A small patient study, the Kan et al.27 analysis of 

clinical effectiveness of craniectomy following severe 
TBI in children was completed in 2006. The study was a 
retrospective analysis of 51 children’s records following 
craniectomy to either relieve ICP (6 children) or to relieve 
ICP and evacuate a hematoma (45 children). The authors 
found that craniectomy for the purpose of relieving ICP 
alone was associated with high levels of morbidity and 

mortality; however, strong conclusions cannot be drawn 
as only 6 patients were included in this specific cohort.

Few additional studies exist that specifically investi-
gate the role of craniectomy in pediatric populations fol-
lowing TBI. The Taylor et al. study is the largest study 
to date, but has a small sample size of 27 patients. In a 
smaller study, Cho and colleagues14 reported significant 
decreases in ICP in 10 children < 2 years old (from a 
mean of 59 mm Hg preoperatively to a mean of 12 mm 
Hg postoperatively).

Polin et al., 1997
Rather than performing a prospective RCT, Polin et 

al.42 selected 35 patients who had undergone a bifrontal 
craniectomy for the purpose of relieving refractory ICP 
following TBI. Refractory ICP was defined in this study 
as patients who possessed elevated ICP despite mild hy-
perventilation, elevation of the head of the bed, mannitol 
administration, or barbiturate administration. The aver-
age patient age was 18.7 years old, all but 2 patients had 
a maximum ICP > 20 mm Hg, and no patient had a GCS 
score > 7 at the time of surgery. All surgical patients were 
matched with appropriately selected controls who had 
similar characteristics but did not undergo craniectomy. 
The average reduction in ICP in the surgery group was 
from 34.9 to 21.6 mm Hg and the average reduction in 
ICP in the control group was from 33.2 to 29.4 mm Hg (p 
= 0.026), indicating an advantage in the surgical group.

Most importantly, patients undergoing craniectomies 
demonstrated greater functional outcomes than control 
patients: 37% of craniectomy patients had a favorable out-
come, compared with 16% of control patients (p = 0.014). 
When restricted to pediatric populations (< 18 years 
old), the difference was 44% versus 22%, respectively, 
although not statistically significant (p = 0.079). Finally, 
when the patient population was restricted to the most 
favorable target for craniectomy, defined as surgery per-
formed within 48 hours of injury and no sustained ICP 
> 40 mm Hg, pediatric populations receiving craniecto-
mies had an 80% favorable outcome but the control group 
demonstrated a 24% favorable outcome (p = 0.002).

Due to the trial’s narrow inclusion criteria, low popu-
lation sample, and retrospective analysis protocol, conclu-
sions are limited. A significant implication, however, is 
that when the pediatric patient population is appropriately 
screened for therapeutic benefit as per the definitions of 
Polin et al., the use of craniectomy appears to improve 
functional outcome over the standard practice of medical 
care.

Cooper et al., 2011
The authors of the DECRA trial recently published 

controversial trial results16 implicating worse outcome 
following craniectomy in patients with a brief, modest el-
evation in ICP following TBI (Table 3).

While it does not target pediatric craniectomy pa-
tients, and no pediatric data were reported, this study does 
raise important, controversial questions for the field. Ad-
ditionally, the age range of participants in the study over-
laps with pediatrics, including people from 15 to 59 years 
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old. The randomized, nonblinded study suggests that pa-
tients with brief, modest elevations in ICP unresponsive 
to first-line medical therapy who subsequently received 
second-line medical therapy (and life-saving surgery at 
the discretion of the surgeon) have better outcomes than 
those patients who undergo immediate decompression. 
Completed between December 2002 and April 2010, 
the trial enrolled 155 participants. The principal com-
parison was between the effectiveness of decompres-
sive craniectomy and medical standard of care following 
TBI; endpoints examined were functional outcome at 6 
months (primary outcome) and the ICP hypertension in-
dex (secondary outcome). The only surgical option con-
sidered was a bifrontal temporoparietal craniectomy with 
bilateral dural opening and without falx cerebri division. 
Based on the study’s definition of inclusion criteria, ICP 
threshold, patient population characteristics, and intent to 
treat analysis, a larger unfavorable outcome was associ-
ated with surgery over medical therapy in their cohort, 
which included mostly adult patients. However, the trial 
did demonstrate reduced hourly ICP and reduced the ICP 
hypertension index among the surgery patients.

The trial suffers from several limitations, both spe-
cifically and for the purposes of this review. The study in-
cluded confounding variables including baseline patient 
differences, questionably low threshold for ICP hyperten-
sion, and a large crossover rate. The majority of patient 
characteristics were similar at baseline, with the large 
exception that the craniectomy group included a higher 
percentage of participants with nonresponsive pupils than 
the standard of care group (27% vs 12%, respectively), 
which is an indicator of more severe prognosis.36 The 
authors designated 20 mm Hg as their threshold for in-
tracranial hypertension. While this value is generally ac-
cepted in pediatric studies, it has not received a Level I 
recommendation for the threshold for instituting therapy 
in adult populations.10

For the purpose of this review, the trial is timely and 
controversial; however, the results must be cautiously in-
terpreted within the pediatric field as no specific conclu-
sions were implemented regarding children. It is difficult 
to apply the results of the DECRA study to pediatric or 
any group of patients, due to the variety of confounding 
variables present in the study.

Hutchinson et al.
A trial in the United Kingdom (RESCUEicp) is cur-

rently underway with similar study aims as the DECRA 
trial but with important differences, such as including 
participants as young as 10 years old (Table 3). Compara-
ble to the DECRA protocol, the RESCUEicp trial makes 
provisions for physicians to deliver care in the best inter-
est of the patient, including craniectomy for the medicine 
group or barbiturates for the surgery group if the situa-
tion becomes an emergency (for example, prolonged ICP 
> 40 mm Hg with compromised CPP). Both studies use 
multiple-observer readings of CT scans following injury 
to stage the severity of the injury at baseline, a key com-
ponent to an efficient trial.33 The RESCUEicp study has 
the potential to generate a more powerful analysis of the 
outcome from craniectomy in both pediatric and adult 

patients and may be instrumental in directing future stan-
dard of care guidelines.

Discussion
Clinical outcomes following craniectomy after TBI 

in children are controversial. Taylor et al.48 reported clear 
favorable outcomes in 7 of 13 patients receiving craniec-
tomy and in only 2 of 14 patients receiving full medical 
management. Polin et al.42 compared the rate of favorable 
outcomes in their pediatric and adult populations and re-
port 44% and 29% favorable, respectively. However, this 
study had no control group. In a mixed-age prospective 
study, Guerra et al.25 used highly restrictive patient se-
lection criteria to analyze the effects of craniectomy on 
clinical outcome, and the results failed to support young 
age as a predictor of improved outcome.

Current guidelines are sparse and based on little clin-
ical evidence. Adelson et al.2 recommend the following 
criteria for selecting favorable patients for craniectomy 
in children: 1) diffuse cerebral swelling on cranial CT 
imaging; 2) within 48 hours of injury; 3) no episodes of 
sustained ICP > 40 mm Hg before surgery; 4) GCS score 
> 3 at some point subsequent to injury; 5) secondary 
clinical deterioration; and 6) evolving cerebral herniation 
syndrome.

At the moment, thorough investigations examining 
the clinical effectiveness of craniectomy in pediatric pa-
tients suffering from TBI are lacking. An important con-
sideration, which arises from these discussions, is the ap-
propriate selection of patients for craniectomy. The 2003 
guidelines for surgical treatment of pediatric intracranial 
hypertension state “patients who experience a secondary 
deterioration on the Glasgow Coma Scale (GCS) and/or 
evolving cerebral herniation syndrome within the first 48 
hours after injury may represent a favorable group. Pa-
tients with an unimproved GCS of 3 may represent an 
unfavorable group.”

Previous findings42,48 support a functionally higher 
outcome in pediatric patients compared with adult pa-
tients, especially when recipient patients are appropriate-
ly screened for maximum ICP < 40 mm Hg and surgery is 
implemented within 48 hours. Additionally, the ongoing 
RESCUEicp study is very similar to the DECRA study 
but includes patients as young as 10 years old, which may 
illuminate the effectiveness of the procedure in pediatric 
populations in the near future. Based on the current pau-
city of data within the pediatric field, it would be benefi-
cial for the authors to perform subgroup analysis within 
their pediatric cohort. Additionally, specific goals for 
future trials might include the following: large pediatric 
patient database, stratified by age; similar baseline char-
acteristics; minimization of crossover; accordance with 
guidelines in selecting threshold for refractory ICP hy-
pertension; appropriate selection of long-term (> 5 years) 
measures of clinical outcome; and specific, nonexcepted 
exclusion criteria including established characteristics for 
worse outcome.

Conclusions
To date, decompressive surgery following TBI re-
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mains controversial. Current questions that remain in-
clude the following. Which patients are appropriate for 
selection for craniectomy following TBI? Is young age 
a predictor of improved outcome? How can we optimize 
the surgical approach to refractory ICP hypertension in 
pediatric patients? How can we better understand the 
various physiological measurements (ICP, CPP, cerebral 
blood flow, and others) to tailor the surgical therapy to the 
patient? What role, if any, does the age of the patient play 
in targeting their therapeutic ICP level? Future RCTs are 
needed to address these and other questions, with special 
importance being placed on age stratification in pediatric 
patient populations.
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Since their introduction to the North American mar-
ket by Honda in 1971, ATVs have become very 
popular for use in both utility and recreational ap-

plications. It has been estimated that in 2007 there were 
9.5 million 4-wheel ATVs in use in the US—a 126% in-
crease from just the year 2000 (4.2 million).23 With this 
dramatic increase in ATV proliferation has come a sig-
nificant amount of rider morbidity and mortality.

Epidemiological studies have demonstrated that head 
and spinal column injuries account for a significant por-
tion of ATV-related injuries.11,20 In a recent series of 741 
reported ATV-related injuries, > 200 patients with head 
injuries required care in the ICU, and 57 additional pa-
tients underwent immediate surgery on admission. Fur-

thermore, 59 patients arrived with a Glasgow Coma Scale 
score of 3. In such series, 49 patients sustained a spinal 
cord injury.4 Moreover, in addition to neurological mor-
bidity, several other types of injuries have also been re-
ported, such as orthopedic, abdominal, and ophthalmo-
logical injuries.12,19

All-terrain vehicles are 3- or 4-wheeled, motorized, 
gasoline-powered vehicles with a weight typically be-
tween 300 and 600 lbs (135 and 270 kg), a high center 
of gravity, motorcycle-style handlebars for steering con-
trol, a seat designed to be straddled from atop a platform, 
and oversized, low-pressure knobby tires optimized for 
off-road, nonpaved terrain traversal.21 With engine sizes 
ranging from approximately 50–750 cm3 of displacement, 
ATVs are now capable of achieving speeds up to 75 mph 
(120 km/h).22 In 1988, the US Department of Transporta-
tion and ATV manufacturers negotiated a 10-year consent 
decree in federal district court that included a ban on the 
marketing of 3-wheeled ATVs.24

Definition and measurement of rider-intrinsic physical  
attributes influencing all-terrain vehicle safety
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Object. All-terrain vehicle (ATV) usage has grown tremendously over the years, reaching 9.5 million vehicles 
in use in 2007. Accompanying this growth has been a concomitant increase in rider morbidity (including traumatic 
brain and spine injuries) and death, especially in children. The purpose of this study was to define and measure, 
through field testing, those physical attributes intrinsic to riders, such as height, weight, and wingspan, which may 
have implications for ATV riders’ safety.

Methods. Three field tests (J-hook, brake, and bump) were developed and performed to allow direct measure-
ment of the lateral, longitudinal, and vertical dynamics in 5 riders of varying heights, weights, and wingspans. Two 
ATVs, a utility and a sport model, were tested for further comparisons. Data were acquired using a comprehensive 
data acquisition system attached to the ATVs. Assignment of individual rider/ATV test safety ratings and a rider/ATV 
Total Safety Rating were made from the results of these field tests.

Results. The J-hook test results demonstrated that larger rider wingspans positively influence ATV rider safety 
and mitigate against lateral instability. From the brake test it was determined that a 10-in (25.4-cm) longitudinal dis-
placement, such as that experienced during a sharp deceleration, for a rider of any height or weight, breached the level 
of defined safety. As rider weight increased, displacement decreased. The bump test provided evidence that increased 
rider weight also mitigates against vertical displacement.

Conclusions. Individuals with light weights and small wingspans, such as those in the pediatric population, are 
under considerable risk of injury when operating an ATV due to lateral, longitudinal, and vertical operational instabil-
ity. (DOI: 10.3171/2011.9.FOCUS11176)
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pediatric traumatic brain injury
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Abbreviations used in this paper: ATV = all-terrain vehicle; 
CPSC = Consumer Product Safety Commission; TSR = total safety 
rating. Conversion of units used in this paper: 1 in = 2.54 cm; 1 ft = 
30.48 cm; 1 lb = 0.453 kg; 1 mph = 1.6 km/h.



T. A. Mattei et al.

2                                                                                                                      Neurosurg Focus / Volume 31 / November 2011

With only 2 exceptions, in each successive year be-
tween 1991 and 2007 an increase was witnessed in the 
US in the number of injuries derived from ATV operation 
or usage that required hospital emergency department 
medical treatment—from 58,100 to 150,900 injuries.23 
Moreover, a minimum of 8995 riders have lost their lives 
in ATV-associated accidents between 1982 and 2007. Of 
this total, 28% (2497) were children < 16 years of age, 
and 12% (1062) were < 12 years of age.

According to a US CPSC study on ATV-related in-
juries and frequency of use (Table 1), from 1997 to 2001 
the number of ATV riders increased from 12 to 16.3 mil-
lion (36%), the total number of riding hours went from 
1.575 to 2.364 billion (50%), and the number of ATVs in 
use rose from 4 to 5.6 million (40%).10 However, revised 
CPSC data show an incongruent rise in the number of 
ATV-related injuries treated in hospital emergency de-
partments over this 5-year period: from 52,800 to 110,100 
(an increase of 109%).2,10,23 These results suggest that the 
CPSC’s exposure metrics are unable to fully account for 
the 109% rise in ATV-associated injuries.

Given the alarming rate of increase in ATV-related 
injuries, some investigations have sought to define vehi-
cle-intrinsic factors that affect rider safety (that is, engine 
size, number of wheels). Others have focused on rider 
characteristics (age, sex, and ATV experience) and spe-
cific risk factors identified as correlative to ATV safety 
(that is, training, geography, operator vs passenger, and 
occupational vs recreational usage). The aim of this in-
vestigation, however, was to define and measure, through 
field testing, those physical attributes intrinsic to riders 
that may influence their safety while operating an ATV 
(that is, rider height, weight, and wingspan).

Methods
Research on vehicle dynamics was conducted to as-

certain those dynamic factors deemed most influential 
on rider safety. Lateral acceleration, longitudinal accel-
eration, weight distribution, and roll moment arm were 
accepted as key influencers.7,15 Three tests were devel-
oped for direct measurement of rider movements in the 3 
translational coordinate directions (lateral, longitudinal, 
and vertical) and to draw conclusions about rider safety. 
These tests were the J-hook, brake, and bump tests (which 
are described in detail below and illustrated by Video 1).

Video 1.  Video clip showing ATV riders executing 
the J-hook, brake, and bump tests. Click here to view with 
Windows Media Player. Click here to view with Quicktime.

To conduct these tests it was necessary to design a 
data acquisition system capable of dynamically locating 
the center of gravity of both the ATV and rider while in 
the field simulating riding events. The center of gravity 
is the point at which gravity can be said to act. On a dy-
namic vehicle, the roll moment acts through this point. 
However, the location of the center of gravity of an ATV 
shifts as the vehicle bounces, tilts, and deflects its shocks 
and tires through riding events. Moreover, unlike in an 
automobile, the shifting of rider weight to maintain bal-
ance on an ATV is necessary. Therefore, the data acquisi-
tion system needed to be capable of deriving the position 
of the rider in relation to the ATV. By tracking the center 
of gravity of the rider, the movement of the rider’s weight 
force can be traced. Knowing the center of gravity of both 
the ATV and rider then allows for the determination of 
weight distribution, lateral, longitudinal, and vertical dis-
placements, and an estimation of rollover risk.

The data acquisition system we designed was devel-
oped for direct attachment to the ATVs. It comprised an 
AiM Sports EVO3 data logger (with 2 internal accelerom-
eters, 3 linear potentiometers, 1 magnetic pick-up speed 
sensor, and 2 inclinometers); a Bumblebee2 Stereoscopic 
Vision Camera (Point Grey Research, Inc.) for tracking 
rider movements and location with respect to the ATV; and 
custom MATLAB software code for translating the cam-
era data into coordinates and combining all of the collected 
data from the EVO3 (that is, shock displacements, lateral 
and longitudinal accelerations, ATV speed, longitudinal 
and lateral inclination angles, and ATV and rider centers 
of gravity) for evaluation.

The EVO3 data logger was placed atop the ATV so 
the sensors could be easily plugged in. The 3 linear po-
tentiometers were placed parallel to the ATV’s suspen-
sion by attaching them to metal brackets connected to the 
vehicle. The magnetic speed sensor was attached to one 
of the ATV’s wheels by using silicone caulk on the wheel 
and a metal bracket attached to the frame. The Bumble-
bee2’s specifications required the camera to be located 3 
ft (91 cm) away from the target it was tracking. An angled 
boom and bracket was designed, stress analyzed, built, 
and attached to the back of the ATV so that it positioned 
the camera at least 3 ft (91 cm) from the rider’s back. The 
2 inclinometers were attached to this boom and bracket. 
Additionally, to pull images from the camera it was nec-
essary to place a laptop on the ATV during testing. A 
padded box was fabricated that allowed the safe attach-
ment of a laptop to the back of the ATV during testing.

For field testing, 2 ATVs were ridden through identi-
cal events within the parameters of the 3 tests developed 
to measure and compare the dynamics of 5 adult riders 
of varying heights, weights, and wingspans. To ensure 
that comparable speeds were used by each rider during 
testing, and thus that reliable evaluations could be drawn, 
speed data were captured throughout each riding event. 
The ATVs used were a Polaris Trailblazer 250 (a sport 
ATV) and a Honda FourTrax 250 (a utility ATV). Both 
ATVs had 250 cm3 displacement engines and weights of 
approximately 480 lbs. However, each had a very differ-
ent suspension design; the Polaris used a MacPherson 
strut front suspension, whereas the Honda had a typical 

TABLE 1: Frequency of use and ATV-related injury data in the US 
for 1997 and 2001

Parameter 1997 2001 % Increase

no. of ATV riders 12 million 16.3 million 36
hrs of ATV riding 1.575 billion 2.364 billion 50
no. of ATVs in use 4 million 5.6 million 40
ATV-related injuries* 52,800 110,100 109

*  Based on revised CPSC data not available during original study.

http://mfile.akamai.com/21490/wmv/digitalwbc.download.akamai.com/21492/wm.digitalsource-na-regional/focus11-176_video.asx
http://mfile.akamai.com/21488/mov/digitalwbc.download.akamai.com/21492/qt.digitalsource-global/focus11-176_video.mov
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4-bar-linkage front suspension. Both ATVs had a solid 
rear axle.

After all field testing was concluded and the results 
were analyzed, a test safety rating was assigned to each 
individual rider/ATV combination in each of the 3 tests. 
Based on these results, a TSR was calculated for each 
rider/ATV combination. These ratings allowed for further 
evaluation and comparison of factors affecting ATV rider 
safety.

In relation to the different baseline driving capabili-
ties of the participants, which might have significantly 
influenced the results, all 5 drivers were matched for 
such confounding factors as follow: 1) none of them had 
ever driven an ATV vehicle before the instructions and 
training that were provided in the laboratory; and 2) all 
5 participants were grossly matched regarding their driv-
ing skills. All riders were students at Bradley University 
in Peoria, Illinois, who were > 18 years of age and had 
no professional driving training; although all of them re-
ported having the general skills for car driving expected 
for the adult population at such an age.

The J-Hook Test
The J-hook test concept is used by the National 

Highway Traffic and Safety Administration to measure a 
vehicle’s dynamic movements in sharp turning. From this 
performance, a rating of resistance to rollover is assigned. 
We adapted this test, which involved the rider turning to 
the left and then suddenly veering to the right (Fig. 1), to 
gauge the lateral movement of an ATV rider under cen-

trifugal forces. The results of this test are important be-
cause a common mechanism of ATV injury for younger 
riders is the rolling over of their ATV onto its side while 
on level terrain.7

A few assumptions had to be made to enable calcula-
tions predicting rider movement during a turn. First, it 
was assumed that the dimension of the rider’s arm seg-
ments and the distance between the shoulder joints were 
equal, and that the rider’s torso alignment was always 
perpendicular to the seat (Fig. 2A). This assumption was 
supported by the arm dimensions of the 5 riders. Second, 
it was assumed that the rider’s arm was fully extended, 
aligning the 2 arm segments (Fig. 2B). Third, the system 
was said to be a 4-bar linkage comprising the shoulder-
to-shoulder distance, the distance between the rider’s cen-
ter of gravity and the fulcrum of the handlebars, and the 
fully extended arm (Fig. 2C). Last, it was assumed that 
the rider shifted his or her weight a fixed distance into the 
J-hook to compensate for the centrifugal force (Fig. 2D). 
This fixed value was derived from examining the J-hook 
test data and finding the average inward lateral shift of 
the riders, which was approximately 3 in.

The rider/ATV geometry was modeled as a 4-bar 
linkage. The loop closure equation for this system is

where rM is the vector between the rider’s center of grav-
ity and the fulcrum of the handlebars; r4 is the vector 
between the 2 handlebar grips (hands); r5 is the vector 

Fig. 1.  Diagrams showing the layout for the J-hook, brake, and bump tests on ATVs.

[Eq. 1],
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between a handlebar grip (hand) and corresponding el-
bow joint; r6 is the vector between an elbow joint and cor-
responding shoulder joint; and r1 is the vector between 
the 2 shoulder joints.

Equation 1 can be simplified using the above-listed 
assumptions, as follows:

where lM is the magnitude of the vector between the 
rider’s center of gravity and the fulcrum of the handle-
bars; θM is the direction of the vector between the rider’s 
center of gravity and the fulcrum of the handlebars; lH is 
the length of the vector between the 2 handlebar grips 
(hands); θ4 is the direction of the vector between the 2 
handlebar grips (hands); lA is the magnitude of the vector 
between the rider’s center of gravity and the fulcrum of 
the handlebars; θ56 is the direction of the vector between 
the handlebar grip (hand) and the shoulder joint; and θ1 is 
the direction of the vector between the 2 shoulder joints.

For the Polaris ATV, the grip-to-grip distance and 
the distance between the rider’s center of gravity and 
the fulcrum of the handlebars were measured to be 25 
in (63.5 cm) and 20.5 in (52.1 cm), respectively. For the 
Honda ATV, the analogous values were 26 in (66 cm) and 
20.5 in (52.1 cm).

The Brake Test
The brake test was developed and performed to mea-

sure the longitudinal displacement of a rider experienc-
ing sudden deceleration (Fig. 1). Starting from a stop, the 
rider accelerated along a linear path, reaching a certain 
minimum speed. On reaching a preset location, the rider 
would immediately apply the brakes as if in an emergen-
cy braking situation. The longitudinal displacement of the 
rider during the deceleration event was measured.

Without seat belts, which are used to control occupants 
in an automobile, an ATV rider can easily be thrown for-
ward and sustain injuries in cases of sharp deceleration. 

The Bump Test
The bump test was conducted to observe and measure 

a rider’s vertical bounce when driving over a 3.5 in (8.9 
cm) high bump (Fig. 1). This test is based on the premise 
that riders’ safety is severely compromised once they are 
in a position in which their legs are completely extend-
ed. Any displacement beyond this boundary could cause 
their feet to leave the foot pegs—a condition conducive to 
ATV/rider separation. Similarly to longitudinal displace-
ment, without restraint, excessive vertical displacement 
from the ATV seat can easily lead to rider injury.

The maximum allowable bounce for a particular rid-
er was determined as his or her change in position from 
sitting to standing with legs at full extension. Figure 3 
shows the basic geometry of a rider in the sitting position.

Equations 3, 4, and 5 were used to calculate the in-
seam of the riders based on their height through the gold-
en ratio and proportions presented by Leonardo da Vinci’s 
Vitruvian Man (http://en.wikipedia.org/wiki/Vitruvian_ 
Man [Accessed October 7, 2011]).

Fig. 2.  Schematics showing assumptions used to make calculations 
predicting rider movement during a turn on an ATV.  A: The rider’s 
arm segments and the distance between the shoulder joints are equal, 
and the rider’s torso alignment is always perpendicular to the seat.  B: 
Rider’s arm is fully extended, aligning the 2 arm segments.  C: The 
system was said to be a 4-bar linkage comprising the shoulder-to-
shoulder distance, the distance between the rider’s center of gravity 
and the fulcrum of the handlebars, and the fully extended arm.  D: The 
rider shifts his or her weight a fixed distance into the J-hook maneuver 
to compensate for the centrifugal force.

[Eq. 2],

Fig. 3.  Diagrams of the ATV rider in a sitting position and the rider’s 
legs when standing.

[Eq. 3]

[Eq. 4]
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Figure 3 also shows a diagram of an ATV rider in 
a standing position, legs fully extended. The vertical 
change in the position of the pelvic area of the rider is 
equivalent to the change in position of the tracked target 
(center of gravity) on the rider. Therefore, defining the 
change in height from the sitting to standing position will 
define the maximum allowable bounce deemed safe.

Equations 6, 7, and 8 describe the derivation of the 
maximum allowable bounce through the measurable di-
mensions of rider height, distance between ATV foot pegs, 
and distance from the foot pegs to the seat of the ATV.

Although a rider at a given weight can be one of 
many heights, the bounce experienced by an ATV rider is 
dependent on his or her weight and the ATV’s suspension 
engineering. Therefore, the safety of a rider experienc-
ing vertical displacement must be evaluated within the 
context of the weight variable. For the purposes of defin-
ing the safety of a rider, the typical height ranges corre-
sponding to a particular weight were found using health 
insurance documentation from BlueCross BlueShield 
for juvenile and adult health underwriting guidelines.8 
For the minimum and maximum heights at each weight, 
Equation 8 was used to calculate the maximum allowable 
bounce of the rider.

The TSR
The 5 riders chosen for field testing of the ATVs were 

selected based on desired variances in height, weight, and 
wingspan combinations. This allowed for the observation 
and examination of how each intrinsic physical attribute 
may be responsible for rider safety.

Table 2 outlines the key physical features of each test 
rider. Rider A simulates a child due to her short height 
and light weight. Rider B is nearly the same height as 
Rider A, but weighs considerably more. Riders C and D 
are of approximately the same weight as Rider B, but with 
greater height and wingspan. Therefore, they were used 
to evaluate the effect of increased height on rider safety. 
Rider E is close in height to Riders C and D, but is > 90 
lbs (40.8 kg) heavier than both.

The TSR was derived from the safety ratings of the 
individual tests, which were combined through the fol-
lowing equation:

Each test’s safety rating was weighted according to 
what rider movements were deemed most influential to 
rider safety.

Results
The J-Hook Test Results

With the aid of Equation 8 and the measured values 
for grip-to-grip distance, the distance between the rider’s 
center of gravity and the fulcrum of the handlebars, and 
the lateral rider shift, a plot was made using a range of 
wingspans from 24 in (61 cm) to 84 in (213.4 cm), in 0.5-
in (1.3-cm) increments, for the 2 ATV models (Fig. 4).

Analysis of this plot allowed certain adjustments to 
be made. Because a rider must be able to shift his or her 
body into a turn to maintain balance, any handlebar angle 
< 0° was filtered out, on the assumption that if the rider 
is unable to shift at least 3 in (7.6 cm) into a turn and 
maintain a handlebar angle ≥ 0°, the rider is unsafe. Ad-
ditionally, any handlebar angle > 60° was filtered out, on 
the assumption that if the rider is able to shift at least 3 in 
(7.6 cm) into a turn and maintain a handlebar angle ≥ 60°, 
any increase in wingspan is superfluous.

Applying these adjustments, a plot of the calculated 
J-hook test safety values (five-thirds of handlebar an-
gle) as a function of wingspan was developed (Fig. 5). 
As shown, there are minimum and maximum values for 
each data set. These values represent the 0% and 100% 
values, respectively. Any wingspan that has a handlebar 
angle ≤ 0° will have a corresponding safety value of 0%. 
This safety value represents the range of wingspans that 
cannot shift and turn adequately on the ATV. In contrast, 
any wingspan that has a handlebar angle ≤ 60° will have 
a corresponding safety value of 100%. This safety value 
represents the range of wingspans that should not have 
difficulty shifting and turning adequately on the ATV. 
For example, an individual with a 60-in (152.4-cm) wing-
span can turn the handlebars 7.27° and 5.96° on the Po-
laris and Honda, respectively, with corresponding safety 
values of 12.12% and 9.93%.

The J-hook test results clearly demonstrate that rider 
wingspan can have direct implications for ATV safety. 
Much of this effect is probably due to the need for the 
ATV rider to actively engage the vehicle to mitigate 
against rollovers. To maintain stability, a rider must co-
ordinate the counterintuitive shifting of his or her body 
weight in the opposite direction of a turn. For these pro-
cedures, a large wingspan is certainly beneficial.

The Brake Test Results
Figure 6 shows the exponential curve fit for the ex-

perimental data collected from the brake test. Through 
measurements of the geometry of each ATV, it was deter-
mined that a 10-in (25.4-cm) position change for a rider 
of any height or weight would be unsafe. This 10-in value 
was true for both the Polaris and Honda. All rider weights 
that moved 10 in or more were given a safety rating of 
0%. As rider weight increased, the change in position de-
creased, and the difference between the unsafe value of 
10 in and actual rider displacement was used to find the 
safety rating. A diagram of the measured rider displace-
ment is shown in Fig. 7, and a plot summarizing the safety 
ratings of various weighted riders is illustrated in Fig. 8. 
These results illustrate a key takeaway: heavier weights 
can significantly aid in ATV rider safety by effectively 

[Eq. 5]

[Eq. 6]

[Eq. 7]

[Eq. 8]

[Eq. 9]
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buffering longitudinal displacement experienced during 
sharp deceleration.

The Bump Test Results
The calculated maximum allowable bounce for riders 

of specific weights at minimum and maximum heights, 
as defined by the BlueCross BlueShield data, is shown in 
Fig. 9 upper for the Honda ATV. As shown, a rider weigh-
ing 100 lbs (45.3 kg) would be expected to bounce a dis-
tance of 9 in (22.9 cm) on the Honda when driving over 
a 3.75-in (9.5-cm) bump. However, a tall 100-lb (45.3-kg) 
rider is capable of bouncing 13 in (33 cm) before becom-
ing unsafe, and a short 100-lb rider can bounce only 5 in 
(12.7 cm) before the same effect occurs. Therefore, not 
every 100-lb rider should be expected to be safe when 
riding under congruent conditions. Assuming the typical 
population has a height between the minimum and maxi-
mum values described by BlueCross BlueShield, only 
45%–50% of 100-lb persons could be expected to with-
stand a 9-in (22.9-cm) vertical displacement without leav-
ing the foot pegs. Figure 9 lower illustrates the bounce 
and bump test safety of a rider with respect to his or her 
weight on the Honda.

Maximum allowable bounce and safety rating pro-
files were also calculated for the Polaris (Fig. 10). Notable 
differences are evident between the 2 ATV bounce plots. 
The Honda, being a utility ATV, has a more stable design. 
It sits lower to the ground and has firmer suspension. The 
Polaris, a sport ATV, is made for rugged entertainment 
and sits higher off the ground, with more bounce in its 
suspension. In addition, the Polaris has a greater distance 
from its foot pegs to its seat than the Honda. As a re-
sult, riders’ legs are more extended in the sitting position. 
Consequently, a rider will have less allowable bounce be-

fore their legs will reach full extension on the Polaris. 
These stability factors influenced the location and shape 
of the “predicted bounce” lines of each bounce plot. Un-
der equal conditions, a rider would bounce less on the 
Honda than on the Polaris. To illustrate, a weight of 75 lbs 
(34 kg) marks the weight value at which a rider becomes 
unsafe on the Honda when riding over a 3.75-in (9.5-cm) 
bump. On the Polaris, however, this weight value is 85 lbs 
(38.5 kg).

The TSR
Table 2 documents the TSRs derived for each rider on 

the Polaris and Honda ATVs. As can be seen in relation to 
Rider A, the greater weight of Rider B produced a signifi-
cant increase in the TSR: approximately 35 percentage 
points for the Polaris and 30 percentage points for the 
Honda. However, due to the relatively short wingspans of 
Riders A and B, they were still both rated considerably 
less safe than the other riders.

The greater heights and wingspans of Riders C and 
D contributed to a TSR increase of approximately 20 per-
centage points over Rider B on both machines. The heavier 
weight of Rider E led to a 7–8 percentage point TSR in-
crease over Riders C and D. This underwhelming increase 
illustrates 2 key points: short height, light weight, and 
small wingspan traits dramatically and detrimentally in-
fluence rider safety. In addition, there are physical attribute 
thresholds whereupon the TSR begins to taper, and further 
increases do not significantly augment rider safety.

Discussion
The implications of this study are enormous, espe-

cially for the pediatric population, because they have been 
found to be 4–12 times more likely to be injured riding an 

TABLE 2: Key physical characteristics in ATV test riders and TSRs for ATV/rider combinations

Rider Weight Height Wingspan % Polaris TSR % Honda TSR

A 93.4 lbs/42.3 kg 60 in/1.52 m 58.0 in/1.47 m 9.8 15.9
B 168.8 lbs/76.5 kg 62 in/1.57 m 59.5 in/1.51 m 46.1 45.5
C 167.8 lbs/76.1 kg 68 in/1.72 m 68.0 in/1.72 m 64.7 64.1
D 164.2 lbs/74.4 kg 70 in/1.77 m 71.0 in/1.80 m 66.5 65.9
E 257.6 lbs/116.8 kg 71 in/1.80 m 71.5 in/1.81 m 73.1 72.5

Fig. 4.  Graph showing wingspan versus angle of handlebars in ATV 
riders tested.

Fig. 5.  Graph showing wingspan versus angle of handlebars (3 in 
filtered; see The J-Hook Test Results) in ATV riders, with safety values.
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ATV than adult riders.9,13,18 In 2001, there were 2.8 million 
ATV riders < 16 years old, of whom only 1% received any 
formal ATV rider training.1,10 Despite having made up only 
17% of all ATV riders, children < 16 years of age dispro-
portionately accounted for 31% of ATV-associated injuries 
and 26% of ATV-associated fatalities in 2001.16 Within this 
pediatric population, 85% rode adult-sized ATVs (> 90 cm3 
displacement) and, not surprisingly, 87% of those injured 
were riding on such a vehicle.21 An analysis of ATV fa-
talities from 1999 to 2000 by the CPSC noted that 93% of 
ATV-related fatalities in children < 16 years old occurred 
on adult-sized machines. Moreover, an analysis of the haz-
ard patterns associated with these fatalities demonstrates 
that many were due to the vehicle overturning (40%) and 
ejection from the vehicle (15%).25 Compounding matters, 
children have a high incidence of trauma to the CNS, de-
fined as intracranial or spinal cord injury, when involved in 
ATV crashes.3,22 In fact, adolescent ATV riders have more 
head injuries than other age groups, and these injuries tend 
to be more severe in nature.22

For all age groups, head trauma is the leading cause 
of death from ATV-associated injuries.10 It has been re-
ported that 80% of all ATV-associated deaths involved 
a CNS injury.2 Despite this fact, the helmet usage rate 
among ATV riders is dismal. Only 35% of riders reported 
always wearing a helmet, whereas 32% reported never 
wearing one. A recent survey of typical ATV usage pat-

terns in rural Illinois youth revealed that most never used 
safety gear, including helmets (61.4%), and few (14.6%) 
had received safety education.6 A statistical analysis re-
vealed that helmet usage among all ATV riders would 
reduce the risk of death by 42% and nonfatal head inju-
ries by 64%.9 In Ireland, for example, where helmet usage 
is required and compliance is quoted at 78%, head inju-
ries are rare, and most injuries are orthopedic in nature.22 
Moreover, by extrapolating motorcycle-associated health 
care costs to ATVs, the cost of care for unhelmeted ATV 
patients could be 23%–60% greater than for helmeted pa-
tients.8,17

Fig. 6.  Graph showing exponential curve fit of brake test data for 
ATV riders.

Fig. 7.  Diagram of measured ATV rider displacement in the brake 
test.

Fig. 8.  Graph showing safety ratings of ATV riders at different 
weights in the brake test.

Fig. 9.  Bounce plot (upper) and bump test safety rating (lower) for 
the Honda ATV.
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Helmeted or unhelmeted, ATV-associated injuries 
are not without considerable financial consequences. Ex-
penses related to ATV injury can include medical and le-
gal bills, disability payments, and lost economic produc-
tivity. The American Academy of Orthopedic Surgeons 
estimated that in the year 2000 alone, ATV-related inju-
ries in the US cost society $6.5 billion.2 The bulk of these 
expenses are borne by private insurers.9,14

Between 1988 and 1998, the CPSC instituted federal 
marketing and manufacturing requirements for ATV us-
age in children. Integral to these requirements was the 
stratification of ATV engine size (and thus vehicle size 
and power) for riders at specific ages (< 70 cm3 for riders 
< 12 years old, 70–90 cm3 for those 12–16 years old, and 
> 90 cm3 for operators > 16 years old). After the consent 
decree expired, the major ATV manufacturers agreed to 
continue the program voluntarily. In 2008, due to public 
outcry over rising ATV injuries and fatalities in children, 
the CPSC published a new and final rule adopting the 
ATV industry standard, ANSI/SVIA-1–2007, as a man-
datory consumer product safety standard, effective April 
13, 2009.5 The mandatory standard defines youth-sized 
ATVs by their maximum speeds, rather than by engine 
size, as under the prior consent decree. Under this stan-
dard, maximum speed capabilities are provided for 4 
types of youth-sized models. These capabilities depend 
on the rider’s age. In addition, the standard requires that 
all youth-sized models be equipped with a speed gover-
nor that limits the vehicle to a certain speed, but can be 
adjusted or removed with the use of a tool or other spe-
cialized device so that the vehicle can then go faster.

Although top speed is an important characteristic for 
vehicle stability and safety, it does not address the total size 
of the vehicle. Prior CPSC evaluation of the specification 

data of ATV models available from manufacturers was 
not specific enough to show a discrepancy in the anthro-
pometric characteristics of children and the physical size 
of ATVs intended for children < 16 years old. However, 
CPSC mechanical engineers have noted that a child who is 
too light or too heavy for the vehicle may affect the center 
of gravity and lead to instability.25 As demonstrated by our 
testing, ATV rider stability and safety are also based on 
rider wingspan and weight, which may not be adequately 
addressed in the new top speed–related age requirements. 
Based on our findings, we recommend that ATVs designed 
for children should have both size and weight limitations 
for riders included as a stratification measure.

Because most states unfortunately lack legislation 
governing the size or use of ATVs for children, most chil-
dren ride adult-sized ATVs, even with federal manufac-
turer and distributor regulations in place. It is imperative 
that parents become fully educated about the inherent 
safety risks presented to children on ATVs. Parents who 
choose to allow their children to use ATVs must be aware 
of the mechanical differences and proportional safety 
risks that are present on adult-sized ATVs used by youth. 
Current child-sized ATV stratifications determined using 
regulated engine speed may not be enough to mitigate 
risks associated with the size and weight of these vehicles.

Although this work focused strictly on the rider’s 
physical profile that increases the risk of ATV-related 
injuries, parents should be aware that there is plenty of 
scientific evidence against the use of ATVs by the pediat-
ric population, because other cognitive and judgment fac-
tors are known to decrease a rider’s safety in this popula-
tion.1–4,11,12,16

Conclusions
Injuries related to ATVs continue to be a great con-

cern for public health as well as safety regulatory agen-
cies. Through our comprehensive field testing and safety 
rating assignments, we were able to provide substantial 
evidence supporting the belief that individuals with short 
wingspans and light weights are under considerable risk 
while operating an ATV.
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Cervical cord neurapraxia is defined as a transient 
neurological deficit following cervical spinal cord 
trauma.24 It is a common sports-related injury, oc-

curring in 1.3–6 per 10,000 athletes, but there have been 
few studies that thoroughly describe the phenomenon.5,24 
In a large series of 110 patients with cervical cord neura-
praxia, the vast majority of cases (87%) occurred during 
football.22 In the largest pediatric series with cervical cord 
neurapraxia (13 patients), once again football was the 
most common sport (4 cases, 31%).6 Case reports do exist 
of cervical cord neurapraxia following nonsports-related 
injury.1 The mechanism of injury is typically hyperexten-
sion, but cervical cord neurapraxia can occur after hyper-
flexion and axial loading as well.5,24

There is a wide range of clinical presentations of cer-
vical cord neurapraxia. Sensory symptoms (paresthesias) 
can include burning pain, numbness, or tingling, and can 
involve both arms (upper), both legs (lower), ipsilateral 
arm and leg (hemi), or all 4 extremities (quad).22 Motor 
symptoms can occur in a similar anatomical distribution 
and ranges from weakness (paresis) to complete paraly-
sis (plegia).22 Symptoms generally resolve in less than 15 
minutes, but have been reported to persist for up to 48 
hours after injury.24 By definition, a patient with neura-
praxia completely returns to their baseline neurological 
functional status with no residual weakness or paresthe-
sias. Torg et al.22 developed a grading system based on 
duration of symptoms: Grade I (< 15 minutes), Grade II 
(15 minutes to 24 hours), and Grade III (> 24 hours). The 

following sections will describe current information re-
garding the contribution of cervical spinal stenosis to cer-
vical cord neurapraxia in the adult and pediatric athlete.

Pathophysiology of Neurapraxia
Underyling the motor/sensory manifestations of neur

apraxia is a temporary derangement of axonal permeabil-
ity.25 Hyperextension or hyperflexion causes a mechanical 
injury that depolarizes the axon membrane in a reversible 
but sustained manner. Laboratory studies reveal that the 
rapid stretch experienced by the strained axon results in 
calcium influx, hyperpolarization, then prolonged depolar-
ization, during which the axon is no longer excitable. In 
addition, anatomical strain experienced during this type 
of insult can result in microvascular constriction and vaso-
spasm. As a result, local and regional blood flow is altered 
and the threat of ischemia becomes prominent. The tran-
sient nature of these physiological changes distinguished 
neurapraxia from irreversible neurological damage.

Cervical Spinal Stenosis
Cervical spinal stenosis is common in pediatric and 

adult athletes.4 Several methods to screen for cervical 
spinal stenosis in the setting of cervical cord neurapraxia 
have been proposed. Sagittal spinal canal diameter can be 
measured on lateral cervical plain radiographs and com-
pared with standard measurements (< 14 mm in the adult 
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cervical spine is considered stenotic).11 The Torg ratio is 
calculated as the ratio of the spinal canal diameter to the 
vertebral body diameter at the C3–7 levels as measured 
on lateral plain radiographs of the cervical spine (Fig. 1).19 
It was developed as a measure of congenital spinal canal 
stenosis that theoretically minimizes the effect of varia-
tions in landmarks and radiographic technique. A Torg 
ratio < 0.8 is considered evidence of congenital stenosis. 
A criticism of this technique is that it does not take into 
consideration disproportionate differences in vertebral 
body size; football players commonly have larger verte-
bral bodies relative to the other spinal elements.10 Mag-
netic resonance imaging has surpassed plain radiographs 
and is the accepted method for evaluating spinal stenosis. 
Magnetic resonance imaging provides visualization of 
the vertebral column and intervertebral discs in relation-
ship to the spinal cord, nerve roots, and surrounding CSF 
within the spinal canal. Magnetic resonance imaging 
demonstrates bone and discogenic encroachment on the 
spinal canal and spinal cord compression. The “function-
al reserve” of the spinal canal is indicated by the presence 
or absence of CSF signal surrounding the spinal cord.13 
This can be quantified by subtracting the spinal cord di-
ameter on a midsagittal MR image from the disc-level 
spinal canal diameter (Fig. 2).22 Dynamic flexion and ex-
tension cervical spine MR imaging modalities have been 

proposed to evaluate functional stenosis, although not all 
centers may be capable of performing these studies.2

Cervical Cord Neurapraxia in Adult Athletes
A large epidemiological study23 compared athletes 

who reported an episode of cervical cord neurapraxia 
to athletes and nonathletes who had never experienced 
neurapraxia and found that those with previous neura-
praxia had significantly smaller cervical spinal canals 
and lower Torg ratios, suggesting an association between 
stenosis and neurapraxia. A smaller series21 of 9 rugby 
players with cervical cord neurapraxia demonstrated 4 
athletes with Torg ratios < 0.8 and an additional 2 athletes 
with congenital vertebral body fusions. Another series12 
of 2 professional football players, each with an episode 
of cervical cord neurapraxia, reported normal Torg ra-
tios in both, but significant stenosis on myelography. In 
the largest series to date of cervical cord neurapraxia in 
athletes,22 110 patients were evaluated after 1 episode of 
cervical cord neurapraxia. In this series, 80% presented 
with symptoms in all 4 extremities, and 40% were com-
pletely plegic; 74% were Grade I (symptoms lasting < 15 
minutes). On subsequent evaluation of 104 radiographs of 
the athletes with cervical cord neurapraxia, 86% had Torg 
ratios < 0.8,22 and of these patients, 53 underwent MR 
imaging. More than 81% of these patients had evidence 

Fig. 1.  Lateral plain radiograph of the cervical spine of a 10-year-old 
boy who experienced transient paresthesias in both legs lasting less 
than 24 hours after a hyperextension injury during football practice. The 
Torg ratio is calculated as the ratio of the spinal canal diameter (SC, 
distance from the midpoint of the posterior vertebral body to the nearest 
point on the spinolaminar line) to the vertebral body diameter (VB). The 
Torg ratio at C-4 in this patient is > 0.8 and therefore demonstrates no 
evidence of cervical spinal stenosis.

Fig. 2.  Midsagittal MR image of the patient in Fig. 1. There is no 
evidence of a structural lesion. Presence of CSF signal surrounding 
the spinal cord indicates good “functional reserve” of the spinal cord. 
Quantification can be performed by subtracting the diameter of the spi-
nal canal (CA) from the diameter of the spinal cord (CO).
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of cervical disc herniation, 25% had evidence of efface-
ment of the thecal sac, and 34% had frank cervical cord 
compression. In the largest modern series,2 10 athletes 
who experienced cervical cord neurapraxia underwent 
MR imaging that demonstrated cervical stenosis in all 
patients and frank cord compression in 3 (33%).

For patients with cervical cord neurapraxia, sur-
gery should be considered in the setting of focal lesions 
and associated cord compression or instability on plain 
radiographs and MR imaging. In two combined series, 
12 (8.5%) of 142 patients underwent surgery for cord 
compression or spinal instability.22,24 The authors did 
not make general recommendations regarding surgical 
decision-making as they believed the number of patients 
was too small. Instead, they proposed that the decision to 
pursue surgery should be individualized based on imag-
ing findings and patient wishes. Maroon et al.13 reported 
a series of 5 professional-level athletes who underwent 
cervical decompressive surgery and fusion for focal cord 
compression after an episode of cervical cord neuraprax-
ia. All 5 returned to sports, but 2 subsequently developed 
career-ending adjacent-level disease. The authors suggest 
that it is safe for athletes to return to previous levels of 
activity after a single-level, radiographically confirmed 
fusion, but close attention should be paid as these patients 
may develop recurrence at the level above or below.

A previous episode of cervical cord neurapraxia may 
predispose athletes to recurrent episodes, but the risk of 
recurrence is determined by a complex interplay between 
the patient’s cervical spine anatomy and the type of ath-
letic activity. One series reports 52 patients who returned 
to sports after cervical cord neurapraxia, 32 (62%) of 
whom experienced a subsequent episode. Of the athletes 
who returned to previous levels of activity after an epi-
sode of cervical cord neurapraxia in previous large series, 
none subsequently developed a permanent neurological 
injury.24 Conversely, of the athletes who sustained per-
manent neurological injury, none reported a previous epi-
sode of neurapraxia, leading the authors to suggest that 
cervical cord neurapraxia does not necessarily confer 
an increased risk of permanent injury. However, 1 case 
report describes a football player who became quadri-
paretic from a subsequent injury 1 year after an episode 
of cervical cord neurapraxia.7 Consequently, some prac-
titioners would consider a single episode of cervical cord 
neurapraxia to be a contraindication to return to sports. 
With respect to cervical stenosis, Bailes’2 report included 
4 athletes with cervical stenosis who returned to play af-
ter an episode of cervical cord neurapraxia. None of these 
athletes experienced a subsequent episode and, interest-
ingly, all 4 had intact “functional reserve” (CSF signal 
surrounding the spinal cord) on MR imaging.

In 1962, Penning20 described a “pincers mechanism” 
by which extension of the cervical spine can cause myelop-
athy that can also be applied to the mechanics of cervical 
cord neurapraxia. Penning studied lateral flexion-extension 
radiographs and developed a model of spinal cord “pinch-
ing” between the posterior inferior aspect of the superior 
vertebral body and the anterior superior aspect of the in-
ferior lamina during extension. In addition, loss of tension 
on the dura and the ligamentum flavum caused these struc-

tures to protrude into the spinal canal, further decreasing 
the canal reserve with the neck extended. Torg et al.22 ex-
trapolated these findings to explain that, during flexion, the 
spinal cord is compressed between the lamina of the supe-
rior level and the posterior superior aspect of the inferior 
vertebral body. In the stenotic canal of an adult, the pincer 
mechanism is likely more profound. Experimental studies 
in a giant squid axon model of cord deformation demon-
strated that during injury there was an increase in intracel-
lular calcium.25 Depending on the strength and duration of 
the injury, the chemical disturbance can be either reversible 
or irreversible, leading to permanent cellular damage. This 
can be applied to the phenomenon of sports-related cervi-
cal neurapraxia that results from a short duration injury of 
moderate magnitude that causes the spinal cord to be de-
formed by the “pincers mechanism,” which causes revers-
ible chemical changes in the spinal cord below the level 
of injury. This is expressed symptomatically as a transient 
neurological deficit.

Cervical Cord Neurapraxia in Pediatric Athletes
In the large Torg et al.22 series, 7 patients had normal 

Torg ratios (that is, no evidence of cervical spinal stenosis), 
and the mean age of these patients was 17 years old. Only 
1 study6 has specifically evaluated the association between 
cervical spinal stenosis and cervical cord neurapraxia in 
pediatric patients. Boockvar et al.6 retrospectively reviewed 
13 children younger than 16 years of age who presented to 
the Children’s Hospital of Philadelphia with cervical cord 
neurapraxia. The most common mechanism of injury was 
hyperflexion (38%). There were significant differences in 
symptomatology relative to adult athletes. In contrast to 
adult patients, the majority of children (77%) reported neck 
pain and decreased cervical range of motion. The distribu-
tion of deficits was most commonly upper-extremity pa-
resis (38%), followed by quadriparesis (31%), hemiparesis 
(23%), and lower-extremity paresis (8%). The duration of 
symptoms was longer than in adults, with a mean duration 
of 26 hours, with 1 patient experiencing quadriparesis and 
paresthesias for 5 days. The majority of patients had com-
bined motor and sensory disturbances (85%). No patients 
were completely plegic.

Torg ratios were calculated for all 13 patients.6 In-
terestingly, all patients had Torg ratios > 0.8 indicating 
that none had cervical spinal stenosis by traditional ra-
diographic criteria. Magnetic resonance imaging was 
performed within 24 hours of injury and none of the pa-
tients demonstrated evidence of spinal cord or extraneu-
ral pathology, which often appear in adults. No patients 
were treated with cervical spine surgery. Neurological 
symptoms resolved in all patients. Follow-up flexion-
extension radiographs confirmed cervical stability. Ten 
of 13 patients had long-term follow-up, and all of these 
patients had returned to previous levels of activity in-
cluding sports. None reported recurrence of neurapraxia 
symptoms. None had experienced a subsequent perma-
nent neurological injury. Although the number of patients 
is small, this evidence suggests that children can safely 
return to athletic activities after an episode of cervical 
cord neurapraxia. Similarly, in the series by Torg et al.,22 
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3 of the 7 patients with cervical cord neurapraxia and 
normal Torg ratios returned to contact sport activity with 
no recurrence. Future large-scale studies are needed to 
confirm that cervical cord neurapraxia does not incur an 
increased risk of future neurological injury.

The observation that cervical cord neurapraxia in 
children is not associated with cervical spinal stenosis is 
indicative of a different mechanism of neurological defi-
cit in this unique population. In contrast to adults, the pe-
diatric cervical spine is more mobile, likely due to more 
compliant ligaments,3 underdeveloped paraspinal muscu-
lature,18 increased water content of intervertebral discs,9 
and immature facet joints.8 It was proposed that in this 
setting, the mobility of the spine allows the spinal cord to 
stretch past its tolerance or allows the spinal cord to forc-
ibly contact the bony elements of the spine resulting in 
transient neurological symptoms. Therefore, even in the 
absence of cervical spinal stenosis, injury can occur. The 
phenomenon of spinal cord injury without radiographic 
abnormality describes the potential consequence of this 
increased mobility.17 Spinal cord injury without radio-
graphic abnormality is generally associated with extreme 
forces such as a motor vehicle accident. Cervical cord 
neurapraxia in children can be considered a mild form 
of spinal cord injury without radiographic abnormality 
in which the forces that deform the spine are sufficient 
to cause reversible perturbation of spinal cord physiology 
without permanently damaging the cord.

Guidelines for Return to Play After 
Cervical Neurapraxia

Clearance of athletes for resumption of physical and 
athletic activity is a highly controversial topic and one 
that is often without consensus opinion.15 Fundamen-
tal requirements for returning to athletic activity after a 
cervical injury with neurapraxia should include normal 
strength, painless range of motion, and a stable vertebral 
column.14 Bailes2 suggests that patients with MR imag-
ing evidence of CSF signal surrounding the cervical cord 
may be safe to return to play. Further considerations 
should be the mechanism of the original injury, objective 
physical examination and radiographic findings, and the 
athlete’s recovery response.26 Page and Guy16 recommend 
that absolute contraindications for return to play after 
cervical neurapraxia are ligamentous instability, a single 
neurapraxic event with evidence of cord damage, multiple 
events, and/or events with symptoms lasting longer than 
36 hours.

Conclusions
Cervical cord neurapraxia is common in adult and 

pediatric athletes. Cervical cord neurapraxia is associated 
with cervical spinal stenosis in adult athletes but not in 
the pediatric population. This observation likely high-
lights a mechanistic difference in the injury in the two 
different age groups. In adults, a stenotic canal will pre-
dispose patients to cervical cord injury at the level of ste-
nosis following an extension, flexion, or axial load injury. 
Therefore, surgery should be considered for a focal lesion 

causing cord compression. In comparison, the pediatric 
spine demonstrates increased mobility, predisposing the 
spinal cord to contact with bony elements with stretching 
even in the absence of a focal stenosis. Although symp-
toms invariably resolve, recurrences are not uncommon, 
most notably in adults. Patients should be advised of this 
risk when considering return to sports-related activities.
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Skiing and snowboarding are commonly enjoyed as 
winter sports and are growing in popularity, which 
has coincided with an increase in injuries in both 

sports.2 With injury rates ranging from 2 to 6 per 1000 
days of skiing or snowboarding, both sports are consid-
ered to be fairly safe. Despite the low incidence, there 
tends to be high morbidity associated with these injuries, 
because they typically occur at high speeds. Accidents 
involving collision with trees or other obstacles are the 
most common causes of injury and death seen in skiers,7,11 
whereas intentional jumping over obstacles higher than 2 
m is consistently reported as the most frequent cause of 
injury in snowboarders.1,13 Most injuries in skiers occur 
in the lower extremities, most commonly as a tibial frac-
ture or anterior cruciate ligament strain.2,7,13 Snowboard-
ing accidents lead to fewer lower-extremity injuries, but 
to more wrist fractures and a higher incidence of splenic 
injuries.1

Although SCIs are a relatively rare event,12 they re-
sult in significant morbidity and mortality when they 
do occur. One study suggested that snowboarders had a 
higher risk of spine injuries.1 The inherent differences in 
skiing and snowboarding, such as stance, preferred ter-
rain, and maximum speeds attained, probably account for 
the differences in severity and patterns of injury. A later 
study suggests that the risk of SCI is approximately equal 
in both skiers and snowboarders.12

In the present study, the NIS was used to attain a 
large study population, and our investigation aimed to 
describe SCI patterns in those who suffer a vertebral col-
umn fracture while skiing or snowboarding. This study is 
a descriptive analysis of spinal column injuries and SCIs 
seen in skiers and snowboarders who sustained trauma 
requiring hospital evaluation.

Methods
The NIS was obtained from the Agency for Health-

care Research and Quality for the years 2000–2008. The 
NIS represents the largest database of hospital admissions 
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Results. Patients were predominantly male (71%) skiers (61%), with the average age of the skiers being older 
than that of snowboarders (39.5 vs 23.5 years). The average length of stay for patients suffering from spine trauma 
was 3.8 days and was increased to 8.9 days in those with SCI. Among hospitalized patients, SCI was seen in 0.98% of 
individuals and was equally likely to occur in snowboarders and skiers (1.07% vs 0.93%, p < 0.509). Cervical spine 
trauma was associated with the highest likelihood of SCI (19.6% vs. 10.9% of thoracic and 6% of lumbar injuries, p 
< 0.0001). Patients who were injured skiing were more likely to sustain a cervical spine injury, whereas those injured 
snowboarding had higher frequencies of injury to the lumbar spine. The most common injury seen in tandem with 
spine injury was closed head injury, and it was seen in 13.4% of patients. Conversely, a spine injury was seen in 
12.9% of patients with a head injury. Isolated spine fractures were seen in 4.6% of patients.

Conclusions. Skiers and snowboarders evaluated at the hospital are equally likely to sustain spine injuries. Ad-
ditionally, participants in both sports have an increased incidence of SCI with cervical spine trauma.
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in the US, includes all payers, and with approximately 8 
million entries per year, it accounts for a stratified sample 
of approximately 20% of all inpatient admissions. For 
the year 2008, the NIS contains data obtained from 1056 
hospitals in 42 states. The authors queried the NIS for 
the years 2000–2008 for all patients admitted with ski-
ing or snowboarding as the mechanism of injury, yield-
ing a total of 8634 patients. Patient sex, age, in-hospital 
death, and the day of the week and month of injury were 
recorded. The injury patterns were characterized using 
the ICD-9 diagnostic and procedure codes. The codes 
were searched for those pertaining to vertebral and skull 
fracture; spinal cord, chest, abdominal, pelvic, and ves-
sel injuries; and fractures and dislocations of the upper 
and lower extremity. Procedure codes for fusion of any 
vertebral level, laminectomy, or any surgical spine re-
pair were extracted from the sample set (Table 1). The 

length of stay, need for repeat surgery, and presence of 
thromboembolic complication were assessed for each pa-
tient. Statistical software (SPSS, Inc.) was used to search 
the database for each of the above-mentioned codes. Sta-
tistical analysis was completed using the Fisher exact, 
chi-square, ANOVA, and Student t-tests in GraphPad 
Prism (GraphPad Software, Inc.).

Results
Patient Demographic Data

Patients were predominantly male (71%) skiers (61%), 
with the average age of the skiers being older than that 
of snowboarders (39.5 vs 23.5 years). Nine (25%) of 36 
snowboarders with an SCI were younger than 18 years of 
age, compared with 9 (18.3%) of 49 skiers (Table 2). The 

TABLE 1: List of ICD-9 codes queried for injuries, procedures, and complications related to ski and 
snowboard accidents

Description of Injury ICD-9 Injury Codes

cause of injury
  fall from skis E885.3
  fall from snowboard E885.4
closed head injury
  concussion, contusion, intracranial bleed 850–854
skull fracture
  skull vault 800
  skull base 801
  facial fracture 802
  other skull fracture 803, 804
nervous system injury
  SCI 806
  cranial nerve injury 950, 951
  peripheral nerve injury 955, 956
  SCIWORA 952
spine fracture
  cervical vertebrae/dislocation 805.0, 805.1, 806.0, 806.1, 839.0, 839.1
  thoracic vertebrae/dislocation 805.2, 805.3, 806.2, 806.3, 839.21, 839.31
  lumbar vertebrae/dislocation 805.4, 805.5, 806.4, 805.5, 839.20, 839.30
  sacral 805.6, 805.7, 806.6, 806.7
pelvic fracture
  anywhere in pelvis 808
limb injury
  upper extremity 810–819, 880–887, 840–842
  lower extremity 820–829, 890–897, 843–846
  dislocations 830–838
chest injury
  internal chest injuries 860–862
  rib fracture 807
abdominal injury
  internal injuries 863–868
vessel injury
  carotid artery 900
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majority of injuries occurred in February, followed by 
March and January (23.1%, 21.8%, and 21.2%, respective-
ly; p < 0.002). Among hospitalized patients, SCI was seen 
in 0.98% of the patient sample and was equally prevalent 
in snowboarders and skiers treated in the hospital (1.07% 
vs 0.93%; p < 0.509 [not significant]). Of the subset of 
patients who suffered an SCI, 57.6% were injured while 
skiing and 42.4% were injured while snowboarding.

Surgical Intervention
Isolated spine injuries were seen in 4.6% of patients. 

Skiers had higher rates of fracture or dislocation in the 
cervical spine, followed by thoracic and lumbar spine 
(3%, 2.7%, and 2.5%, respectively; p < 0.0001 between 
cervical and lumbar spine). Snowboarders were more 
likely to suffer lumbar or thoracic injury than trauma in 
the cervical spine (4.9% lumbar, 3.9% thoracic, 2.6% cer-
vical; p < 0.0001). In the analysis of patients who suffered 
a spine injury with or without SCI, skiers were more like-
ly to injure the cervical spine (40.7% in skiers vs 25.3% in 
snowboarders; p < 0.0001), whereas snowboarders were 
more likely to injure the lumbar spine (47.6% in snow-
boarders vs 35.2% in skiers; p < 0.0007). However, in 
both groups, cervical spine trauma was associated with 
the highest likelihood of SCI (19.6%, vs 10.9% of thoracic 
and 6.0% of lumbar injuries; p < 0.0001) (Fig. 1 upper). 
This held true when analyzed according to sport as well, 
as seen in Fig. 1 lower.

Of those who sustained a cervical SCI, 66.6% un-
derwent surgical fixation compared with 56.7% of those 
with a thoracic injury and 55.6% of those with a lum-
bar injury. Patients with SCI associated with a thoracic 
fracture were more likely to undergo surgical fusion than 
those without SCI (OR 11.93, 95% CI 5.171–27.54). Simi-
larly, in patients with a lumbar spine fracture, there was a 
significantly increased tendency to undergo spinal fusion 
if there was an associated SCI (OR 13.4, 95% CI 4.847–
37.25). Patients with cervical spine injuries were equally 
likely to have fusion with and without SCI (OR 1.3, 95% 
CI 0.707–2.540) (Fig. 2).

Of note, SCIWORA, although rarely occurring, was 
seen almost twice as frequently in skiers as in snowboard-
ers (1.17% vs 0.54%, p < 0.0001).

Multiply Injured Patients
The most common injury seen in tandem with spine 

injury was closed head injury, and it was seen in 13.4% of 
patients. Conversely, a spine injury was seen in 12.9% of 
patients with a head injury. Among those with spine inju-
ries, snowboarders had almost twice as many closed head 
injuries compared with their skiing counterparts (14.0% 
and 7.8%, p < 0.0001).

Excluding head injuries, skiers who had thoracic and 
lumbar vertebral injury were more likely to have multi-
organ trauma than skiers who had cervical spine injuries 
(48% for thoracic and 46% for lumbar vs 19% for cervi-
cal; p < 0.004). A similar trend was seen in snowboarders; 
24% with thoracic trauma, 27% with lumbar trauma, and 
14% with cervical trauma had multiple injuries (p < 0.06).

In general, snowboarders were more likely to have 
injuries to their upper extremities, (48% vs 13% of skiers, 
p < 0.0001), whereas skiers had significantly more lower-
extremity injuries (58.6% vs 22.3% of snowboarders, p < 
0.0001). Patients who had an SCI were more likely to be 
discharged to a rehabilitation facility than those with in-
juries not including SCI (OR 17.02, 95% CI 11.02–26.30).

Length of Stay and Hospital Charges
On average, patients who suffered an SCI stayed 5.8 

TABLE 2: Demographic data for patients with ski and snowboard 
injuries obtained from the NIS

Characteristic
No. (%)

Total Skiers Snowboarders

no. of patients 8634 (100) 5277 (61) 3357 (39)
sex
  M 6096 (71) 3423 (65) 2673 (80)
  F 2538 (29) 1854 (35) 684 (20)
average age in yrs 33.3 39.5 23.5
  range 2–99 2–99 2–97
no. of injuries
  vertebral 510 (5.9) 433 (8.2) 77 (2.3)
  SCI 85 (0.98) 49 (0.93) 36 (1.07)

Fig. 1.  Bar graphs showing associations between trauma level and 
SCI.  Upper: The SCI level among injured skiers and snowboarders 
was significantly correlated with the vertebral level of the trauma. Cer-
vical spine trauma had the highest incidence of SCI, at 19.6%, com-
pared with 10.9% in thoracic, and 6.0% in lumbar spine fractures (p 
< 0.0001).  Lower: The association between higher vertebral level 
and increased likelihood of SCI was maintained across both skiers and 
snowboarders.
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days longer than their counterparts without SCI (8.8 days 
vs 3.0 days, p < 0.0001). Patients who suffered an SCI 
also had higher costs associated with their hospitaliza-
tions ($94,795 vs $29,479; p < 0.0001). Patients with SCI 
were more than 8 times as likely to be discharged to a 
rehabilitation facility versus home or self-care after their 
hospital stay (53% of patients with SCI vs 6.2% patients 
without SCI, p < 0.0001). Skiers and snowboarders had 
similar length of hospital stays and charges accrued (2.9 
vs 3.2 days and $20,175 vs $22,824, respectively).

Discussion
As skiing and snowboarding become more popular 

sports, with growing numbers of occasional participants, 
the rates of injuries are increasing.3,6,7 Two studies sug-
gested that the rates of spinal column (vertebral) injury 
and SCI are decreasing in overall frequency, but have 
changed in regard to the level injured.5,7 The rates of neu-
rological injury are typically in the range of 1 in 100,000 
skier days, and complications leading to death are as low 
as 1 in 2 million skier days.5,11–13 This study aimed to ex-
amine, on a large scale, how spinal column injuries and 
SCIs differed in participants in these 2 sports. As with 
other studies, minor injuries may not have been brought 
to the attention of the ski patrol or may not have required 
evaluation in an emergency department.10

Using the dataset, we calculated an estimate of the 
national burden of spine injuries among skiers and snow-
boarders. Because the NIS represents a rotating sample 
of approximately one-fifth of hospitalizations in the US 
annually, we performed an approximation of the annual 
injury burden by calculating the mean injury rate within 
the NIS for the years in question and then estimating a 
national average of the types of injuries in patients admit-
ted to hospital. Between the years 2000 and 2008, there 
was a mean of 81.3 (range 18–126) spine injuries, leading 
to an estimate of 406.5 spine fractures sustained nation-
ally by skiers and snowboarders each year. Of these spine 
injuries, an estimated 105.5 required surgical treatment 
each year nationwide.

In this population, SCI was not seen more frequently 
in skiers or snowboarders, which is divergent from the 

study by Tarazi et al.,13 but mirrors the results seen by 
Sacco et al.12 The difference may be due a deficiency in 
our study due to inability to calculate the total number of 
skiing participants or because of the substantially larger 
patient population in this study.

Cervical injuries were seen more frequently in ski-
ers than in snowboarders, which is congruent with the 
mechanism of injury previously described for each 
sport.1,7,11 The majority of injuries sustained while skiing 
occur due to falls or collision and have been associated 
with cervical injuries, whereas snowboarding injuries are 
more likely to occur as a result of intentional jumping 
and subsequent landing on the buttocks or with increased 
force on the legs.4,6,9,11,13,14,16 This is contrary to what was 
seen in an analysis of injuries treated in a Utah hospital,15 
where the most frequent level injured was the thoracic 
and lumbar spine. As stated above, our data suggest that 
cervical spine injuries lead to more SCI and that skiers 
more frequently injure their cervical spine. However, it 
did not show statistically significantly more SCIs in ski-
ers. We reported a higher surgical intervention rate than 
in previous studies5 and noted that SCI substantially in-
creased the incidence of fusion in lumbar and thoracic 
injury. Cervical fusion rates were not dependent on SCI. 
The high occurrence of fusion in cervical injuries without 
SCI could be due to surgeons’ comfort level with cervical 
fusions compared with the thoracic spine. In our study, 
the exact vertebral injury level was not assessed, nor was 
injury to the thoracolumbar junction, which was noted to 
be the most common location by other authors.4,13 Also, 
the type of fracture could not be assessed in this study 
due to the inability to review patient charts.

The proximal cause of death was not available be-
cause charts were not reviewed. However, the number 
of deaths in patients admitted to the hospital with ski or 
snowboard injuries is extremely low. Other authors have 
quoted the incidence of fatal ski or snowboarding injury 
to be as low as 1 in 2 million skier days.5 Also, similarly 
to Sacco et al.,12 a higher number of fatal injuries was 
seen in primarily male skiers.

The younger age of snowboarders is a trend that has 
been noted in several other studies.6,8,12,14–16 Although in 
this study we were not able to assess skill levels in the 
injured participants, others have noted that most injuries 
occurred while patients were skiing or snowboarding at 
their skill level, and individuals sustaining injuries were 
typically intermediate or expert skiers.11,14 This has been 
attributed to the higher likelihood of “jump failure” in 
the expert groups; these individuals are taking more risks 
than those in the beginner groups.

The most common mechanism of injury in snow-
boarders is associated with jumping.1,16 With aerial ma-
neuvers being cited as the culprit for increased SCIs in 
snowboarders,16 it is not unreasonable to believe that 
more skiers will sustain injuries as they begin pushing 
vertical boundaries. The addition of more extreme skiing 
and snowboarding into the Olympics and other interna-
tional competitions will serve to push those limits further.

The increased incidence of SCIWORA in skiers is 
interesting, because it is typically associated with pediat-
ric injuries due to the laxity of the spinal ligaments.8 This 

Fig. 2.  Bar graph showing that operative stabilization was performed 
most frequently among skiers and snowboarders with cervical fractures 
(39.6%) compared with thoracic (15.0%) and lumbar spine injuries 
(11.3%), with or without SCI.
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differs from what would be expected when the younger 
population typically consists of more snowboarders than 
skiers. It is likely that the flexion and extension injuries 
seen in skiers accounts for this difference.

We did not find a difference in length of hospital 
stay between skiers and snowboarders, unlike others.13,15 
Length of hospital stay was dictated more by the presence 
of SCI, which is probably reflective of the more severe 
nature of the injury. The overall cost of hospitalization 
was not different between sports, which is expected if the 
length of stay is primarily determined by other variables. 
Similar to what was found by Sacco et al.,12 February was 
the month most associated with injuries.

Limitations of the Study
As a retrospective study, there may have been some 

information that was not included in the initial collection 
of data. Coding for similar injuries may have been incon-
sistent because the patient population was formed using a 
nationwide database. In such a large, heterogeneous pop-
ulation, there is no way to know the total number of ski/
snowboard days, and thus there is no true denominator. 
Also, the use of protective equipment was not recorded 
in the database.

Skiers and snowboarders who suffered injuries that 
did not necessitate an emergency room workup were not 
part of this study group, thus eliminating less severe inju-
ries from this cohort. To counteract this, those who died 
while still at the resorts were also not included, which 
leads to an underestimation of fatalities in this study.

Conclusions
The prevalence of SCIs is similar among skiers and 

snowboarders evaluated in hospital. Additionally, partici-
pants of both sports have an increased incidence of SCI 
with cervical spine trauma. The most predominant differ-
ence between the groups is at what level the fracture oc-
curred; snowboarders had more lumbar fractures and ski-
ers had more cervical injuries. This is probably attributed 
to the mechanism of injury, which has been described in 
other studies.
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Spondylolysis is usually an asymptomatic pars in-
terarticularis defect caused by a stress fracture in 
one or both sides of the neural ring. These frac-

tures can lead to stimulation of the free nerve endings 
and cause significant back pain, mostly in young athletes 
ages 12–16 years.1,6 The goals of treatment are the alle-
viation of pain and the restoration of stability. Conserva-
tive management with activity restriction for pain control 
followed by 3–6 months of lordotic bracing is recom-
mended.10 Despite changes in their daily activities and 
secession from all strenuous sports, some patients will 
continue to experience low-back pain. Although the in-
cidence of unmanageable back pain in these competitive 
athletes is low, some individuals experience debilitating 

symptoms that could prevent them from pursuing their 
passion for sports.32 Direct surgical repair of spondyloly-
sis is well documented as an effective treatment in young 
patients in whom nonoperative treatment fails.1,6,7,28,39

Surgical Repair of Spondylolysis 

Indications for Surgical Repair

Surgical repair of spondylolysis is indicated in cases 
in which low-back pain has not resolved after at least 6 
months of activity modification and other nonoperative 
treatment modalities. Increasing pain, worsening neuro-
logical problems, and progressive listhesis also are indica-
tions for surgical consideration.10,17 Historically, patients 
with high-grade spondylolisthesis are considered for mul-
tilevel fusions whereas lower grade slips or spondylolysis 
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Object. Athletes present with back pain as a common symptom. Various sports involve repetitive hyperextension 
of the spine along with axial loading and appear to predispose athletes to the spinal pathology spondylolysis. Many 
athletes with acute back pain require nonsurgical treatment methods; however, persistent recurrent back pain may 
indicate degenerative disc disease or spondylolysis. Young athletes have a greater incidence of spondylolysis. Surgi-
cal solutions are many, and yet there are relatively few data in the literature on both the techniques and outcomes of 
spondylolytic repair in athletes. In this study, the authors undertook a review of the surgical techniques and outcomes 
in the treatment of symptomatic spondylolysis in athletes.

Methods. A systematic review of the MEDLINE and PubMed databases was performed using the following key 
words to identify articles published between 1950 and 2011: “spondylolysis,” “pars fracture,” “repair,” “athlete,” and/
or “sport.” Papers on both athletes and nonathletes were included in the review. Articles were read for data on meth-
odology (retrospective vs prospective), type of treatment, number of patients, mean patient age, and mean follow-up.

Results. Eighteen articles were included in the review. Eighty-four athletes and 279 nonathletes with a mean age 
of 20 and 21 years, respectively, composed the population under review. Most of the fractures occurred at L-5 in both 
patient groups, specifically 96% and 92%, respectively. The average follow-up period was 26 months for athletes and 
86 months for nonathletes. According to the modified Henderson criteria, 84% (71 of 84) of the athletes returned to 
their sports activities. The time intervals until their return ranged from 5 to 12 months.

Conclusions. For a young athlete with a symptomatic pars defect, any of the described techniques of repair 
would probably produce acceptable results. An appropriate preoperative workup is important. The ideal candidate is 
younger than 20 years with minimal or no listhesis and no degenerative changes of the disc. Limited participation in 
sports can be expected from 5 to 12 months postoperatively. (DOI: 10.3171/2011.9.FOCUS11180)
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without any slips is suited for direct repair.32,34 Athletes 
younger than 20 years are treated with direct repair of the 
pars defect. Once their pain is controlled, these athletes 
can start muscle strengthening and range of motion exer-
cises that, with aggressive rehabilitation programs, will 
have the best chance of returning them to their desired 
sports.

 Preoperative Management
Preoperative studies should illustrate a lytic defect, 

minimal spondylolisthesis, healthy disc, and negligible 
movement of the vertebra. Plain anteroposterior and lat-
eral flexion and extension radiographs can clearly demon-
strate any degree of slippage or any motion abnormality 
in the vertebrae.35 These studies should be supplemented 
with CT scans to define the bony anatomy of the pars.6,10 
The addition of SPECT scanning allows the detection of 
an occult and acute stress fracture that would otherwise 
be missed on plain radiographs.10 Moreover, it would en-
sure the presence of metabolic activity in the lysis as the 
cause of pain, a factor that would increase the surgical 
chances of osseous union.6 Finally, proper evaluation of 
the disc is done via MR imaging, which allows further 
investigation of the canal to rule out any other soft tissue 
causes of back pain. The routine use of discography is not 
recommended given the inherit risks of the technique, the 
fact that the integrity of the disc can be evaluated with 
MR imaging studies, and the young age of candidates 
for direct repair. Disc space is considered acceptable if 
its height is at least two-thirds its normal height and if 
the slippage is < 10 mm.12 Once the above studies are 
obtained, direct repair of lumbar spondylolysis is ruled 
out if there is 1) Grade 2 or higher spondylolisthesis; 2) 
dysplastic lamina, which could make fixation unlikely; 3) 
significant disc degeneration at the level of the lysis; and 
4) a patient age > 20 years.6,17

Overview of Surgical Techniques 
In 1968, Kimura23 reported on bone grafting with-

out internal fixation for spondylolytic defects. Although 
in 1968 Scott began using a wiring technique to augment 
bone grafting of the lytic defect, his results were not pub-
lished until 1986.28,36 Many authors use the Scott wiring 
method, whereas others have modified the technique to 
include pedicle screws or cable instead of wire.39 In 1970, 
Buck7 documented the use of a lag screw across the lysis, 
and many authors have described their outcomes follow-
ing this technique. In 1984, Morscher et al.27 reported that 
the Buck technique of using a 3.5-mm lag screw did not 
work well with a thin or dysplastic lamina, and they ad-
vocated using laminar fixation with a hook screw device 
specially made for this purpose. That device, a modified 
Harrington hook that accepts a bone screw, is no longer 
available from the original manufacturer.6 Other authors 
have reported using pedicle screws to secure the lamina 
with either a rod-hook construct or a V-shaped rod under 
the spinous process.1,12,29,39

Basic Surgical Technique. A standard midline ap-
proach to the lumbar spine is performed with care taken 
to preserve the multifidi attachment to the lateral capsules 

of the L4–5 and L5–S1 facet joints (unless pedicle screws 
will be used) and to keep the supraspinous and interspi-
nous ligaments intact. The pars defect is exposed and fi-
brous tissue is removed. Direct exposure of the pars defect 
is unnecessary if the lytic defect is in the coronal plane. 
Internal fixation is applied next. Through a 3-cm window 
over the posterior inferior iliac spine, a small amount of 
cancellous bone can be harvested from the iliac crest. 
Some have reported harvesting cancellous bone from the 
ala of the sacrum, whereas others use cancellous allograft 
or off-label rhBMP-2 (Medtronic Sofamor Danek).9,29 The 
graft is placed as an onlay at the pars defect with care 
taken not to place the graft ventral to the defect, a loca-
tion which could compromise the exiting nerve root. Re-
section of the caudal 3–5 mm of the inferior facet joints 
of the cephalad vertebra is recommended no matter what 
internal fixation is selected. Theoretically, this resection 
reduces the possibility of the inferior facets impinging 
into the pars region when the patient stands or loads the 
spine, particularly during hyperextension.

Single Lag Screw Fixation (Buck). After exposing 
the pars defect and lamina bilaterally, the inferior edge 
of the lamina is squared off using a bur.7 A drill is intro-
duced at this edge and is directed upward, forward, and 
slightly outward to pass through the pars and across the 
pars defect. Direct visualization should confirm the pass-
ing of the drill through the pars defect, and the drill tra-
jectory should remain wholly within bone. A screw of ap-
propriate length is placed through this path, and again the 
screw must be seen to pass through the pars defect. The 
screws are partially withdrawn, and an autologous bone 
graft from the iliac crest is placed in the pars defect. The 
screws are readvanced forward through the pars defect, 
securing the bone grafts in place and stabilizing the con-
struct (Fig. 1). A less invasive modification of the Buck 
method involves stereotactic navigation using the O-arm 
(Medtronic, Inc.).5 After exposing the spinous process, a 
trajectory across the pars defect is determined via naviga-
tion. A Kirschner wire is passed through this trajectory, 
and a cannulated screw is placed over the wire across the 
defect.

Hook Screw Fixation (Morscher). Autologous can-
cellous bone grafts from the iliac crest are first placed 
into the pars defects.27 Then, 2.5-mm holes are drilled at 

Fig. 1.  Drawing showing single lag screw fixation as described by 
Buck, 1970.
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the bases of the superior articular processes bilaterally. 
Special screws whose tips consist of a cancellous thread 
and whose bases consist of a machine thread are used. 
The screw head is designed to allow attachment to a hook 
that hooks over the lamina. The screws are inclined so 
that they form a 40° angle with the superior vertebral 
endplate. The screws are also placed approximately 20° 
divergent from each other. The hooks are attached to the 
screw heads and fastened via a lock nut. The distal end of 
the hook is hooked underneath the lamina. The lock nut 
is tightened to achieve appropriate compression over the 
defect (Fig. 2).

Cerclage Wire Fixation (Scott). The pars defects, lam-
inae, and transverse processes are exposed.28,36 The soft 
tissues on the anterior edge of the transverse processes are 
freed from the transverse processes. The sclerotic margins 
of the pars defects are drilled down to expose healthy bone, 
and the transverse process, superior facet, and lamina are 
decorticated. A 2-mm hole is drilled in the base of each 
transverse process, and a 4-mm hole is drilled in the base 
of the spinous process. A wire is passed through the hole 
in the transverse process and draped superiorly over the 
top of the transverse process. The other end of the wire is 
passed through the hole of the spinous process and draped 
inferiorly around the bottom of the spinous process. The 
same procedure is performed on the contralateral side. 
Autologous cancellous bone from the iliac crest is used 
to fill the pars defect, and strips of corticocancellous bone 
from the iliac crest are laid over the pars defect beneath the 
wires, extending from the base of the transverse process to 
the lamina. The wires are tightened, providing compres-
sion and stabilization across the pars defects (Fig. 3).

Pedicle Screw Cable Fixation (Songer). The bone 
graft is inserted into the pars defect between the pedicle 
above and the lamina below.38 Pedicle screws are placed 
with the entry point just below the facet joint. A cable 
is passed underneath the left laminae, threaded through 
the right pedicle screw head, and finally draped around 
the cranial end of the spinous process. The 2 ends of the 
cable are tied together. A second cable is passed in a simi-
lar fashion under the right laminae and through the left 
pedicle screw head. The ends of the cables are crimped to 
apply tension to the cables (Fig. 4).

Pedicle Screw Hook Fixation. Using biplanar fluo-
roscopy, the intersection of the transverse process, su-
perior articular process, and pars interarticularis is can-
nulated with an awl for a pedicle screw. The provisional 
tract is tapped and a screw is placed. A high-speed bur 
is used to decorticate the area of the pars defect, remov-
ing the callus formation. Custom iliac crest allograft or 
off-label rhBMP-2 is fashioned and carefully tapped into 
place with a mallet. Sublaminar hooks are applied bilater-
ally and connected to the pedicle screw using a titanium 
rod. The rod is affixed to the construct using set screws, 
which are then tightened to the manufacturer’s recom-
mended torque (Fig. 5).39

A minimally invasive modification of this method 
involves placing the pedicle screws under fluoroscopy by 
using Jamshidi needles and cannulated screws.29 Laminar 
hooks are placed underneath the lamina and connected to 
the pedicle screws.

Pedicle Screw Rod Fixation. After exposing the pars 
defect, transverse process, and lamina, these areas are 
decorticated with a high-speed drill. Pedicle screws are 
placed bilaterally using a standard technique. The au-
tologous bone grafts from the iliac crests are placed in 
the pars defects. A U-shaped rod is placed underneath 
the spinous process of the affected level, and the ends of 
the rod are secured to each pedicle screw. Tightening the 
rod to the screws provides compression and stabilization 
across the pars defects (Fig. 6).12

Postoperative Routine
The postoperative course and radiographic studies are 

managed and tailored by each surgeon and his or her reha-
bilitation team. In the early postoperative period, most au-
thors have recommended plain radiographs for asymptom-
atic patients and CT or MR imaging studies only if symp-

Fig. 2.  Drawing showing hook screw fixation as described by Mor­
scher et al., 1984.

Fig. 3.  Drawing depicting wire fixation as described by Scott, 1987.

Fig. 4.  Pedicle screw with cable fixation as described by Songer and 
Rovin, 1998.
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toms persist or new symptoms appear; however, fusion 
and attenuation of pars fractures are mostly assessed 3–6 
months from surgery by performing CT scanning.5,12,29,32 
Early mobility and ambulation, as well as the avoidance of 
heavy lifting and strenuous activities for the first 3 months, 
are highly encouraged.5,12,29 Additionally, patients are dis-
couraged from any hyperextension or flexion movement 
in the first 3 postoperative months.6,12 As regards to post-
operative physical therapy, the literature does not provide 
enough reliable data; some authors recommend avoiding 
any physical therapy exercises as long as 3 months from 
the operation.6,29 As most patients are younger adult and 
teenage athletes, however, they typically have a fast recov-
ery and are able to return to sports conditioning within 6 
months of their operations.5,12,29,32

At our institution, we follow up patients with plain 
anteroposterior/lateral and oblique radiographs 4 and 10 
weeks from the surgery and with CT scanning in 6 months 
to confirm pars stabilization. Additionally, we gradually 
ease them into physical therapy exercises within 4 weeks 
after surgery while a team of physiatrists strictly moni-
tors their progress. A team of pain specialists weans them 
from all narcotics within the first 2 months and, in gen-
eral, by 10 weeks after surgery they are eased back into 
their sport activities but with limitations. They are fully 
released to competitive activities within 5–6 months post-
operation.

In the literature, many studies outline the natural his-
tory, nonoperative treatment, and prevalence of lumbar 

spondylolysis in athletes. However, the literature lacks a 
review article on the most common surgical techniques 
for pars fractures and their respective outcomes in ath-
letes. The objective in the present study was to review the 
surgical techniques for and outcomes of the treatment of 
symptomatic spondylolysis in athletes.

Methods
Literature Review

Both the PubMed and MEDLINE databases were 
searched to identify articles that had been published be-
tween 1950 and 2011 which were pertinent to the meth-
ods and outcomes of the surgical treatment of spondy-
lolysis in athletes. The key words used in the search were 
“spondylolysis,” “pars fracture,” “repair,” “sports,” and/
or “athlete.” Inclusion criteria were full-length English-
language papers or abstracts, surgical treatment, athlete 
outcomes, prospective studies, and retrospective studies. 
Exclusion criteria were non–English-language papers or 
abstracts and inadequate information about outcomes 
and/or surgical treatment. The efficacy of the surgical 
treatment of spondylolysis in athletes was clarified. The 
primary end points were descriptions of the procedures in 
and the outcomes of surgical treatment.

An initial search using the key words “spondyloly-
sis” and/or “sport” returned 262 articles. The search was 
further limited to the English-language literature (223 
articles) and a patient age of 24 years or younger (123 
articles). Two separate authors (D.D. and A.S.) reviewed 
abstracts from these articles, yielding 123 articles for de-
tailed review.

Of these 123 articles, 105 were excluded from analy-
sis because they failed to meet the surgical treatment cri-
terion or to report postoperative outcomes. The remain-
ing 18 articles were included in our analysis. Articles 
were reviewed for data on methodology (retrospective vs 
prospective), type of treatment, number of patients, mean 
patient age, and mean follow-up. Specifics on the patient 
and the fracture included which competitive sport, level 
of fracture, degree of spondylolisthesis, complications, 
and need for reoperation. Clinical outcome data, based on 
patient reporting and preoperative evaluation, were also 
recorded when available. In addition, we used modified 
Henderson criteria that subjectively assessed the patient’s 
pain and ability to return to sports (Table 1).16

Statistical Analysis
All descriptive statistics were calculated using JMP 

7.02 (SAS Institute). Averages for age, duration of follow-

Fig. 5.  Posterior (A) and inferior (B) views of the pedicle screw hook 
fixation as described by Tokuhashi and Matsuzaki, 1996. Postoperative 
lateral radiograph (C) showing bilateral pedicle screw hook construct at 
L-5 to correct a pars defect.

Fig. 6.  Sagittal (left) and axial (right) positioning of the pedicle 
screw rod instrumentation as described by Gillet and Petit, 1999.

TABLE 1: Subjective assessment of pain and the ability to return 
to work and sporting activities

Grade Description

excellent no pain; return to normal occupation & normal sport
good occasional pain after strenuous activity; return to normal  

  occupation & less strenuous sport
poor pain persists; unable to return to occupation & participate in 

  sport
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up, and Henderson criteria were calculated. Additionally, 
studies documenting patient-reported outcomes were sum-
marized.

Illustrative Cases

History and Examination. A 23- and a 19-year-old 
male professional athlete both presented with several-year 
histories of ongoing and worsening low-back pain. At that 
time, both patients were being considered for competi-
tion at the highest level, and they described their symp-
toms as worsening with increased activity and training. 
The main symptom was primarily axial midlumbar back 
pain with occasional radiation into the gluteal region. It 
was aggravated by lumbar hyperextension and rotation 
positions and was relieved by rest. Prior to our evalua-
tion, both patients had undergone nonoperative treat-
ment including exhaustive physical therapy, core body 
strengthening, transcutaneous electrical nerve stimula-
tion, massage, bracing, and trigger point injections. Both 
denied experiencing any weakness, radicular symptoms, 
or bowel or bladder incontinence. Each had been treated 
with intermittent extended periods of rest and inactivity 
but the symptoms would recur once training was restart-
ed. In light of their high performance sports demands, 
each patient refused any invasive needle injections and 
permanent activity limitations or modifications. Subse-
quent advanced imaging was performed, and CT scans of 
the lumbar spine in both patients demonstrated bilateral 
L-5 pars fractures (Fig. 7). A SPECT CT scan confirmed 
increased activity at the bilateral pars fractures. Lateral 
flexion and extension lumbar spine radiographs showed 
no evidence of significant dynamic spondylolisthesis, and 
MR imaging showed preserved discs at L4–5 and L5–S1. 
Additionally, there were no signs of significant central or 
foraminal stenosis.

After a discussion of each patient’s high functional 
demands and an explanation of the procedure’s risks and 
benefits, we agreed to perform an intrasegmental bilateral 
pars repair using a pedicle screw rod fixation technique 
in each patient. 

Operation. Using a standard limited midline ap-
proach centered over the L-5 lamina, we exposed the bi-
lateral pars pseudarthroses with care not to disturb the 
facet capsule of L4–5. Under microscopic visualization, 
we used a high-speed drill bit to resect the sclerotic bony 
ends of the pars fracture. The underlying L-5 nerve root 
was identified and decompressed as it traversed the fora-
men. Pedicle screws were inserted into the bilateral L-5 
pedicles in a laterally based trajectory to avoid facet abut-
ment. An appropriately contoured curved rod was passed 
across the midline under the interspinous ligament and 
spinous process of L-5. The rod was affixed to each screw, 
causing direct compression across the pars facture sites. 
Once the instrumentation was secured, the bilateral pars 
region was grafted with locally harvested autograft (and 
demineralized bone matrix, if necessary). 

Postoperative Course. Following the operation, each 
patient gradually returned to regular activity within 4 
weeks under a strict physical therapy regimen. Follow-
up radiographs were obtained (Fig. 8). Both patients were 
completely weaned off narcotic medications and returned 
to sports conditioning for the next 8–10 weeks. A full re-
turn to competitive sports occurred at approximately 5 
months posttreatment.

Results
We identified 9 studies that specifically included ath-

letes. One of these studies was a case report, whereas the 
rest were case series. One was a prospective study and 
the rest were retrospective. All studies involved surgi-
cal treatment. Nine studies of nonathletes were used to 
compare the results of the techniques applied to repair 
spondylolysis; all of these studies were retrospective case 
series involving surgical treatment. Tables 2 and 3 show 
the outcomes of surgical treatment in athletes and non-
athletes. Eighty-four athletes and 279 nonathletes with a 
mean age of 20 and 21 years, respectively, were reviewed 
(Fig. 9). Cricket, soccer, and baseball were the most com-
mon athletics described in the studies reviewed (Fig. 10). 

Fig. 7.  Illustrative case. Preoperative sagittal (A and B) and axial (C) reconstruction images showing bilateral L-5 spondylolytic 
defects.
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The studies did not consistently document when a spon-
dylolisthesis was present, but among the studies that did, 
there seemed to be a trend toward a higher likelihood of 
spondylolisthesis in nonathletes. Most of the fractures 
were at L-5 in both patient groups, specifically 96% in 
athletes and 92% in nonathletes. The average follow-up 
period was 26 months for athletes and 86 months for non-
athletes. According to the modified Henderson criteria, 
84% (71 of 84) of the athletes returned to their sports 
activities (Fig. 11). The time interval until their return 
ranged from 5 to 12 months. Of the remaining athletes, 7 
returned to a less strenuous sport and 6 did not return to 
any sports in the study period.

Age-Related Outcomes
Direct surgical repair of spondylolysis has largely fo-

cused on patients younger than 30 years old. Most authors 
theorize that the outcomes are better for younger patients 
because their discs are less degenerative and more suit-
able for direct repair. The study by Ivanic et al.17 is most 
often cited as evidence for a 20-year age cutoff. In that 
study, 113 patients were treated using the Morscher tech-
nique. Of the 20 treated patients older than 20 years of 
age, 35% had pseudarthroses, whereas only 8.6% of the 
93 patients younger than 20 years had pseudarthroses. 
There was persistent postoperative pain in 4 of the 20 pa-
tients older than 20 years and in only 4 of the 93 patients 
younger than 20 years. In a case series by Nozawa et al.,30 
among 20 athletes treated using a Scott wiring technique, 
13 were older than 20 years of age. Among the treated 
patients, 70% of those older than 20 years of age had an 
excellent clinical outcome, whereas 86% of the patients 
20 years old or younger had an excellent clinical outcome.

Johnson and Thompson21 used a modified Scott tech-
nique and found “satisfactory” results for all 19 patients 
under 25 years of age. In the patients older than 25 years, 

2 of 3 had “poor” results. Debusscher and Troussel9 dis-
cussed their case series in which they used pedicle screw 
hook fixation with 12 patients 30 years of age or younger 
and 11 patients older than 30 years. In the younger group, 
all patients had a good or excellent clinical outcome, 
whereas only 73% of patients in the older group had a 
similar outcome.

Outcomes of Specific Techniques
Single Lag Screw Fixation (Buck). Outcomes fol-

lowing the Buck fixation have been widely published for 
both nonathletes and professional athletes in a variety of 
sports. The published outcomes for athletes in our exten-
sive literature search consistently showed that > 90% of 
patients eventually return to their preoperative sports per-
formance.5,8,14,31,32 Outcomes for nonathletes show similar 
but slightly lower success rates, possibly because athletes 
are often known to be highly motivated in their recovery 
process.7

Hook Screw Fixation (Morscher). The literature is 
lacking in data on outcomes following hook screw fixa-
tion in athletes, but there are several reports on the pro-
cedure in nonathletes. In a retrospective study of 113 
patients, Ivanic et al.17 found that > 90% of patients had 
excellent clinical outcomes after hook screw fixation with 
a mean follow-up of 10.9 years.

Cerclage Wire Fixation (Scott). Many authors have 
published outcomes of the Scott method in both athletes 
and nonathletes. The data consistently show outcomes 
that are not as favorable as those for other direct repair 
techniques. Many studies show between 60% and 80% of 
patients having an excellent clinical outcome.3,21,30,35

Pedicle Screw Cable Fixation (Songer). In 1998, 
Songer and Rovin38 published a small study showing the 
outcomes associated with a new pedicle screw cable fixa-
tion technique. The study involved 7 patients, 5 of whom 
had excellent clinical outcomes. Bozarth et al.4 modified 
the Songer technique in 3 patients and found that they all 
had excellent clinical outcomes. Our literature search did 
not yield further data on this technique.

Pedicle Screw Hook Fixation. Data from several ret-
rospective studies on pedicle screw hook fixation with 
small numbers of nonathlete patients have been pub-
lished. Noggle et al.29 showed an excellent clinical out-
come in 5 of 5 patients. Two slightly larger studies, one 
by Kakiuchi22 and another by Debusscher and Troussel,9 
showed about 80% of patients having an excellent clinical 
outcome.

Pedicle Screw Rod Fixation. Data on pedicle screw 
and rod fixation have been published by 2 different au-
thors. Gillet and Petit12 used a V-shaped rod, whereas Al-
taf et al.1 used a U-shaped rod. Both were small studies 
of 10 and 20 patients, respectively. Gillet and Petit found 
excellent clinical outcomes in only 60% of patients, 
whereas Altaf et al. documented excellent outcomes in 
90% of patients. It is difficult to draw conclusions about 
this technique with only 2 small studies.

Fig. 8.  Illustrative case. Postoperative anteroposterior (left) and lat­
eral (right) radiographs showing positioning of the pedicle screw rod 
instrumentation.
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Discussion
Sports involving repetitive hyperextension of the spine 

along with axial loading seem to most predispose athletes 
to spondylolysis. Specifically, these actions are thought to 
overload the posterior elements, leading to pars fractures.24 
Nearly all sports carry some elevated risk of spondylolysis. 
The sports with relatively high incidences of such injuries 
include gymnastics, football, hockey, diving, wrestling, 
baseball, volleyball, racquet sports, and weightlifting, with 
gymnastics and football generally considered to have the 
highest risk.2,6,8,10,11,18–20,24–26,28,30 Two studies have estimated 
the incidence of low-back pain in athletes with spondyloly-
sis to be 79.8% in high school football players, 72.5% in 
high school rugby players, and 80.5% in college football 
players.18,19 Soler and Calderón37 documented the preva-
lence of spondylolysis in Spanish professional athletes, and 
the results are summarized in Table 4. According to these 

data, activities such as rowing, gymnastics, volleyball, 
weightlifting, and track and field carry the highest risk of 
symptomatic spondylolysis.

Gymnastics is widely considered to carry one of the 
highest risks for pars fractures, probably because gym-
nasts regularly combine hyperextension of the spine with 
large axial forces. Studies have shown the incidence of 
spondylolysis among gymnasts to be anywhere from 11% 
to 14%.20,37 Hall13 recorded the impact forces produced by 
collegiate gymnasts executing various acrobatics using 
a force pad. Back handsprings led to the greatest mean 
lumbar curvature, as well as to a high mean force of ver-
tical impact. Other maneuvers, such as front and back 
walkovers and front handsprings, resulted in large lumbar 
curvatures with front handsprings carrying a particularly 
high impact force.13

The incidence of pars fractures has been found to be 
up to 15% in college football players.26 Although various 
positions are affected, linemen seem to be at particular 
risk for spondylolysis. Ferguson et al.11 hypothesized that 
this finding was due largely to the motions of blocking, 
specifically extension of the lumbar sacral spine com-
bined with the axial force of collision. Unlike other po-
sitions, linemen experience these stresses regularly and 
repeatedly with every play, ostensibly placing them at 
particular risk.

In cricket, fast bowlers seem to be most at risk for 
spondylolysis. One study found that the incidence of pars 
interarticularis defects among young fast bowlers was 
55%.14 In this case, hyperextension, lateral flexion, and 
thoracolumbar rotation in combination with the jerk force 
of bowling were hypothesized to cause spondylolysis.31 
Repeated as many as 500 times per week, these motions 
put immense stresses on the spine.15

Tennis also carries an elevated risk of pars injury. 
Hyperextension is thought to be the cause of these inju-
ries, specifically those that occur during a serve.25 In at-
tempts to “top spin” a serve, this hyperextension may be 
even more pronounced. The modern forehand shot and 
two-handed play with its repetitive rotation also result in 
additional hyperextension.2

Baseball has also been associated with pars frac-
tures. In professional Japanese baseball players, the inci-
dence of pars fractures has been anywhere from 27.5% to 
53.5%, far higher than in the general population.34 Similar 
to injuries seen in cricket, the pitching motion is hypoth-

Fig. 9.  Bar graph illustrating age distribution (in years) of athletic 
patients who underwent direct surgical repair in the reviewed studies.

Fig. 10.  Pie graph illustrating the distribution of the types of sports 
played by patients who underwent direct surgical repair in the reviewed 
studies.

Fig. 11.  Bar graph illustrating the subjective assessment of pain and 
the ability to return to work and sporting activities (from Henderson, 
1966) in the reviewed studies.
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esized to cause most pars fractures, probably as a result of 
hyperextension of the spine and the rapid rotation associ-
ated with launching the ball.

Return to Athletics
For the athlete undergoing direct repair of spondy-

lolysis, a return to preinjury athletic performance is often 
the primary goal. Authors reporting on surgical outcomes 
in athletes with these injuries use a variety of methods to 
measure outcome. In 1966, Henderson16 proposed a set of 
criteria to measure the outcome in patients undergoing 
surgical treatment for spondylolisthesis (Table 1). These 
criteria are still used today and provide an overall view of 
outcomes in a large patient population.

Although the literature contains limited data on ath-
letes, the available data reveal that professional athletes can 
undergo various methods of surgical treatment and achieve 
excellent outcomes and a return to their previous athletic 
performance (Fig. 12). Buck’s is a popular technique for 
the surgical treatment of spondylolysis in athletes, with 
half of the studies on athletes utilizing this technique. The 
procedure also yields consistently high outcomes, with > 
90% of athletes able to return to their previous athletic 
performance.5,8,15,31,32 Other methods, such as pedicle screw 
hook fixation, show potential, but the limited available data 
make it difficult to draw conclusions.

There is no consensus on when an athlete can return 
to play. In a survey, Scoliosis Research Society members 
reported greatly varied recommendations regarding a re-
turn to sports following surgery for scoliosis.33 The most 
common recommendation for a noncontact, low-impact 
sport was after 6 months. For contact sports, the most 
common recommendation was after 12 months; however, 
13% of responding clinicians recommended never return-
ing. For collision sports, 60% of responding clinicians did 
not favor ever resuming the sport.

After fusion for spondylolisthesis surgery, the recom-
mendations of the Scoliosis Research Society members 
were similar to those made following scoliosis surgery. 
The most common recommendation for a noncontact, 
low-impact sport was after 6 months. For contact sports, 
the most common recommendation was after 12 months, 
although 14% of responding clinicians who had treated 
low-grade slips and 21% of responding clinicians who 
had treated high-grade slips recommended never return-
ing. For collision sports, between 49% and 58% of re-
sponding clinicians did not favor ever resuming the sport.

This survey illustrates the wide differences of opin-
ion regarding the timing and safety of returning an ath-
lete to his or her sport following spinal surgery. Factors 
that must always be considered include the amount of 
time that has elapsed since surgery, the instrumentation 
that has been used, and the degree of contact or collision 
common to the athlete’s sport, which could endanger the 
surgical repair and, consequently, the athlete’s safety.

Complications of the Techniques
Authors report a variety of potential complications 

with these techniques. Hardware failure is uncommon 
but has been reported with all of the techniques, includ-
ing screw breakages, wire and cable fractures, and wires 
pulled out from the transverse process.30,32,38 For example, 
Ranawat et al.31 reported the case of a professional fast 
bowler who had undergone L3–S1 fusion after conser-
vative treatment had failed. During play the next season, 
the patient noticed swelling in the lumbar region. It was 
discovered that a screw had broken, and the patient was 
taken to surgery to remove the screw. Screw breakage 
happened a second time during the season, and thus all 
hardware from the fusion was removed.

Nonunion has been reported in several cases.8,17,21 
Pseudarthroses have been reported not uncommonly, 
with Ivanic et al.17 finding that 15 of 113 patients treated 
with the Morscher technique had pseudarthroses and 5 
required second surgeries. Rarely, authors report persis-
tent low-back pain after surgery.38 In general, the avail-
able studies on direct repair techniques are too small to 
accurately gauge complication rates.

TABLE 4: Prevalence of asymptomatic and symptomatic spondylolysis in elite athletes from Spain

Sport No. of Athletes
Prevalence of  

Spondylolysis (no. [%])
Athletes w/ Spondylolysis Who Were 

Symptomatic (no. [%])

track & field (races, heptathlon, & others) 685 69 (8.9) 32 (52.5)
gymnastics 235 33 (14.0) 19 (57.6)
combat sports (boxing, karate, & others) 207 23 (11.1) 9 (39.1)
swimming 176 18 (10.23) 6 (33.3)
weightlifting 85 11 (12.9) 6 (54.5)
rowing 77 13 (16.88) 8 (61.5)
volleyball 70 7 (10.0) 4 (57.1)

Fig. 12.  Bar graph illustrating the published results of techniques 
used to repair spondylolysis in athletes.
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Conclusions
For a young athlete with a symptomatic pars defect, 

any of the described techniques of repair will probably 
produce acceptable results. An appropriate preoperative 
workup is important. The ideal candidate is younger than 
20 years of age with minimal or no listhesis and no de-
generative changes of the disc. Limited participation in 
sports can be expected from 5 to 12 months postopera-
tively. Familiarity with the various fixation techniques 
and anticipation of the anatomical variations will allow 
the surgeon to select the most appropriate surgical tech-
nique for repairing lytic defects in the lumbar spine.
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Contact and low-intensity sports can result in ax-
illary nerve injury,16 resulting in loss of deltoid 
function. This muscle is the major abductor of 

the shoulder. The axillary nerve arises from the posterior 
cord of the brachial plexus and contains fibers derived 
from C-5 and C-6 spinal nerve roots via the posterior di-
vision of the upper trunk. It passes through the quadrilat-
eral space along with the posterior circumflex artery just 
distal to the shoulder joint. The nerve then curves around 
the posterolateral surface of the humerus deep to the del-
toid and divides into anterior and posterior branches, both 
of which innervate that muscle. The nerve is tethered pos-
teriorly as a result of the overlying muscle, making it sus-
ceptible to stretch. Etiologies include not only fracture 
and dislocation of the humerus, but less frequently com-
pensation due to prolonged pressure arising from com-
mon sports-related activities. The purpose of this paper 
is to analyze indications for surgical repair and to access 
outcomes in patients with solitary axillary nerve injury 
associated with sports.

Methods
Patient Population

Sports-related isolated axillary nerve injuries in our 
patient population were associated with the following 
sports: skiing (12 cases), football (5), rugby (2), baseball 
(2), ice hockey (2), soccer (1), weightlifting (1), and wres-
tling (1) (Table 1). Each patient’s function was evaluated 
using the grading scale established by the senior authors 
(D.G.K. and D.H.K.) for axillary nerve palsy and deltoid 
muscle weakness (the LSUHSC grading scale; Table 2). 
Seventeen patients had complete loss of axillary activity 
(Grade 0); 9 had incomplete but severe functional loss 
(Grade 1–2), without significant spontaneous recovery. 
Patients who did not recover after 6–8 months of conser-
vative therapy were treated surgically.

Electromyography was performed in all patients dur-
ing their baseline evaluation. This study was repeated af-
ter an interval of several months of conservative therapy. 
Surgery was performed only in cases in which poor re-
covery of deltoid function was evidenced by both clinical 
and electromyographic examination. Patients selected for 
surgery had undergone radiographic studies and some-
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times MR imaging of the shoulder. In addition, these 
patients were often evaluated by orthopedists to rule out 
conditions resulting in comparable functional impair-
ments, such as rotator cuff injury. In this way, a definitive 
diagnosis of axillary nerve injury could be established.

Surgical Procedure
An anterior infraclavicular surgical approach was 

used in all of our patients. In those cases in which the 
lesion was determined to extend significantly distally, a 
posterior approach was added to the anterior approach so 
that adequate exposure could be achieved. The patients 
were positioned supine and anesthetized with general 
endotracheal anesthesia. The table was then inclined to 
place the patient in an approximately 20° reverse Tren-
delenburg position. The patient’s arm was abducted ap-
proximately 10°–20°.

The mildly curvilinear incision extended from the lev-
el of the clavicle to the axilla. At the deltopectoral groove, 
the pectoralis major muscle was incised and split in the 
direction of its fibers. A self-retaining retractor was used to 
hold the muscle edges apart. Laterally and medially, bun-
dles of split pectoralis major were set aside for subsequent 
repair.

The deltopectoral vein and associated vascular 
branches were ligated at the superior aspect of the wound, 
and the underlying pectoralis minor muscle was divided 
transversely. The self-retaining retractor was then repo-
sitioned to a deeper level and placed along both edges of 
the pectoralis minor.

After the lateral cord was identified and dissected 
free from adipose and scar tissue, it was traced distally 
to and through its contribution to the median nerve. Next, 
the cord was followed past its branches to the coracobra-
chialis, and finally, on to its continuation as the musculo-
cutaneous nerve. The latter was freed up several inches 
distal to the coracobrachialis branches by splitting the 
overlying biceps and brachialis muscles. The axillary 
artery was dissected out and traced distally along with 
the overlying median nerve. Often, a large venous branch 
crossing the median nerve was encountered. This branch 
was usually isolated and divided.

The posterior cord was then exposed by gently re-
tracting the lateral cord; on some occasions, the more 
proximal portion of the axillary artery, and even the me-
dial portion of the medial cord, required gentle retraction 
by means of application of a Penrose drain to allow visu-

alization of the posterior cord (Fig. 1). The thoracodorsal 
branch extends from the posterior aspect of the posterior 
cord and was usually found at right angles to the cord, 
coursing toward the latissimus dorsi muscle. Distally, 
subscapularis branches were usually seen leaving the 
posterior cord close to its bifurcation into the axillary and 
radial nerves. By retracting the more distal axillary artery 
medially, and by displacing the musculocutaneous nerve 
superiorly and either medially or laterally, access to the 
deeper axillary nerve, including that in the quadrilateral 
space, could be gained.

On occasion, posterior circumflex vessels were en-
countered and had to be ligated and divided. At this level, 
the axillary nerve passes lateral to the profundus branch 
of the axillary artery, whereas the radial nerve is located 
on its medial side (Fig. 2).

To reach the quadrilateral space, the axillary nerve 
follows a slightly oblique course laterally and posteriorly. 
Exposure of the nerve down to the level of the quadrilateral 
space was sometimes assisted by deep placement of 1 or 
2 small self-retaining retractors. Just distal to the inferior 
shoulder joint capsule, the nerve passes through the quad-
rilateral space along with the posterior circumflex humeral 
artery. The quadrilateral space is bounded by the teres mi-
nor above, the long head of the triceps medially, the teres 
major and latissimus dorsi muscles below, and the humeral 
neck laterally. Posteriorly, the axillary nerve divides into 
anterior and posterior branches. The posterior branch sup-
plies the posterior portions of the deltoid muscles, and a 
small branch from this posterior division innervates the 
teres minor. The posterior branch of the axillary nerve also 
supplies sensation to the skin overlying the deltoid muscle. 
The anterior branch curls around the surgical neck of the 
humerus under the deltoid muscle and branches as it ex-
tends to the anterior border of the deltoid. The branches 
further divide to innervate this muscle (Fig. 3). The deltoid 
is composed of 3 bundles of muscle fibers that contract in 
concert to raise the arm laterally. Contraction of the an-
terior bundles, however, provides a more significant con-
tribution to anterior or forward abduction. This motion is 
aided by the pectoralis major muscle and sometimes by the 
long head of the biceps, depending on its relationship to the 
glenohumeral joint.

TABLE 1: Sports associated with axillary nerve injury in 26 cases

Sport No. of Cases (%)

skiing 12 (46)
football 5 (19)
rugby 2 (8)
baseball 2 (8)
ice hockey 2 (8)
soccer 1 (4)
weightlifting 1 (4)
wrestling 1 (4)

TABLE 2: The LSUHSC grading scale for axillary nerve palsy and 
deltoid muscle weakness*

Grade Definition

0 no deltoid contraction
1 trace of deltoid contraction
2 some abduction of shoulder beyond 30° w/ gravity eliminated
3 abduction of shoulder against gravity & mild pressure; lateral  

  abduction usually 60°–90°
4 abduction of shoulder against gravity & moderate pressure;  

  lateral abduction usually >90°
5 abduction of shoulder against gravity & great amount of pres- 

  sure; lateral abduction usually >110°

*  Reproduced with permission from Kline DG, Kim DH: J Neurosurg 
99:630–636, 2003.



Neurosurg Focus / Volume 31 / November 2011 

Axillary nerve injury

3

Intraoperative nerve action potential recordings 
guided the method of surgical repair of the nerve. If a 
nerve action potential was recorded through and distal to 
the stretch–contusion injury, then the epineurial scar was 
removed, but the lesion in continuity was not resected. If 
the lesion was irregular, neurolysis was performed along 
the full extent of the lesion. The skeletonized nerve was 

then examined. If a portion of that nerve on cross-section 
appeared worse than the rest, that specific portion was 
resected across the lesion. The nerve was subsequently 
repaired, usually with grafts, leaving the rest of the nerve 
intact. If there was no action potential conducted across 
the lesion, the lesion was resected and the gap was usually 
repaired by means of grafts—either sural or antebrachial 
cutaneous nerves—using a technique similar to that de-
scribed by Millesi.19 If a lesion in continuity was not sig-
nificantly long, then suture repair was performed.

Follow-Up
Postoperatively deltoid function was again assessed 

by means of both clinical examination and electromyog-
raphy. All patients were evaluated at least once during 
the follow-up period (range 16 months–6 years, mean 20 
months).

Results
Twenty-six cases were surgically explored via an 

infraclavicular approach. After a mean follow-up of 20 
months, functional recovery appraised by means of the 
LSUHSC grading system was quite satisfactory. Nine 
patients with partial nerve loss Grade 1 or 2 preopera-
tively, underwent exploratory surgery. In this subset of pa-
tients, neurolysis was performed on the axillary nerves. 

Fig. 1.  Illustration of an anterior view of the posterior cord and its major branch relationships between the radial nerve, axillary 
nerve, and thoracodorsal nerve, and the anterior and posterior circumflex arteries. 

Fig. 2.  Intraoperative photograph of the infraclavicular plexus at the 
level where the axillary nerve branches off the posterior cord. LC = 
lateral cord; MC = medial cord; MT = middle trunk; PC = posterior cord; 
UT = upper trunk. 
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Postoperatively, the nerves recovered satisfactorily, and 
a mean grade of 4.2 was attained. Another subset of 3 
patients with stretch injuries in continuity were found to 
have complete nerve loss preoperatively. Intraoperatively, 
nerve action potentials were able to be conducted across 
the lesion. These nerves were treated with neurolysis 
alone and eventually a grade of 3–4 was attained in each 
of these cases (Table 3). In 2 patients, resection and suture 
repairs were performed for relatively focal lesions. Nerve 
action potentials could be conducted across the lesions. 
The mean outcome grade in these cases was 3–4. In 12 
patients, graft repairs were made for lengthier lesions 
in continuity that required resection; the mean outcome 
grade was 3 in 3 patients, 3.5 in 8 patients, and 4 in 1 
patient. Specifically, outcomes of neurolysis from partial 
loss (1 case) and resection with graft from complete loss 
(1 case) revealed extraordinarily good results with post-
operative grades of 4.2 and 4, respectively.

Discussion
Incidence in Various Sports

Most axillary nerve injuries described to date in the 

literature have been part of a combined brachial plexus 
injury. In 1999, however, Oberle et al.22 presented a case 
of axillary nerve paralysis after excessive squash play-
ing. In 2003, repair of axillary nerve–associated shoul-
der injury either with or without fracture/dislocation was 
reported by the senior authors in our group (D.G.K. and 
D.H.K).16 For the first time, isolated axillary nerve palsy 
was credited with a dominant role in shoulder dysfunc-
tion. Previously, our senior authors showed that tailoring 
the surgical repair to restore the axillary nerve yielded 
satisfactory results. This current paper takes the repair 
of the axillary nerve one step further by categorizing the 
nuances of the surgical repair and assigning them to be 
applied to specific subsets of patients, as determined from 
nerve action potential measurements across the lesion.

In our series, skiing and football were the sports most 
often associated with axillary nerve injury—involved, re-
spectively, in 46% and 19% of the injuries in our case 
series. Krivickas and Wilbourn17 reported a very large se-
ries of over 200 sports-related nerve injuries. Wrestling, 
football, rugby, and weightlifting were the 4 sports in 
which the highest numbers of peripheral nerve injuries 
were identified. The absolute number of injuries seen as 
a result of participation in a particular sport suggests that 
the risk of nerve injury is higher in certain sports and 
that the risk is also influenced by a specific referral base 
for a particular patient population. The most common up-
per-extremity injuries were cervical radiculopathies and 
brachial plexopathies, usually the result of severe burn-
ers (also referred to as stingers) sustained while wrestling 
or playing football.17 A related study by Hirasawa12 also 
reported some cases of nerve palsies, but the causes were 
limited to injuries sustained during mountain climb-
ing, gymnastics, and baseball. The reported prevalence 
of nerve injury after anterior dislocation of the shoulder 
ranges from 5% to 25%,6 and it tends to increase with 
advancing age. In adolescents and young adults who have 
already had one shoulder dislocation, the prevalence of 
recurrent shoulder dislocation is about 40%.13–15 

Another sport deserving of attention is ice hockey. 
The peripheral nerves of the upper extremity are exposed 

Fig. 3.  Intraoperative photographs (A and B) of the posterior approach to the axillary nerve and artist’s illustration of the pos-
terior view of the shoulder joint (C). The axillary nerve courses around the humerus with the posterior circumflex artery to branch 
into the deep aspect of deltoid muscle. The black arrows in A and B indicate the axillary nerve branches to the deltoid muscle. 
The white arrow in B indicates the posterior circumflex artery.

TABLE 3: Outcome of axillary nerve repair in 26 cases*

Condition & Treatment No. of Cases Mean Postop Grade

partial loss & positive NAP†
    neurolysis 9 4.2
complete loss & positive NAP‡
    neurolysis 3 3–4
    resection & suture 2 3–4
    resection & graft 3 3

8 3.5
1 4

*  NAP = nerve action potential.
†  The mean preoperative grade was in the range of 1–2.
‡  The preoperative grade in each case was 0.
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to acute and chronic mechanical injuries in ice hockey 
players. This is due to frequent repetitive motions, large 
muscular forces, and extreme shoulder positions. Colak 
et al.8 evaluated the effect of ice hockey playing on the 
axillary, musculocutaneous, and radial nerves crossing 
the upper arm region. In this study, the values of distal 
motor latency of the axillary, musculocutaneous, and ra-
dial nerves were found to be significantly prolonged in 
ice hockey players compared with controls. Hence, ice 
hockey and similar sports can repetitively stress the upper 
extremity through repeated hard throwing motions

Mechanism of Injury
Axillary nerve injuries occur both with and without 

shoulder dislocation. When the shoulder is not dislocated, 
blunt trauma to the anterior aspect of the shoulder has 
been implicated in causing axillary nerve injury. This oc-
curs in sports such as football, wrestling, and ice hockey 
as a result of blows from helmeted heads of other play-
ers to the shoulder.3,11,16 A more frequent athletic injury, 
however, is nerve injury resulting from anterior shoulder 
dislocation (Fig. 4).4,11 The incidence of nerve palsy af-
ter acute dislocations of the shoulder ranges from 9% to 
18%.4,23 The prevalence of electrophysiologically docu-
mented nerve damage associated with closed shoulder 
trauma is reported to be up to 62% and most frequently 
involves the axillary nerve.10 Occasionally, the axillary 
nerve is damaged during reduction of a shoulder dislo-
cation. After glenohumeral dislocation, transient axillary 
numbness is often noted. This usually reflects neuraprax-
ia rather than a more severe nerve injury.

Initially, the mechanism of axillary nerve injury in 
sports was described by Bateman,2 in 1967, as being the 
result of an upward driving force directly into the armpit. 
A traumatic insult such as this has the ability to crush the 
posterior cord against the inferior aspect of the glenohu-
meral joint, resulting in axillary nerve palsy. An alterna-
tive mechanism was also described that attributed falling 
backward to result in traumatization of the axillary nerve. 
As far as sports such as baseball, skiing, ice hockey, and 
football are concerned, stretch injuries of the nerve rank 
highest on the list of causes of axillary nerve injury. This 
is mainly due to the repetitive motions specific to indi-
vidual sports, which engage the same, distinct muscles re-

peatedly, leading to overuse of particular muscles or mus-
cle groups and adverse effects on the associated nerves. 

Many proposed mechanisms of injury are described in 
the literature in regard to blunt trauma to both the shoulder 
and the deltoid muscle. Perlmutter and colleagues described 
compression of the axillary nerve by a helmeted head blow 
as it travels on the deep surface of the deltoid.24–26 Direct 
blunt trauma to the anterolateral aspect of the shoulder via 
the same mechanism has also been noted to cause axillary 
nerve injury. There may also be a traction component as-
sociated with this injury, as scarring of the axillary nerve 
distal to the quadrilateral space, as well as scarring to the 
intramuscular portion of the nerve, has been identified.

A direct blow to the anterior lateral deltoid muscle 
is another main cause of the injury for athletes playing 
contact sports.3 The proximity and route of the axillary 
nerve along the deltoid muscles make it vulnerable to the 
injuries sustained from contact sports. Furthermore, the 
short length of the axillary nerve renders it vulnerable to 
stretch injuries, especially during shoulder dislocation.11

Quadrilateral space syndrome represents a chronic 
compression syndrome of the axillary nerve in athletes 
whose sports of choice require repetitive throwing mo-
tions.11,18,28 Teres minor is the superior margin of the quad-
rilateral space. If fibrous bands develop at the inferior edge 
of the teres minor, they can compress both the axillary 
nerve and the posterior humeral circumflex artery. Quad-
rilateral space syndrome can cause complete denervation 
of the deltoid and teres minor muscles by compressing the 
axillary nerve. Compression could be more severe in the 
abducted, externally rotated (throwing) position.28 Cheung 
et al.7 described the effects of shoulder position on axillary 
nerve positions during the split lateral deltoid approach. 

Clinical Presentation and Examination
Surprisingly, many patients with axillary nerve inju-

ry may be asymptomatic even though they have sustained 
complete or incomplete lesions.29 Pain is not a prominent 
complaint, and deltoid weakness is often masked by com-
pensation from surrounding muscle groups.1 In the acute 
setting, the athlete classically presents with weakness in 
abduction, decreased sensation along the deltoid muscle 
insertion, progressive atrophy of the deltoid muscle, and 
subluxation of the glenohumeral joint.

When affected athletes exercise, however, they may 
fatigue quickly. This is especially noted with overhead ac-
tivity and heavy lifting. Affected persons may also notice 
reduced strength with abduction or an inability to raise 
the arm. Furthermore, numbness of the lateral arm may 
be noted. The presence of trauma, dislocation, or fracture 
should be documented. The physical examination of ath-
letes with axillary nerve injury should include evaluation 
for range of motion (passive and active) and strength in 
all planes. External rotation strength is important to as-
sess, because 45% of external rotation strength is from 
the teres minor. This is an important distinction, because 
global strength, especially abduction and forward eleva-
tion, is predominantly provided by the deltoid, the prime 
mover of the shoulder. When a patient is seen late in the 
course of the affliction, muscular atrophy, particularly of 
the deltoid and teres minor, should be noted, as it is of 

Fig. 4.  Schematic illustration of the axillary nerve being stretched 
across the humeral head following shoulder dislocation. The capsule is 
represented as completely disrupted or greatly elongated.  A: Intact 
shoulder joint and axillary nerve.  B: Shoulder joint dislocation and 
stretched axillary nerve.
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great importance in localizing the lesion. If the posterior 
deltoid and teres minor are spared, then the lesion is dis-
tal to the quadrilateral space. A complete neurovascular 
examination should be performed to assess sensation over 
the upper lateral arm and to rule out other lesions such as 
thoracic outlet syndrome and brachial plexus and cervical 
spine lesions. It is also important to note that complete 
deltoid muscle deficit may occur in the presence of nor-
mal sensation to the upper lateral arm and shoulder. Sev-
eral reports have documented the unreliability of sensory 
changes after injury.4

Axillary nerve injury resulting from a direct blow to 
the anterolateral shoulder, however, has a less optimistic 
prognosis. Perlmutter et al.24–26 noted persistent paralysis 
of the deltoid with such injuries in 11 athletes at 2.5–23 
years after injury.

Acute axillary nerve palsy is often seen in the athletic 
setting, and careful physical examination and EMG evalu-
ation are necessary to make an accurate diagnosis. Evalua-
tion of strength is typically hampered by pain. The injured 
athlete can often elevate the arm using the pectoralis and 
supraspinatus muscles, and subluxation can be prevented 
by the supraspinatus and long head of the biceps muscles. 
Active arm elevation by compensatory muscles is seen in 
up to 60% of athletes after axillary nerve injury.

Careful manual muscle testing is important in identi-
fying gross weakness in abduction. Patients with chronic 
compression of the axillary nerve in quadrilateral space 
syndrome typically present with tenderness in the pos-
terior shoulder area in the quadrilateral space, which is 
exacerbated by placing the arm in the throwing position 
and resisting internal rotation.28 Symptoms, however, are 
often vague, consisting of a dull ache in the shoulder with 
progressive use, and may be difficult to differentiate from 
the internal impingement also seen in the throwing ath-
lete.

Treatment
When electromyography reveals an axillary nerve le-

sion, the athlete should be reevaluated at monthly inter-
vals for signs of nerve regeneration. Because the axillary 
nerve is relatively short, in the case of a second-degree 
injury (axonotmesis), recovery should be seen between 
the 3rd and 4th month after injury. Surgical exploration 
and possible nerve grafting are generally recommended 
if no return of function has occurred by 4–6 months after 
injury.1,3,9,11,27

In our series, all patients who were deemed to be ap-
propriate surgical candidates did not show adequate signs 
of spontaneous recovery (greater than LSUHSC Grade 
2) even after 6–8 months of conservative therapy. Thus, 
surgical intervention was believed to be a reasonable 
treatment option. The patients in our series were further 
subdivided into 3 groups: neurolysis-only group, resec-
tion-and-direct-suture-repair group, and resection-and-
graft-repair group; after surgical intervention, patients in 
all 3 groups showed satisfactory results.

The site of nerve injury is sometimes in the quadri-
lateral space, requiring both anterior and posterior surgi-
cal approaches. Cable grafts are commonly required if the 
axillary nerve ends cannot be repaired without tension, 

but despite this, the results of surgery are generally good, 
with restoration of 3–4/5 strength in the deltoid in more 
than 90% of patients.27 Chronic axillary nerve compres-
sion in quadrilateral space syndrome generally responds 
to conservative management, including changing pitching 
mechanics, which has been reported to be successful in 
75%–90% of patients.9,11 Surgical intervention for quadri-
lateral space syndrome is indicated if conservative man-
agement fails and involves release of fibrous bands of the 
teres minor muscle and any aberrant bands crossing the 
quadrilateral space.9,28 Timing of surgery, however, remains 
controversial. In a thorough review of 146 cases, Bonnard 
et al.5 demonstrated a dramatic reduction in the number 
of successful outcomes with increasing delay between the 
time of injury and intervention. By contrast, Moor et al.20 
showed the positive results in delayed axillary nerve recon-
struction with interposition of sural nerve grafts and con-
cluded that even delayed axillary nerve grafting may lead 
to satisfactory functional results with a low morbidity and 
should therefore be done in selected patients.

Preventive Measures
Proper conditioning and preventive measures in 

young athletes are important to avoid axillary nerve in-
juries around the shoulder. Most of these injuries occur 
in inexperienced athletes, and poor conditioning plays a 
large role.21,31 Preventing these types of injuries includes 
the following: adequate preseason examination; matching 
competitors for age, weight, and skill level; proper condi-
tioning; avoiding excessive training at too early an age; 
thorough rehabilitation of the injured athlete before return 
to sports; appropriate and properly maintained equipment 
and playing fields; adequate supervision; and rule changes 
as necessary. Although in the US the highest injury rates 
are noted in adolescents participating in football, basket-
ball, gymnastics, baseball, and roller skating, in Japan 
nerve injury occurs most commonly from mountain climb-
ing—as a result of excessive backpack weight.2,30 Rather 
than condemning certain sports as unsafe because of a high 
incidence of injuries, proper training techniques should be 
emphasized in all sports to reduce the risk of these injuries.

Conclusions
Direct attacks and blows to the shoulder area are 

common for athletes playing contact sports. In addition, 
the axillary nerve has characteristic anatomical features 
such as its short length and a specific route beneath the 
deltoid muscle that predispose it to injury. As such, axil-
lary nerve injury associated with sports has been a rela-
tively common occurrence, with or without humerus frac-
ture and dislocation. Favorable functional outcomes in 
those with axillary nerve injury are essential, especially 
for athletes who wish to continue engaging in their sport 
of choice. Therefore, surgical repair of the axillary nerve 
by means of neurolysis and nerve grafting should be con-
sidered in the management of these cases. In our patient 
population, surgical intervention appropriate to the extent 
of nerve injury has proven to be a reliable method of re-
gaining deltoid function in severe cases of sports-related 
stretch–contusion injuries.
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Common peroneal nerve palsy is a debilitating com-
plication, and its incidence due to sports-related 
knee injury has been reported to be as high as 50%.6 

The mechanism for peroneal nerve injury as a group in-
cludes laceration, stretch/contusion, entrapments, iatro-
genic, compression, or gunshot wounds. However, pero-
neal nerve injuries caused by sports are found to be fre-
quently associated with severe ligamentous knee injuries. 
Most of the peroneal nerve injuries sustained by players 
come under the category of stretch/contusion injuries. 
The occurrence of peroneal nerve injury in association 
with knee dislocations has been reported to be between 
14% and 40%, with most studies reporting an incidence 
in the range of 25%–35%.10 Reports show that the most 
common cause of knee injury is motor vehicle accidents, 

followed by those that are sports related;14 however, re-
cent studies have shown an increase in knee injuries as-
sociated with sports.1,2 Peroneal nerve injuries may occur 
in as many as 23% of patients with knee dislocations. 
Nearly one-half of the patients with peroneal nerve inju-
ries have a permanent deficit.25

The type of sport plays a major role in defining the 
mechanism and frequency of peroneal nerve injuries. In 
the 84 sports-related peroneal nerve injuries represent-
ed in this series, skiing, football, soccer, basketball, ice 
hockey, and volleyball were found to be responsible for 
the knee injuries leading to peroneal nerve palsy. The 
major sports that were found to be highly responsible for 
peroneal nerve injuries were skiing (50%) as the most fre-
quent, followed by football (27%). The reasons for this are 
not only the frequency with which they are prolonged but 
also biomechanical forces involved and the chances of a 
direct blow to the knee. Some of the low-intensity sports 
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Object. This study analyzes 84 cases of peroneal nerve injuries associated with sports-related knee injuries and 
their surgical outcome and management.

Methods. The authors retrospectively reviewed the cases of peroneal nerve injury associated with sports between 
the years 1970 and 2010. Each patient was evaluated for injury mechanism, preoperative neurological status, electro-
physiological studies, lesion type, and operative technique (neurolysis and graft repair). Preoperative status of injury 
was evaluated by using a grading system published by the senior authors. All lesions in continuity had intraoperative 
nerve action potential recordings.

Results. Eighty-four (approximately 18%) of 448 cases of peroneal nerve injury were found to be sports related, 
which included skiing (42 cases), football (23 cases), soccer (8 cases), basketball (6 cases), ice hockey (2 cases), track 
(2 cases) and volleyball (1 case). Of these 84 cases, 48 were identified as not having fracture/dislocation and 36 cases 
were identified with fracture/dislocation for surgical interventions. Good functional outcomes from graft repair of 
graft length < 6 cm (70%) and neurolysis (85%) in low-intensity peroneal nerve injuries associated with sports were 
obtained. Recovery from graft repair of graft length between 6 and 12 cm (43%) was good and measured between 
Grades 3 and 4. However, recovery from graft repair of graft length between 13 and 24 cm was obtained in only 25% 
of patients.

Conclusions. Traumatic knee-level peroneal nerve injury due to sports is usually associated with stretch/contu-
sion, which more often requires graft repair. Graft length is the factor to be considered for the prognosis of nerve 
repair. (DOI: 10.3171/2011.9.FOCUS11187)

Key Words      •      peroneal nerve      •      stretch/contusion      •      sports-related injury      •       
graft repair      •      neurolysis

1

Abbreviations used in this paper: CPN = common peroneal nerve; 
NAP = nerve action potential; PCL = posterior cruciate ligament.
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like basketball, track, and volleyball require repeated us-
age of muscles and ligaments, frequent twists and turns, 
and on occasion sudden jerk to the knee, which makes the 
peroneal nerve vulnerable to either injury or compression.

Methods
Patient Population

Retrospectively, 448 cases of peroneal nerve injuries 
were identified, which were surgically managed between 
1970 and 2010. The mechanism of injury for these cases 
included stretch/contusion without fracture/dislocation 
(215 cases), stretch/contusion with fracture/dislocation 
(57), tumor (62), laceration (47), entrapment (53), and 
gunshot wound (14; Fig. 1). Most of the 272 patients who 
had stretch/contusion from high-velocity injuries were 
involved in motor vehicle accidents. Of 272 stretch/con-
tusion cases, 84 (approximately 30%) were identified as 
sports-related (Table 1), which included skiing (42 cases), 
football (23), soccer (8), basketball (6), ice hockey (2), 
track (2), and volleyball (1). The 84 sports-related pero-
neal nerve injuries were categorized into those without 
fracture/dislocation (48 cases) and those with fracture/
dislocation (36 cases). All 84 of these cases underwent 
surgical exploration. Postoperative evaluations were per-
formed over an average follow-up duration of 16 months 
(range 1–6 years).

Surgical Anatomy
The CPN originates as the sciatic nerve divided into 

the CPN and the tibial nerve at the mid- to distal-third of 
the thigh. The CPN descends obliquely over the proxi-
mal gastrocnemius muscle from the apex of the popliteal 
fossa to the lateral popliteal fossa and usually lies beneath 
the medial aspect of the lateral hamstring muscle. It then 
curves around the proximal peroneus longus muscle to 
travel toward the anterior lower leg, where it divides into 
deep and superficial branches (Fig. 2).

The deep branch of the CPN quickly divides after 
passing beneath the fibrous lateral edge of the peroneus 
longus muscle. The initial branch supplies the anterior 

tibial muscle, and subsequent branches supply the exten-
sor digitorum longus, extensor hallucis longus, and pero-
neus tertius muscles. The deep branch is divided further 
as it approaches the foot into a medial sensory branch 
and a lateral motor branch. The medial branch supplies 
a small area of skin over the first dorsal web space of the 
foot, whereas the lateral branch innervates the extensor 
digitorum brevis and extensor hallucis brevis muscles.

The superficial peroneal branch supplies the pero-
neus longus and then the brevis muscles as it descends 
in a straight course between them, becoming gradually 
more superficial in the distal third of the lower leg. It then 
branches in front of the ankle joint into the medial and 
lateral branches. The superficial peroneal branch supplies 
cutaneous sensation to the anterolateral lower leg and an-
kle and also supplies sensation to the dorsum of the foot.

Surgical Exposure
The patient is placed prone with the leg slightly flexed 

at the knee. An S-shaped incision begins in the lower 
thigh, medial to the long head of the biceps femoris muscle 
(lateral hamstring). A lateral curvilinear extension crosses 
the surgical neck of the fibula and continues toward the 
proximal lateral surface of the leg (Fig. 3). As the proxi-
mal portion of the incision is deepened, the lateral ham-
string is moved away from the underlying peroneal nerve. 
The peroneal nerve is in the fatty tissue behind the long 

Fig. 1.  Mechanism of nerve injury in 448 cases of peroneal nerve injuries.

TABLE 1: Summary of 84 cases identified as sports-related 
peroneal nerve injuries

Sport Cases (%)

skiing 42 (50)
football 23 (27)
soccer 8 (10)
basketball 6 (7)
ice hockey 2 (2)
track 2 (2)
volleyball 1 (1)
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biceps (lateral hamstring) head. Dissection is then carried 
toward the lateral popliteal space. Usually in the popliteal 
fossa, a large sensory branch, the lateral sural cutaneous 
nerve, originates from the peroneal nerve. The nerve then 
curves around the surgical neck of the fibula and divides 
into the deep and superficial peroneal branches. By split-
ting the peroneal nerve, branches are exposed distal to the 
surgical neck and fibular head. The deep branch is traced 
around the surgical neck of the fibula using a plastic loop. 
The more distal deep branches can be traced only a short 
distance into the anterior compartment. Small vessels are 
coagulated and fine neural branches running to the knee 
joint can be sacrificed. In this series, NAP stimuli were 
used to evaluate the lesion in continuity. If NAP stimulus 
traces were flat, the lesion in continuity was resected and 
the nerve ends were prepared for graft repair. If NAPs were 
transmitted across the lesion or lesions, then neurolysis was 
usually performed. The head of the fibula was usually lev-
eled off using Leksell rongeurs and bone wax was applied. 
A split hamstring muscle was reapproximated with 2-0 or 
3-0 suture, as was the more distal portion of the peroneus 
longus and brevis muscles.

Surgical Methods
Each patient was initially followed up from 3 to 6 

months and checked for spontaneous functional recov-
ery. When there was no significant positive functional 
outcome as confirmed by electromyography and clinical 
examination, surgical exploration and repair was recom-

mended. The grading system for knee-level CPN injuries 
(Table 2), previously published by the senior authors,11 
was used to evaluate preoperative and postoperative func-
tion. Neurolysis was performed on lesions in continuity 
when intraoperative NAP could be recorded across the 
lesion. However, graft repair was performed on lesions 
that were not in continuity or on lesions in continuity with 
no intraoperative NAPs across the lesion. After resection 
of proximal and distal stumps or a segment of neuroma, 
healthy appearing fascicles could be observed under high 
magnification on both the nerve ends. Length of the graft 
needed (usually sural nerve) was determined by the nerve 
gap as measured during surgical exploration. For graft re-
pair, 3 different ranges of the graft lengths were used: < 6 
cm, 6–12 cm, and 13–24 cm.

Results
Eighty-four cases of sports-related traumatic CPN 

injury with stretch/contusion injury underwent surgical 
repair. Mechanisms of injury included 48 cases without 
fracture/dislocations and 36 with fracture/dislocations of 
stretch/contusions (Table 3). A total of 58 graft repairs 
were performed, using 3 ranges of graft length (< 6 cm, 
6–12 cm, and 13–24 cm).

Stretch/Contusion Without Fracture/Dislocation
Of the 48 cases (57%) with stretch/contusion without 

fracture/dislocation, 17 patients (35%) underwent neu-

Fig. 2.  Anatomy of the peroneal nerve.  Left: The CPN originates as the sciatic nerve divides into the CPN and the tibial 
nerve at the mid- to distal-third of the thigh (posterior view).  Right: The CPN descends obliquely across the plantaris muscle 
from the apex of the popliteal fossa to the lateral popliteal fossa and curves around the proximal peroneus longus muscle. It then 
travels toward the anterior lower leg, where it divides into deep and superficial branches (lateral view).
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rolysis because of an intraoperative NAP recorded distal 
to the lesion, whereas 31 patients (65%) underwent sural 
nerve graft repair because of negative NAP across the 
lesion or due to complete disruption of the CPN where 
proximal and distal stumps were found. These injuries 
were presented with complete or severe loss of CPN func-
tion, that is, loss or severe weakness of dorsiflexion of the 
foot and toes and of eversion of the foot.

Despite complete functional loss, careful neurolysis 
was performed across the lesions in continuity where a 
NAP could be recorded. Functional recovery of Grade 3 
or better was achieved in the neurolysis group in 85% of 
cases, which was attributed to a lower severity of injury 
compared with those in which graft repair was required.

Stretch/Contusion With Fracture/Dislocation
Thirty-six (43%) of 84 patients with CPN lesions 

underwent operative intervention for stretch/contusion 
injuries associated with fibular or tibial fractures or dis-
locations. Nine (25%) of these 36 patients with stretch/
contusions had transmittable NAPs across their lesions in 
continuity and thus underwent neurolysis. Twenty-seven 
patients (75%) with severe nerve lesions required graft 
repairs. Graft length depended on the nerve gap between 
the 2 stumps of the nerve after neuromas had been re-
moved. Ten (17%) of the 58 graft repairs performed were 
less than 6 cm in length, and 7 (70%) of 10 achieved func-
tional grades between 3 and 4. Forty of the 58 patients 
undergoing graft repairs had graft lengths between 6 
and 12 cm, and 17 (43%) of these 40 achieved functional 
recovery grade of 3 or better. If the length of the graft 
was between 13 and 24 cm, which was used in 8 (14%) 
of the 58 grafts, only 2 (25%) of the 8 patients showed 
functional outcome of Grade 3 or 4. Not surprisingly, the 
functional outcomes were higher for the short grafts than 
for the longer ones.

Fig. 3.  Surgical exposure of the peroneal nerve.  A: The incision is placed just medial to the lateral hamstring (biceps femo-
ris) in the leg in an S-shaped curve in the region of the proximal lateral and anterior compartment.  B and C: Exposure of the 
proximal peroneal nerve is observed beneath the medial edge of the lateral hamstring. The tibial nerve and popliteal vessels are 
observed deep in the popliteal fossa.

TABLE 2: Grading scale of the Louisiana State University Health 
Sciences Center for peroneal nerve palsy*

Grade Definition

0 no palpable muscle contraction
1 palpable contraction of peronei or anterior tibial muscles
2 peronei or anterior tibial muscles contract against gravity
3 peronei & anterior tibial muscles contract against gravity & 

  some resistance 
4 peronei & anterior tibial muscles contract against moderate  

  resistance
5 peronei & anterior tibial muscles contract w/ full strength

*  From Kim et al., 2004.

TABLE 3: Peroneal nerve injuries as a result of sports and  
surgical results*

Graft Length (cm)
Stretch/Contusion 

Injury
No. of  

Pts Neurolysis <6 6–12 13–24

w/o fracture/dislocation 48 17 8 21 2
w/ fracture/dislocation 36 9 2 19 6
total 84 26 10 40 8
no. w/ postop Grade 3 
  or better results (%)

22 (85) 7 (70) 17 (43) 2 (25)

*  Pts = patients.
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Discussion
The highest number of CPN injuries at the knee level 

fall into the category of stretch/contusion. For example, 
there is a large incidence of CPN injuries reported with 
dislocation of the knee.18 Knowledge of the mechanisms 
of injuries involved in sports enables analysis and classi-
fication as to location and type, guides surgery, and facili-
tates assessment. The reasons that peroneal nerve injuries 
are associated with sports is because of extreme bio-
mechanical demand by the body while playing, such as 
stretching, twisting, jumping, running, falling, and direct 
blows in the contact sports. Different sports require dif-
ferent physical demands, thereby making peroneal nerve 
injuries specific to some and not as common to others. 
A series of cases of peroneal nerve injuries from foot-
ball, skiing, soccer, and basketball and other sports has 
been presented in this paper. Peroneal nerve injuries are 
most commonly found to occur when the posterolateral 
corner structures of the knee are also injured.10 Consid-
erable connective tissue damage may occur with severe 
stretch injuries, which can lead to both intraneural and 
extraneural scar formation. In this series, peroneal nerve 
stretch/contusion injury that occurred during sports was 
associated with knee joint soft-tissue injuries and liga-
mentous and/or cartilaginous stretches or tears caused by 
impact-induced knee adduction and torsion. Other than 
this, compression injury is also found in participants in 
contact sports. Babwah1 reported a case of CPN injury 
in a soccer player because of excessive cooling with ice.

Most studies8,10 have reported an incidence of 25%–
36% of peroneal nerve palsy in knee dislocations. Recent 
studies show that the occurrence rate of CPN palsy as-
sociated with knee dislocation or bicruciate ligament in-
jury ranges from 10% to 40%.3–5 Palsy of the CPN was 
associated with dislocation of the knee in 25% of patients 
as reported by Niall et al.,16 exclusively with dislocations 
involving a disruption of the PCL and posterolateral 
corner. It is important to note that in dislocations with 
disruption of the PCL and posterolateral corner, the in-
cidence is greater and may be as high as 45%. Fractures 
of either the distal femur or proximal tibia are present in 
16% of peroneal nerve injury cases.14 Marginal avulsion 
fractures of the lateral tibial plateau may be observed in 
some cases, indicating significant capsular, collateral, and 
cruciate disruption. Fractures of the anteromedial tibial 
plateau in particular are associated with the presence of 
disruption of the PCL and posterolateral corner. A signifi-
cant number (43%) of stretch/contusion cases was found 
to be associated with fracture/dislocation.

Timing of Surgery
The time from trauma to repair has been found to 

have a profound influence on positive functional out-
come of the injured peroneal nerve.11 Recommendations 
regarding the timing of surgical intervention differ, but 
most peripheral neurosurgeons emphasize careful clini-
cal follow-up after the initial injury by physical examina-
tion and electromyography for approximately 3 months 
postinjury before operating.9,10

Vulnerability of the CPN to Injury
Several anatomical factors predispose the CPN to in-

jury. The CPN passes lateral to the surgical neck of the fib-
ula, at which point it is superficial and relatively fixed. At 
this point, it is vulnerable to direct external compression, 
but is also vulnerable to stretch due to relative fixation. The 
severity of CPN injuries depends on the direction and force 
of the displacement causing the various ligament ruptures, 
which in turn depends on intensity of the trauma: the neu-
rological lesion, like the popliteal vascular lesion, is part 
of regional trauma sustained by the knee (Fig. 4). There is 
consensus as to the parallel nature of the neurological and 
ligamentous lesions: the more extensive and severe the lat-
ter, the more frequent and severe the CPN palsy.

As the second branch of the sciatic nerve, the tibial 
nerve is less prone to injury associated with knee injuries. 
It lies deep in the posterior compartment of the leg, is not 
as tethered in the leg as the CPN, and is therefore less vul-
nerable to injury than the CPN. The tibial nerve is most 
often injured in association with knee dislocation or very 
severe injuries to the posterior knee capsule. Anatomical-
ly, as explained by Sunderland,22 the number of fascicles 
doubles and the percentage of connective tissue decreases 
distally in the lower extremities. Thus, the maximum load 
that the CPN may sustain before reaching its elastic limit 
is less than that of the tibial nerve in this same region. 
This suggests that when the CPN is subjected to the same 
force, it is more susceptible to injury than the posterior 
tibial nerve in the same location; that is, the internal ar-
rangement of the nerve makes it less able to absorb axi-
ally directed forces.

Manifestations of Peroneal Nerve Injuries
Foot drop is a common and significant manifestation 

of peroneal nerve injury. This condition results from the 
loss of motor innervations of the tibialis anterior muscle 
and causes significant gait impairment and disability. The 
complaint of numbness or tingling over the anterolateral 
leg, foot, or first web space is very common in athletes. 
Athletes may complain of foot drop or weakness of ankle 
dorsiflexion.

Injury to the CPN or to both its superficial and deep 
branches causes weakness of the deep branch-innervated 
ankle dorsiflexors (the anterior tibialis and peroneus ter-
tius) and toe extensors, including the extensor digitorum 
brevis and longus and the extensor hallucis brevis and 
longus, which extend the second through fifth toes and 
the great toe, respectively. There is also paresis of the su-
perficial branch-innervated ankle evertors, the peroneus 
longus and brevis muscles. Deep branch involvement re-
sults in decreased sensation in the area between the great 
and second toes while superficial branch involvement 
results in numbness in the anterolateral calf and the dor-
sum of the foot. If there is involvement of only one of the 
branches, it is usually the deep branch that is involved.

Associated Vascular Injuries
The incidence of vascular injuries in association with 

knee dislocation varies between reports, ranging from 7% 
to 64%.18,20 Stretch/contusion to the CPN from high-im-
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pact sports injury not only damages the nerve but also can 
rupture the vasa nervorum, which causes bleeding into 
the nerve sheath and a compressive hematoma resulting 
in ischemia.10 A high prevalence (4%–20%) of disruption 
of the popliteal vascular supply in patients with knee dis-
locations has been reported.3 The majority of the acute 
sports-related combined neuronal and vascular injuries 
are associated with contact sports such as rugby, football, 
and ice hockey.13

Surgical Approach
Recently, Giuseffi et al.8 reviewed the future pros-

pects of surgical treatment of peroneal nerve palsy after 
knee dislocation. Nerve regeneration following CPN re-
pair is poor compared with other peripheral nerves,12 and 

this can explain the reluctant attitude of many physicians 
toward exploration and repair of this nerve. One factor 
explaining the poor outcome of CPN reinnervation might 
be the imbalance between the functioning flexors and 
the weakly innervated extensors that can result in fixed 
equinism of the foot with associated heel cord (Achilles 
tendon) shortening.

Other surgical options besides direct nerve repairs in-
clude nerve transfers and tendon transfers. Nerve transfer 
involves taking a branch from a less important lower leg 
muscle in the tibial distribution and connecting it to nerve 
to the muscle that lifts the foot in the peroneal distribution. 
A tendon transfer involves taking a tendon that moves the 
foot inward, and connecting it to the top of the foot so that 
it now lifts the foot up and out, thereby resolving the foot 

Fig. 4.  Peroneal nerve injury as a result of various fractures and dislocations of the knee joint.  A: Rotational dislocation.  B: 
Lateral dislocation.  C and D: Anterior-posterior dislocation.
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drop. Successful functional outcomes of foot drop by nerve 
transfers to deep peroneal nerve have been reported in the 
literature.12,15,21 In this series, either neurolysis and/or graft 
repair was selected for the 84 patients with CPN injuries 
due to sports. Follow-up showed 85% of positive functional 
outcomes of Grade 3 or more in cases of neurolysis based 
on a positive NAP across the lesion.

Tibialis Posterior Tendon Transfers
Tendon transfer procedures for CPN palsies due to 

stretch are promising.7 Yeap et al.26,27 concluded that tibi-
alis posterior tendon transfers as a group produced 83% 
excellent or good results in terms of patient satisfaction. 
These procedures can be recommended to patients who 
would prefer to discard an ankle/foot orthosis. The results 
are likely to be more successful if the nerve lesion caus-
ing the drop foot is at the common peroneal level rather 
than at the sciatic level, where posterior tibialis may be 
paralyzed and in men less than 30 years of age, which is 
the usual case with sports injuries. Posterior tibial tendon 
transfer procedures have had reasonable success in allow-
ing patients to return to ambulation without assistive de-
vices; however, dorsiflexion strength on the affected side 
has been reported as only 30% that of the normal contra-
lateral side, and return to activities more strenuous than 
walking has not been reported.16 Vigasio et al.23 reported 
the outcomes of combined posterior tibial tendon/flexor 
digitorum longus transfers for CPN palsy in 16 patients 
and concluded that their procedure effectively restored 
balance to foot dorsiflexion and gait without the use of 
orthosis. It should be noted, however, that tendon transfer 
can lead to flatfoot and/or hind foot valgus, which can 
hinder full functional recovery.2

Recent surgical reports for peroneal nerve palsies of 
various origins confirm success for nerve grafting with-
out tendon transfer in 75% of patients with a nerve gap 
of < 6 cm and 16% with a nerve gap of > 6 cm.11 By con-
trast, success (Grade M3 to M4+) of 85%–90% has been 
reported recently when tendon transfer is added to the 
nerve grafting.7

Length of Graft
Functional outcome of nerve grafting result is de-

pendent on nerve graft length necessary to close the gap, 
with documented recovery rates of only 44% for nerve 
grafts longer than 6 cm.8,24 Sedel and Nizard19 also re-
ported results of nerve grafting for traction injury of the 
CPN. Of the 17 patients who underwent grafting for nerve 
gaps ranging from 7 to 20 cm, only 6 had a functionally 
satisfactory result. The authors attributed these poor graft 
results to the significant length of their traction injuries 
(up to 15 cm). 

As reported by Prasad et al.,17 the reason for failure of 
nerve grafting for CPN disruption due to stretch/traction 
is that the zone of injury has transformed the normal in-
tercalation of the terminal motor axons and muscle into a 
region of collagen, thereby not allowing even an expertly 
performed interfascicular interposition nerve graft from 
having regenerating axon branches reach the target end-
organ, the denervated muscle. Conceptually, this problem 

might be solved by direct neurotization of the muscle, 
instead of performing interfascicular interposition nerve 
grafting. 

Conclusions
Common peroneal nerve palsy is an incapacitating 

complication, and its incidence, because of sports-related 
knee injury, is relatively common. Recent studies have 
shown an increase in knee injuries associated with sports. 
Traumatic knee-level peroneal nerve injury is usually due 
to stretch/contusion, which often requires graft repair. 
Surgical repair using neurolysis if NAPs across the lesion 
are positive, and nerve grafting to the nerve, can rescue 
dorsiflexion of the foot but only when grafts are relatively 
short (< 6 cm). Graft length is one of the major factors to 
be considered in the prognosis of peroneal nerve repair. 
Tendon transfer, either in addition to CPN repair or with-
out it, is a reliable procedure for restoring dorsiflexion, 
even though not with full strength.
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