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Abstract

Neuropsychology, with its emphasis on standardized and empirically based methods, has made a number of scientific
contributions to address growing concerns about concussions resulting from sports injuries. This study employs a
test–retest paradigm to determine the immediate effects of concussion in high-school and college athletes. The Stan-
dardized Assessment of Concussion (SAC) was administered to 1,313 male athletes prior to the beginning of the com-
petitive season. Reliable change indices and multiple regression models were computed on retest scores obtained from
68 noninjured athletes who were readministered the SAC at either 60 or 120 days following baseline testing. Receiver
operating characteristic (ROC) curve analyses were used to test these models with data obtained on 50 athletes tested
immediately following concussion. The results indicate that a decline of 1 point on the SAC at retesting classified in-
jured and noninjured participants with a level of 94% sensitivity and 76% specificity. The RCI and multiple regression
models provided comparable levels of group classification, but provided cut-offs that are conservative for use with
this population. The results support and extend previous research findings indicating that the SAC is a valid instru-
ment for detecting the immediate effects of mild traumatic brain injury. (JINS, 2001,7, 693–702.)
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INTRODUCTION

Objective, quantitative measurement of neurocognitive func-
tioning is considered perhaps the defining skill that sets the
neuropsychologist apart from other clinicians and research-
ers in the neurosciences. In clinical settings, neuropsycho-
logical testing is now widely recognized as a sensitive and
sophisticated means of detecting and characterizing neuro-
cognitive impairment resulting from central nervous sys-
tem trauma or disease (Levin, 1994). Research initiatives
involving neuropsychological measures of cognition have
also greatly benefited the neurosciences in advancing our
understanding of the relation between brain and behavior
(Keefe, 1995). In essence, neuropsychological testing makes
more objective and quantifiable what other clinicians com-
monly report as a vague and subjective impression of neuro-
cognitive abnormalities displayed by their patients.

Reliability and validity are the cornerstones of all forms
of measurement, including neuropsychological testing. In-

terpretation of the neuropsychologist’s test findings is based
on the premise that a measure is affected minimally by mea-
surement error or random influence, and that the measure can
be used to support a specific inference. In basic terms, the
psychometric properties of a given instrument impact di-
rectly on the neuropsychologist’s ability to trust that the test
result represents an accurate assessment of the neurocogni-
tive construct in question. Similarly, the concepts of sensi-
tivity and specificity provide an empirical basis for evaluating
the use of neuropsychological testing in diagnosing neuro-
logic disorders. The value of a neuropsychological test score
rests on the instrument’s ability to detect a positive test result
in a reliable and valid manner while yielding a negative test
result for the individual without actual impairment.

Arelatively recent movement within neuropsychology in-
volves the development of techniques to more precisely and
empirically distinguishing between real neuropsychological
change and performance variability due to psychometric or
other extraneous factors. Using a test–retest paradigm, neuro-
psychologists have demonstrated the utility of reliable change
indices (RCIs)and regression-basednorms for change to iden-
tify and characterize meaningful and reliable change in neuro-
cognitive performance by patients over time (Chelune et al.,
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1993; Hermann et al., 1991, 1996; McSweeny et al., 1993;
Sawrie et al., 1996;). A revised version of the original RCI
calculation (Jacobson & Truax, 1991) now includes an ad-
justment for practice effects from serial testing, which has
been demonstrated to considerably improve the predictive
accuracy of an instrument (Chelune et al., 1993;Temkin et al.,
1999). Simple and multiple regression methods have also been
utilized to assess the concept of neuropsychological change
(McSweeny et al., 1993).These regression-based approaches
provide correction for both practice effects and regression
toward the mean by taking into account baseline test perfor-
mance and its impact on predicting performance on retesting.

The difficulties of interpreting change in performance on
neuropsychological testing is perhaps no more complicated
than in the case of mild traumatic brain injury (MTBI).
Although numerous studies have used neuropsychological
tests to document cognitive impairment following MTBI,
there is debate about the role of injury-related and noninjury-
related factors contributing to neuropsychological test per-
formance in this population (Alexander, 1995, 1997; Binder,
1997; Binder et al., 1997). Additionally, cognitive func-
tions such as attention, processing speed, and working mem-
ory, which appear to be most sensitive to change after MTBI,
are considered to carry the least “hold” value in test–retest
situations. In other words, these functions are not only sub-
ject to being affected by MTBI, but are also prone to the
effects of numerous factors including anxiety, fatigue, and
physical pain. As a result, the neuropsychologist evaluating
a patient with MTBI in a period of days, weeks, or months
post injury is often faced with the difficult task of teasing
apart the effects of cognitive impairment from other possi-
ble confounding factors.

In recent years, neuropsychological investigation of MTBI
in organized sports has revealed many advantages for pro-
spective, controlled research not typically present in tradi-
tional studies on this population (Barth et al., 1989; Erlanger
et al., 1999; Lovell & Collins, 1998). These advantages
include access to a large at-risk population to undergo pre-
injury baseline testing, eye witness accounts of the injury,
feasibility of conducting standardized assessment within min-
utes of injury, availability of participants for postinjury
follow-up testing, access to a large pool of noninjured con-
trols participants matched to injured subjects on several
key variables. Furthermore, the issues of motivation and
effort during testing, which are often possible confounds
when studying patients who happen to be in some form of
litigation, are not as much of a concern when evaluating
individuals who are more likely attempting to “look good”
in order to return to play.

These factors make the playing field a natural laboratory
to study the effects of MTBI. As a result, neuropsycholog-
ists are playing an increasingly prominent role in assessing
the effects of concussion resulting from sports competition.
With its emphasis on empirically based methods of assess-
ment, the field of neuropsychology is in an excellent posi-
tion to provide information that can be used to monitor
recovery following concussion and safety of injured ath-

letes returning to competition after injury. Development of
scientifically based methods and procedures for document-
ing the effects of injury in this population will have impli-
cations not only for sports injuries, but also for the effects
of MTBI in the larger population.

Several studies have now utilized neuropsychological test-
ing in sports settings to investigate the effects of MTBI days
or weeks following the injury but none of these studies were
designed to assess the immediate effects of injury (Collins
et al., 1999; Hinton-Bayre et al., 1997; Lovell & Collins, 1998;
Macciocchi et al., 1996; Maddocks et al., 1995). The lack of
empirical data on the immediate effects of concussion is partly
explained by situational constraints that significantly limit
the capacity for extensive neuropsychological testing in as-
sessing MTBI during the acute phase. The Standardized As-
sessment of Concussion (SAC) is a brief mental status and
neurologic screening instrument originally developed to pro-
vide sports medicine clinicians with a standardized method
ofassessingathleteswithinminutesofhavingsustainedMTBI
during competition (McCrea et al., 1997, 1998). Earlier stud-
ies have demonstrated the SAC’s utility as a sensitive and
accurate method of detecting mental status and neurologic
abnormalities immediately following sports-related concus-
sion, but did not systematically examine the reliability of
change inSACperformanceasan indicatorof clinicallymean-
ingful change in neurocognitive status resulting from injury
(McCrea et al., 1997, 1998; Pottinger et al., 1999). Using a
sports research model, combined with a test-retest design,
the goal of the present study was to assess the reliability and
validity of the SAC as an objective measure of the immediate
neurocognitive effects of MTBI.

METHODS

Research Participants

A total of 1,313 male football players from 15 high schools
and four universities underwent preseason baseline testing
with a brief measure of cognitive functioning between 1997
and 1999. Thirty-two noninjured athletes from two high
schools and 36 athletes from two colleges were retested at
60 and 120 days following baseline, respectively. These
times corresponded roughly to the length of time between
preseason baseline testing and the middle of the football
season for each level of competition. Alternate forms were
used for baseline and repeat testing of all subjects. Retest-
ing of controls was conducted on the sideline during a prac-
tice session in order to control for fatigue, exertion, and
exam setting. Previous reports (McCrea et al., 1997) have
demonstrated that there is no significant difference in base-
line performance on the SAC by noninjured controls testing
during practice or on the sideline during actual sports com-
petition, thereby supporting the collection of baseline data
during practice in order to establish a valid and reliable
benchmark for each subject against which to detect abnor-
malities resulting from sports-related concussion. The mean
age of the 68 controls was 18.1 years (range 14–22 years).
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Controls volunteered for retesting. Signed informed con-
sent was obtained from all participants or their guardians
prior to participation in this research.

Fifty injuries were documented over the course of the study,
involving 35 high school and 15 collegiate athletes. All in-
jured subjects completed baseline testing as part of the larger
sample. Mean age of the injured athletes was 17.2 years (range
14–22 years).Athletes identified by the team’s certified ath-
letic trainer as having sustained a possible concussion were
tested on the sideline immediately following injury.The mean
interval between baseline testing and time of injury was
46.9 days with a range from 6 to 92 days. No players were
independently diagnosed as having concussion without re-
ceiving follow-up testing.Alternate test forms were used for
baseline and post-injury testing of all injured participants.

Concussion was defined according to the American Acad-
emy of Neurology (AAN) Practice Parameter (i.e., trauma-
induced alteration in mental status with or without loss of
consciousness; Kelly & Rosenberg, 1997) and the Ameri-
can Congress of Rehabilitation Medicine (ACRM) defini-
tion for mild traumatic brain injury (i.e., alteration in mental
status, LOC for 30 min or less, PTA not greater than 24 hr;
ACRM, 1993). Criteria contributing to the identification of
an injured player included mechanism of injury (e.g., ac-
celeration or rotational forces applied to the head), symp-
toms reported or signs exhibited (e.g., confusion, headache,
dizziness, memory problems; Kelly & Rosenberg, 1997) by
the player, and reports by teammates and other witnesses
regarding the injured player’s condition. These criteria for
defining injury have been employed by most studies on
sports-related concussion (Collins et al. 1999; Hinton-
Bayre et al., 1997; Maddocks & Saling, 1996).

Measures

The Standardized Assessment of Concussion (SAC) was
designed according to the recommendations of the Ameri-
can Academy of Neurology Practice Parameter (Kelly &
Rosenberg, 1997) and the Colorado Guidelines for the Man-
agement of Concussion in Sports (Colorado Medical Soci-
ety, 1991). The SAC assess four neurocognitive domains
considered sensitive to change following mild traumatic
brain injury, including Orientation, Immediate Memory, Con-
centration, and Delayed Recall (see Appendix). The instru-
ment requires approximately 6 min to administer and is
designed for use by a non-neuropsychologist with no prior
expertise in psychometric testing.

The SAC is not intended as a substitute for medical, neuro-
logic, or neuropsychological evaluation of the injured indi-
vidual, but offers a quantifiable measure of deficits in
orientation, concentration and memory that is feasible for
use under the constraints of rapid, sideline evaluation of the
injured player. Alternate Forms A, B, and C of the SAC
were designed to allow follow-up testing of injured partici-
pants with minimal practice effects in order to track post-
concussion recovery. The three forms differ only in the
stimulus selection of digits in the Concentration section

and words used to test Immediate Memory and Delayed
Recall. Previous research (McCrea et al., 1997, 1998) has
demonstrated the equivalence of these three forms for clin-
ical use. The SAC is printed on pocket-sized cards for con-
venient use by athletic trainers and other medical personnel
examining athletes on the sideline.

A standard line of questioning is used to assess orienta-
tion: the participant is asked to provide the day of the week,
month, date, year and time of day within 1 hr. A 5-word list
is used to measure immediate memory; the list is read to the
participant for immediate recall and the procedure is re-
peated for three trials. Concentration is tested by having the
participant repeat, in reverse order, strings of digits that in-
crease in length fromthree tosixnumbers.Reciting themonths
of the year in reverse order is also utilized to assess concen-
tration. Delayed recall of the original 5-word list is also as-
certained. Total score (maximum530) is computed in order
to derive a composite index of the overall level of impair-
ment following concussion.

All participants completed baseline testing with the SAC
as part of a larger physical examination prior to the begin-
ning of the football season. Controls underwent repeat test-
ing as scheduled by the protocol. All baseline testing and
repeat testing of controls was conducted individually by
trained research assistants or certified athletic trainers. As-
sessments following injury were conducted by trained pro-
fessionals, research staff, or certified athletic trainers who
had received training in administration of the SAC.

Data Analysis

Group differences in demographic and other variables were
assessed with individualt tests. Changes in SAC scores over
time were assessed with multivariate analysis of variance
(MANOVA) for repeated measures.An alpha level of .05 was
used to determine statistical significance for all analyses.

Reliable change indices (RCI) were computed using meth-
odology described by Chelune and colleagues (Chelune et al.,
1993; Sawrie et al., 1996). The standard error of measure-
ment (SEm) and standard error of difference (SDiff ) were cal-
culated using the coefficient for test–retest reliability
according to the formulae provided by Jacobson and Truax
(1991).Reliablechange iscalculatedas thedifference inscores
across time (T12 T2) divided by theSDiff . A confidence in-
terval (CI) is calculated by multiplying the reliable change
value by the desiredz-score cut point. For example, to com-
pute themostcommonlyusedvalue, the95thpercentagepoint,
one computes a 90%CI through multiplying the value by 1.64.
Calculations of 80% and 70% confidence intervals require
values of 1.30 and 1.05 respectively.

A multiple regression model was used to compute equa-
tions for predicting retest scores from a combination of
baseline indices and demographic variables. The method
used in this study is similar to what was described origi-
nally by McSweeney et al. (1993) and has been used in
other studies (Chelune et al., 1993; Hermann et al., 1996;
Sawrie et al., 1996; Temkin et al., 1999). Baseline SAC
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scores were used to predict scores at repeat testing through
a stepwise analysis, using age and time interval as possible
predictor values.

Receiver operating characteristic (ROC) curve analyses
were conducted in a manner similar to those described in
studies of epilepsy and dementia (Barr, 1997; Monsch et al.,
1992). Each difference score was treated as a separate cut-
off. The sum of injured or control athletes obtaining scores
at or below these cut-offs was determined by examination
of frequency distributions. Measures of sensitivity and spec-
ificity for distinguishing between these athlete groups were
calculated from these values according with established for-
mulae. Sensitivity (Se) refers to the probability that a pa-
tient with a certain diagnosis will be correctly identified.
Specificity (Sp) refers to the probability that an individual
will be correctly classified as not having the diagnosis. Cut-
ting scores were evaluated by adding theSeandSpvalues
of each particular test score. The score with the greatest
classification value was defined as the one with the greatest
summed sensitivity and specificity values. Sensitivity and
specificity (12 Sp) values were plotted graphically to ob-
tain ROC curves for each test. Statistical comparison of the
areas under the curves were analyzed by a nonparametric
method described by Hanley and McNeil (1982).

RESULTS

The results of a MANOVAfor repeated testing with the SAC
revealed no significant retest effect for the entire group of 68
control subjects@F~1,66!5 .87, n.s.]. There was, however, a
significant interaction effect indicating a difference in retest
effects observed in the college and high school samples
@F~1,66! 5 8.57,p5 .005]. An examination of mean differ-
ence scores (Test 22 Test 1) indicates that college partici-
pants tested at 120 days following baseline exhibit more of a
“learning effect” and less variability than high school par-
ticipants tested following a 60 day-interval [college:M 5
1.67,SD5 1.09; high school:M 5 2.34,SD5 1.72).

The college and high school control samples were com-
bined into one control group for comparison to injured ath-
letes. Preliminary analyses indicate group differences in age
@t~116! 5 2.45,p 5 .016] and in the interval between base-
line and subsequent testing@t~116! 5 8.95,p , .001]. Con-
trol athletes were older and were retested after longer
intervals than the injured group. Mean SAC scores at Time 1
and Time 2 for both groups are presented in Table 1. Injured
athletes exhibit an approximate 4-point drop in SAC scores
following concussion. Controls exhibit a less than 1 point

increase in scores upon retesting. The results of a MANOVA
for repeated measures indicates that this change differs sig-
nificantly from what is observed in the control sample
@F~1,116! 5 111.17,p , .001]. The effect remains signif-
icant after accounting for the effects of age and time inter-
val between baseline and repeat testing with a MANCOVA
@F~1,114! 5 27.39,p , .001].

Test–Retest Reliability and Reliable
Change Cut-off Scores

Test–retest indices for the control group are included in
Table 1. The level of test–retest reliability was only moder-
ate, though statistically significant (r 5 .55, p , .001).
Computation of a reliable change score at the 90% CI re-
sulted in a value of62.38. After adding the mean change
score from this group, as suggested by others (Chelune et al.,
1993), the adjusted score would be62.59. Rounded to the
nearest test score, this would indicate that an increase or
decrease of 3 points with repeat testing on the SAC would
represent a statistically reliable and clinically significant
change in performance. Intervals based on 80% and 70%
confidence intervals would be62.08 and61.71 respec-
tively. The distribution of observed change scores, with sen-
sitivity and specificity values, for the concussion and control
groups is included in Table 2.

Regression Analysis of Predicted Change

The equation for a multiple regression model of predicted
change in thecontrol group is listed inTable3.An initial analy-
sis indicated that the baseline test score accounts for approx-
imately 30% of the variance in follow-up test scores. The
results of a stepwise analysis provided a significant model
includingeffectsofbaselinescoresand test interval@F~2,65!5
25.18,p , .001]. The combined model accounts for 44% of
the variance. The effect of age did not meet statistical criteria
for entry. Using this equation, the mean predicted value for
SAC scores at Time 2 are 27.4 (SD5 1.29). The 90% confi-
dence interval, based on the standard deviation of the resid-
ual, is61.99. Differences between predicted and observed
scores at Time 2 are listed in Table 4.

ROC Curve Analysis of Cutting Scores

An examination of the distribution of observed change scores
in Table 2 reveals that 72% of the injured sample exhibits a
decrease in scores exceeding the adjusted RCI value of 3 or
more points following concussion. Only 6% of the control

Table 1. SAC Scores at Time 1 and Time 2 for test–retest and concussion groups

Time 1 Time 2 T2 2 T1 T1,T2

Group M (SD) M (SD) M (SD) r SEm SDiff

Test–retest controls (N 5 68) 27.78 (1.53) 27.97 (1.61) 10.19 (1.50) .55 1.03 1.45
Athletes with concussion (N 5 50) 27.06 (1.94) 22.90 (3.32) 24.16 (2.92) — — —
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sample exhibited this decrease in test scores. Thirty-four
percent of the injured group exhibited a drop of 5 or more
points. Summed level of sensitivity and specificity values,
used as gross indices of classification accuracy, indicate
that cut-off scores ranging from a decrease of 1 to 3 points
provide comparable levels of group categorization. In the
sports setting, one might want to emphasize the sensitivity
of the instrument over its specificity in order to identify as
many injured participants as possible. In that context, a
conservative cut-off score indicating a decline of 1 point
provides the highest level of sensitivity to the effects of
concussion. The combined sensitivity and specificity of this
score was the highest at a value of 1.70.

Examination of the regression-based difference scores
presented in Table 4 indicates that 76% of the injured ath-
letes exhibit a drop of 2 or more points from their predicted
score. Discrepancies of this magnitude were observed in
only 7% of the control group. A 3-point difference between
observed and predicted scores provided the highest degree
of classification as determined by the summed values, though
this score correctly identified only 72% of the injured sample.

Classification of participants, using scores exceeding the
90% confidence interval, were comparable for both mod-
els. The summed value ofSe1 Spfor a 3-point decline with
the RCI model was 1.66. The corresponding value for a
2-point drop, using the regression model, was 1.69. The
statistically derived cutting score from the regression model
appears to provide slightly higher sensitivity than the RCI
model. Specificity values were nearly identical.

Comparison of Distributions From RCI and
Regression Predictions

Figure 1 provides receiver operating characteristic (ROC)
curves for group classification using the RCI and regression

models. The area under the curve (AUC) for the RCI model,
computed according to a nonparametric methods, was .939
(SE5.021).TheAUCfor the regressionmodelwas .911 (SE5
.028). While a comparison of these areas indicates a greater
AUC for the RCI model, the difference between the curves
was not statistically significant (p5 .178).

DISCUSSION

The results of this study demonstrate that the Standardized
Assessment of Concussion (SAC) is a reliable and valid
measure for evaluating the early neurocognitive effects of
sports-related head injury. High school and college athletes
tested within minutes of sustaining a concussion exhibited
an average decrease of 4 points on a 30-point scale, while
controls showed an average increase of less than 1 point
when retested with the SAC. The decrease in test scores by
injured participants indicates the presence of measurable
neurocognitive impairment immediately following MTBI.
These differences were not the result of age effects or dif-
ferences in the interval between baseline and repeat testing.

Computation of reliable change indices (RCIs) for the
SAC indicated that a decrease of 3 points represents a sig-
nificant change when conservative criteria (i.e., 90% CI)
are used. An examination of the distribution of observed
change scores, however, indicates that decreases ranging
from 1 to 3 points provide comparable levels of classifica-
tion of injured athletes and controls. Ninety-four percent of
the injured group showed a drop of 1 or more points as
compared to only 24% of the control sample. Examination
of sensitivity and specificity values indicates that this change
score is optimal for identifying injured participants.

The use of multiple regression indicated that baseline
test scores and testing interval provided a significant model
for predicting scores at retesting. While 90% of the injured

Table 2. Distribution of observed differences between SAC scores from Time 1 and Time 2

Difference score
(T1 2 T2)

Test–retest controls
(Number)

Athletes with concussion
(Number)

Sensitivity
(Se)

Specificity
(Sp)

Sum
(Se1 Sp)

12 10 0 1.00 .04 1.04
11 22 0 1.00 .15 1.15

0 20 3 1.00 .47 1.47
21 5 5 .94 .76 1.70
22 7 6 .84 .84 1.68
23 3 9 .72 .94 1.66
24 1 10 .54 .99 1.53
25 0 17 .34 1.00 1.34

Table 3. Regression equation for predicted SAC scores

R SEest Constant Beta

SAC Score
(T1)

Time Interval
(days)

Predicted SAC score at Time 2 .661 1.23 11.89 .523 .014
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sample exhibited a 1-point difference between observed and
predicted scores at the time of their injury, this difference in
scores was also observed in 32% of the control sample. A
comparison of receiver operating characteristic (ROC) curves
indicates that classification of injured athletes and controls
with the SAC is not necessarily enhanced by including the
statistical effects of baseline test scores and the retest interval.

Assessment and interpretation of change in neuropsycho-
logical test performance is impacted by several factors other
than injury or disease, including test–retest reliability is-
sues, practice effects from serial testing, and regression to
the mean (Bruggemans et al., 1997; Hermann et al., 1996;
Sawrie et al., 1996). Unfortunately, less-than-perfect relia-
bility of neuropsychological tests can result in varied re-
sults over repeated administrations, even in people who have
not experienced any true change in neurobehavioral status
(Temkin, et al., 1999). Obviously, this predicament con-
founds the neuropsychological interpretation of test find-
ings, especially in the case of MTBI.

Much interest has focused on the use of RCI and regres-
sion methods for predicting performance in test–retest sit-

uations (Chelune et al., 1993; Hermann et al., 1996;
McSweeny et al., 1993; Sawrie et al., 1996). In a recent
study, Temkin et al. (1999) compared these methods in a
large sample of controls undergoing retesting with a rela-
tively large sample of neuropsychological tests. Similar to
that study, we found that baseline performance and test
interval contribute to the prediction of retest scores, though
the level of variance attributed to SAC baseline scores was
lower than what was seen with most tests. While that study
found that the regression model outperformed the cor-
rected RCI model, our results indicate that both methods
are equivalent in terms of identifying injured athletes im-
mediately following concussion.

Based on the relatively low test–retest reliability (r 5
.55) of the SAC in this study, it may be that instruments
sensitive to the effects of MTBI, consisting primarily of
“fluid” measures of attention, memory, and cognitive pro-
cessing, are by definition susceptible to variability over time.
This is, in fact, the case in a recent study where measures of
digit span and recall, which are components of the SAC, are
found to have less reliability than other measures of neuro-

Table 4. Distribution of differences between predicted and observed SAC scores at Time 2

Difference score
(Predicted2 T2)

Test–retest controls
(Number)

Athletes with concussion
(Number)

Sensitivity
(Se)

Specificity
(Sp)

Sum
(Se1 Sp)

12 8 0 1.00 .12 1.12
11 15 1 1.00 .12 1.12

0 23 4 .98 .34 1.32
21 17 7 .90 .68 1.58
22 4 2 .76 .93 1.69
23 0 13 .72 .99 1.71
24 1 6 .46 .99 1.45
25 0 17 .34 1.00 1.34

Fig. 1. Receiver operating characteristic (ROC) curves for reliable change index (RCI) and regression models with
the SAC.
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psychological functioning (Dikmen et al., 1999). The issue
of testing these functions in a sample of adolescents and
young adults also needs to be addressed. The lack of relia-
bility of such measures is likely to be an issue in future
research relying on test–retest paradigms for assessment of
neuropsychological change.

Although the persistent neuropsychological effects of
MTBI weeks and months after injury have been extensively
researched, very few studies have provided objective,
empirical data on the immediate neurocognitive effects
following MTBI (Binder, 1997; Maddocks et al., 1995;
McCrea et al., 1997, 1998; Yarnell & Lynch, 1970). This
gap in the literature is due in large part to situational cir-
cumstances that limit the capacity for prospective research
implementing standardized assessment methods immedi-
ately following MTBI. Standardized measures for assess-
ing mental status and neurologic changes beyond traditional
injury classification criteria (e.g., Glasgow Coma Scale;
Teasdale & Jennett, 1974) are quite uncommon in most
trauma settings. Furthermore, injury severity grading sys-
tems may not be sensitive to subtle neurocognitive changes
that present risks for more severe underlying neurologic
complications after MTBI (Stein et al., 1993). In contrast,
neuropsychological testing is considered a sensitive and so-
phisticated method for assessing concussion, but typically
is not feasible immediately after injury in most acute care
settings.

Results from this study and earlier reports (McCrea et al.,
1997, 1998; Pottinger et al., 1999) indicate that the SAC
provides not only a valid measure of neurocognitive changes
immediately following head injury, but also one that is fea-
sible for use under the constraints of the sports sideline and
other acute or emergency care settings. Administration of
screening instruments such as the SAC as soon as possible
during the acute injury phase may have great clinical and
research implications for clarifying the early natural history
of MTBI and determining how the immediate neurocogni-
tive effects of injury are predictive of eventual neuropsy-
chological outcome. The design outlined in this study may
also be helpful in determining the reliability and validity of
other neuropsychological tests traditionally used in the as-
sessment of MTBI patients, particularly in terms of deriv-
ing statistical indices of clinically meaningful change in
neurocognitive status resulting from head injury.

The study of sports-related concussion provides one of
the only opportunities for prospectively studying changes
from baseline neurocognitive functioning following MTBI.
Findings from this study are comparable to those found in
other neuropsychological studies using different methods
of assessment. In the only other published sports concus-
sion study examining retest effects with RCI methods,
Hinton-Bayre et al. (1999) found that 80% of their profes-
sional rugby players exhibited test scores exceeding the
90% CI. A similar level of classification of injured and
control athletes was found in another study using different
methods (Collins et al., 1999). Macciocchi et al. (1996)
found that injured athletes could be distinguished from con-
trols by exhibiting a lack of a “practice effect.” All of these

studies have demonstrated the utility of using neuropsycho-
logical test measures as a sensitive means for identifying
persistent cognitive impairment in athletes.

This study extends previous work by evaluating classifi-
cation rates with the use of ROC curve analyses. This method
is utilized best for examining rates of diagnostic classifica-
tion when well defined groups of patients and controls are
identified. In this study ROC curve analyses revealed that
while RCI and regression methods might provide the most
reliable form of classification, they might be too conserva-
tive for use in the management of sports concussion. The
use of ROC methods is recommended for future use in sports
studies as a means to evaluate published guidelines regard-
ing injury severity and return to play.

Our findings are perhaps most informative for the sports
medicine clinician responsible for the assessment and man-
agement of concussion in young athletes. Our computation
of RCI’s indicates that a change score of 3 or more points is
the most sensitive statistical index of change on the SAC,
when the effects of error variance and practice are taken
into account. However, when the actual distribution of
change scores is observed, analyses of ROC curve data in-
dicate that decreases of 1 to 3 points result in similar levels
of classification. While a decrease of 1 point on the SAC
identifies the largest number of injured athletes, it also pro-
vides incorrect classification of the highest number of ath-
letes without injury. This raises an important issue. Should
the clinician utilize the most psychometrically rigorous cut-
off score or the most sensitive cutoff score? While parents
and educators might opt for a classification criterion that
emphasizes the sensitivity to detection of injury, the mis-
classification rate for other athletes might be unacceptable
to coaches and teammates who are eager to have the player
return to the playing field as soon as possible.

It should be made clear that the criteria for detecting
statistical significance are arbitrary values that should be
set by the clinician or experimenter depending on the ques-
tion at hand. In the case of identifying young athletes with
injuries, the use of a 90% confidence interval might be too
conservative when identification of subtle impairments is
desired and misclassification of uninjured players results in
nothing more than missing the chance to return immedi-
ately to competition. While neuropsychological research can
provide the empirical information for use in clinical decision-
making, the ultimate responsibility must reside with the
clinician, taking into account all available information. It is
especially important to clarify that the SAC is neither in-
tended as an independent return to play measure for sports
medicine clinicians, nor a substitute for more extensive med-
ical, neurologic or neuropsychological evaluation of the in-
jured athlete following concussion. Clinicians should also
be alerted that the mental status exam is just one facet of
concussion assessment, and that a full survey of symptoms
and physical indicators of injury should also be conducted.
Objective data from standardized measures such as the SAC
may aid the clinician in making an overall assessment of
injury, recovery and the player’s readiness to safely return
to competition after concussion.
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In summary, neuropsychology is likely to have a continu-
ing impact on the development of methods for assessing
sports-related head injury. Future research will need to ad-
dress the empirical basis of return to play criteria. Attention
will also need to focus on the use of multiple baselines to
prevent practice effects following injury, the role that learn-
ing disability and prior concussions may have on the recov-
ery of function, and the nature of practice effects resulting
from repeated test administration during recovery (Collins
et al., 1999; Hinton-Bayre et al., 1999). Future studies using
athletes with orthopedic injuries as controls is also recom-
mended to examine the more general effects of injury on
neuropsychological status (Satz et al., 1999). Maintaining
the scientist–practitioner model of neuropsychology will
help us to extend findings obtained from the study of sports
injury to the larger arena of clinical and forensic assess-
ment of MTBI in the general population.
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APPENDIX

STANDARDIZED ASSESSMENT OF
CONCUSSION ( SAC)

1) Orientation :

Month: _______________________ 0 1
Date: ________________________________ 0 1
Day of week: _________________________ 0 1
Year: ________________________________ 0 1
Time (within 1 hr.): ____________________ 0 1

Orientation Total Score _________0 5

2) Immediate Memory : (all 3 trials are completed re-
gardless of score on trial 1 & 2; total score equals sum
across all 3 trials)

List Trial 1 Trial 2 Trial 3

Word 1 0 1 0 1 0 1

Word 2 0 1 0 1 0 1

Word 3 0 1 0 1 0 1

Word 4 0 1 0 1 0 1

Word 5 0 1 0 1 0 1

Total

Immediate Memory Total Score _________0 15

(Note: Subject is not informed of Delayed Recall testing of
memory)

NEUROLOGICAL SCREENING :

Loss of Consciousness: (occurrence, duration)

Pre- & Post-traumatic Amnesia: (recollection of events pre-
and post-injury)

Strength:

Sensation:

Coordination:

3) Concentration :

Digits Backward(If correct, go to next string length. If
incorrect, read trial 2. Stop after incorrect on both trials)

4-9-3 6-2-9 _________________ 0 1
3-8-1-4 3-2-7-9 ________ 0 1
6-2-9-7-1 1-5-2-8-6 _________________ 0 1
7-1-8-4-6-2 5-3-9-1-4-8 ________________ 0 1

Months in reverse order: (entire sequence correct for 1 point)
Dec-Nov-Oct-Sep-Aug-Jul
Jun-May-Apr-Mar-Feb-Jan __________________ 0 1

Concentration Total Score _________0 5

EXERTIONAL MANEUVERS
(when appropriate):

5 jumping jacks 5 push-ups
5 sit-ups 5 knee-bends

4) Delayed Recall

Word 1 0 1
Word 2 0 1
Word 3 0 1
Word 4 0 1
Word 5 0 1

Delayed Recall Total Score_________0 5

Summary of Total Scores:

Orientation_________0 5
Immediate Memory_________0 15
Concentration_________0 5
Delayed Recall_________0 5

Overall Total Score_________ / 30
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