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Development of a Prediction Model for Post-Concussive
Symptoms following Mild Traumatic Brain Injury:
A TRACK-TBI Pilot Study

Maryse C. Cnossen,"” Ethan A. Winkler®®” John K. Yue®?3
David O. Okonkwo? Alex B. Valadka® Ewout W. Steyerberg;
Hester F. Lingsma,' and Geoffrey T. Manley?; the TRACK-TBI Investigators

Abstract

Post-concussive symptoms occur frequently after mild traumatic brain injury (mTBI) and may be categorized as cognitive,
somatic, or emotional. We aimed to: 1) assess whether patient demographics and clinical variables predict development of
each of these three symptom categories, and 2) develop a prediction model for 6-month post-concussive symptoms.
Patients with mTBI (Glasgow Coma Scale score 13—15) from the prospective multi-center Transforming Research and
Clinical Knowledge in Traumatic Brain Injury (TRACK-TBI) Pilot study (2010-2012) who completed the Rivermead
Post Concussion Symptoms Questionnaire (RPQ) at 6 months post-injury were included. Linear regression was utilized to
determine the predictive value of candidate predictors for cognitive, somatic, and emotional subscales individually, as well
as the overall RPQ. The final prediction model was developed using least absolute shrinkage and selection operator
shrinkage and bootstrap validation. We included 277 mTBI patients (70% male; median age 42 years). No major
differences in the predictive value of our set of predictors existed for the cognitive, somatic, and emotional subscales, and
therefore one prediction model for the RPQ total scale was developed. Years of education, pre-injury psychiatric disorders,
and prior TBI were the strongest predictors of 6-month post-concussive symptoms. The total set of predictors explained
21% of the variance, which decreased to 14% after bootstrap validation. Demographic and clinical variables at baseline
are predictive of 6-month post-concussive symptoms following mTBI; however, these variables explain less than one-fifth
of the total variance in outcome. Model refinement with larger datasets, more granular variables, and objective biomarkers
are needed before implementation in clinical practice.

Keywords: post-concussion symptoms; prediction model; traumatic brain injury

Introduction

RAUMATIC BRAIN INJURY (TBI) is a common and often de-

bilitating injury. In the United States alone, at least 2.5 million
people suffer TBIs annually, accounting for 52,000 deaths, 275,000
inpatient hospitalizations, and 1,365,000 emergency department
(ED) visits." Approximately 70-90% of all TBI is characterized as
mild TBI (mTBI), defined by a Glasgow Coma Scale (GCS) score
of 13 to 15 upon admission to the ED.> Many patients recover
completely from mTBI in the ensuing weeks to months.>* How-
ever, in 5-30% of subjects with mTBI, neurologic, cognitive, and/
or neuropsychiatric symptoms persist up to 1 year post-injury or

longer.”® Methodologies to predict those at greatest risk of in-
complete recovery are limited but are the subject of active research
incorporating neuroimaging, patient demographics, and genetic
polymorphisms. Data from any of these sources may portend poor
recovery.%13

Post-concussive syndrome (PCS) is a clinical term used to de-
scribe a constellation of post-traumatic symptoms, which may be
divided into the domains of cognitive (forgetfulness, poor con-
centration, or slowed processing speed), somatic (headaches,
double or blurred vision, photophobia or phonophobia, dizziness,
nausea, disrupted sleep habits, or fatigue), or emotional (irritability,
depression, frustration, or restlessness).l‘H7 The International
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Classification of Diseases, Tenth Revision (ICD-10) states that a
diagnosis of PCS should include a head injury usually sufficiently
severe to result in loss of consciousness (LOC), as well as three or
more subjective symptoms present for at least 4 weeks. Symptoms
should cause significant clinical impairment.'®

In civilian populations, estimates suggest that roughly 10—
20% of patients experience PCS within 6 months following
mTBI.'* However, the complaints are non-specific and are also
observed in patients with extra-cranial injuries. Because sys-
temic injuries often coexist with neurological injuries, accurate
estimates of true prevalence of PCS are difficult to ascertain.
The term is not without controversy—for instance, after being
included in the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-1V) as a research diagnosis,
PCS has been removed as a standalone disorder from the DSM-5
in favor of ‘“‘major or mild neurocognitive disorder due to
TBI.’' In addition, there is overlap between the diagnostic
criteria for PCS and post-traumatic stress disorder (PTSD),20
further complicating the diagnosis of PCS. Therefore, it has
been suggested that mTBI sequelae are more accurately un-
derstood as “‘post-concussive symptoms’’ rather than PCS.>*!
Nevertheless, prior efforts to identify and create prediction
models of post-concussive symptoms have relied on surveying
the entire constellation of PCS rather than analyzing individual
symptoms and/or domains.?*">*

The Rivermead Post Concussion Symptoms Questionnaire
(RPQ) is one validated metric to survey post-concussive symp-
toms, relying on self-report as to the presence and severity of 16
symptoms.'®'7*> It has been widely utilized to characterize
outcomes and formally endorse symptomatology across the acute
and chronic phases following mTBI.?*° The RPQ is composed
of individual symptom domains: cognitive deficits, somatic
complaints, and emotional complaints, as described above.'®
Thus, the RPQ permits separate analysis of potential predictors of
post-concussive symptoms in each domain. As different domains
likely reflect different etiological pathways, one hypothesis is
that each domain may be differentially susceptible to patient-
specific and clinical factors. Alternatively, these complaints may
reflect more global processes and therefore may not demonstrate
differential susceptibility. The predictors that overlap across
domains (cognitive, somatic, and emotional), and the predictors
specific to each domain warrant further delineation. Utilizing the
prospective multicenter Transforming Research and Clinical
Knowledge in Traumatic Brain Injury Pilot (TRACK-TBI Pilot)
dataset,’® we investigated whether cognitive, somatic, and
emotional symptoms have different predictors, and whether
multivariable prediction modeling using patient demographics
and clinical variables can be successfully applied to identify
those at greatest risk for suffering post-concussive symptoms
following mTBI.

Methods

This study was conducted and reported according to the criteria
of the Transparent Reporting of a Multivariable Prediction Model
for Individual Prognosis or Diagnosis (TRIPOD) statement.”'

Study design

The TRACK-TBI Pilot study was a multi-center, prospective
observational study conducted at three Level I trauma centers in
the U.S.: San Francisco General Hospital (SFGH), University of
Pittsburgh Medical Center (UPMC), and University Medical
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Center Brackenridge in Austin, Texas, using the National In-
stitute of Neurological Disorders and Stroke (NINDS) TBI
Common Data Elements (CDEs) version 1 (https://
commondataelements.ninds.nih.gov/TBl.aspx). Eligible sub-
jects were enrolled upon presentation to the ED through conve-
nience sampling at all three sites between April 2010 and June
2012. Institutional Review Board approval was obtained at all
sites. Informed consent was obtained for all participants prior to
enrollment in the study. For participants unable to provide con-
sent due to their injury, consent was obtained from their legally
authorized representative. Participants were re-consented, if
cognitively able, at later inpatient and/or outpatient study follow-
up assessments. The current analysis focuses on post-concussive
symptoms as measured by the RPQ; other outcome measures
obtained at 6 months post-injury included the Glasgow Outcome
Scale-Extended (GOS-E), Brief Symptom Inventory-18 Item,
Post-Traumatic Stress Disorder Checklist-Civilian Version, Trail
Making Test, and California Verbal Learning Test, Second
Edition, as previously described.*®

Patient selection

Inclusion criteria for the TRACK-TBI Pilot study were adult
patients (age =16 years) presenting to one of the participating Level
I trauma centers suffering external force trauma to the head with
sufficient indications to triage to clinically indicated head com-
puted tomography (CT) scan within 24 h of in;ury. There were no
requirements for visible pathology on CT scan.”® Exclusion criteria
were pregnancy, comorbid life-threatening disease, incarceration,
serious psychiatric and neurologic disorders that would interfere
with outcome assessment, and non-English speakers due to limi-
tations in participation with outcome assessments. For the present
study, our analysis was restricted to the subset of patients with
mTBI, defined by a GCS score =13.

Measurements

To assess the presence/absence and severity of post-concussive
symptoms, subjects completed the RPQ at 6 months following
injury, in person with trained study personnel, preceded by the
Galveston Orientation and Amnesia Test to assess capacity. All
study personnel were trained on outcome measure administration
by a single neuropsychological outcomes coordinator from
UPMC. As previously described, the RPQ is a sensitive and
validated assessment tool for the presence of post-concussive
symptoms'®'7*72% and is a core level NINDS TBI CDE.*? It is
comprised of questions directed toward the following 16 symp-
toms: headache, nausea or vomiting, dizziness, sensitivity to
noise, disrupted sleep, irritability, frustration, fatigue, depression,
impaired memory, poor concentration, slowed thinking, blurred
vision, double vision, light sensitivity, and restlessness. Each
symptom is rated on a 5-point scale to assess whether the symp-
tom has been absent, no more of a problem, or a mild, moderate, or
severe problem in the 24 h prior to completing the questionnaire,
compared with pre-injury. As recommended by previous re-
search,®? the scores 0 and 1 were collapsed into a single category,
scored at O points. This resulted in a 4-point scale with the fol-
lowing categories: symptom is absent or no more of a problem (0),
symptom is mild (1), symptom is moderate (2), or symptom is
severe (3). The total score was determined by adding up all scores
0 to 3, which results in a minimum score of 0 and a maximum
score of 48. Subject responses may then be clustered into distinct
neuropsychiatric domains: i) cognitive deficits (impaired mem-
ory, poor concentration, slowed thinking); ii) somatic complaints
(headaches, blurred or double vision, noise sensitivity, dizziness,
nausea, sleep disturbances, fatigue); and iii) psychological com-
plaints (irritability, depression, frustration, restlessness).'®
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Selection of candidate predictors

A systematic literature search was performed using subhead-
ings and text words in EMBASE and Google Scholar to identify
systematic reviews and prior published prediction modeling de-
veloping studies that assessed predictors of post-concussive
symptoms (or related outcomes) following mTBI (see Appendix
A for the EMBASE search strategy). To maximize the potential
application of a prediction model to clinical practice, candidate
predictors not readily available in the ED or during initial clinical
evaluation were excluded. The following were chosen as candi-
date predictors: age, gender, years of education, pre-injury sei-
zures, pre-injury migraine or headache, pre-injury psychiatric
disorders, blood alcohol level (BAL >80 mg/dL [U.S. legal limit];
< 80 mg/dL; not measured), GCS score, CT abnormalities (pres-
ent; absent), post-traumatic amnesia (PTA; present; absent; not
measured), LOC (present; absent; not measured), and extracranial
injury. We further included whether subjects suffered a prior TBI
per self-report as a potential candidate predictor. Prior TBI was
assessed using the NINDS TBI CDEs version 1,>* and classified as
yes (with or without hospitalization) or no. Although not found in
systematic reviews and previous prediction modeling studies, we
hypothesized that deficits from repeated TBIs may be cumulative
and thus may result in greater post-concussive symptoms burden.
Information on candidate predictors was gathered through ab-
straction of medical records and from patient interviews during
the index hospital visit.

Statistical analysis

Baseline characteristics of the overall study population were
reported as medians and interquartile ranges (IQR) and fre-
quencies and percentages for continuous and categorical vari-
ables, respectively. To verify whether loss to follow-up resulted
in possible bias, we compared baseline characteristics of in-
cluded patients with those patients who had a missing 6-month
RPQ (n=199), using the Pearson chi-squared statistic for cate-
gorical variables and the Mann-Whitney U test for continuous
variables. Missing data on candidate predictors were subse-
quently imputed with a single imputation technique, meaning
that values for the missing data points were estimated in a re-
gression model using all other predictor variables and outcomes
as independent variables.

We described the RPQ total scale and subscales (mean, SD,
range), and assessed the association between the RPQ total scale and
subscales and functional outcome (as measured by the GOS-E), as
well as intercorrelations between scales, using the non-parametric
Spearman’s Rho correlation coefficient. We subsequently calcu-
lated Cronbach’s alpha for the RPQ total scales and subscales as a
measurement of internal consistency.

To calculate the effect of candidate predictors on the RPQ
cognitive, somatic, and emotional subscales, we used univariable
linear regression models with the candidate predictor of interest
as independent variable and the RPQ subscale as dependent
variable. To assess the adjusted effect of candidate predictors, we
used multivariable linear regression models with all candidate
predictors as independent variables. Unstandardized B’s and
p values were reported. The 8 coefficient indicates the change in
outcome (points on the RPQ scale or subscale) for one unit change
in the predictor variable. To enhance comparability of effect es-
timates for the different subscales, we additionally calculated
standardized B coefficients. A standardized B indicates the change
in outcome in standard deviations (SDs) for one SD change in the
predictor variable.

To assess whether the predictor effects differed across cognitive,
somatic, and emotional subscales, we tested for interaction between
the predictors (summarized in the predicted values of the RPQ total
scale) and the subscales. We created three rows per patient in the
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database: one with the cognitive outcome, one with the somatic
outcome, and one with the emotional outcome. We subsequently
fitted a random effects model with a random intercept for patient
number, the predicted value of the total RPQ scale based on the full
multivariable model, ‘‘outcome type” and an interaction between
“outcome type’’ and predicted value.

We developed the final model by using the least absolute
shrinkage and selection operator (Lasso) method. This method
shrinks the B coefficients in order to obtain less extreme Bs to
enhance the external validity of a prediction model.*® Variables
with Bs that are unstable are shrunk to zero and omitted from the
model. It should be noted that Lasso shrinkage focuses on the
overall fit rather than statistical significance of individual pre-
dictors. As a consequence, predictors with a p value >0.05 could
still be included in the final model. External validity of the final
model was further enhanced by performing bootstrap validation
with 100 samples.

The interaction test, Lasso shrinkage, and bootstrap validation
were analyzed with R (version 3.2.2.) using the Ime4,*® penal-
ized,’” and foreign®® packages. All other analyses were performed
using the Statistical Package for the Social Sciences (SPSS) version
21. A p value <0.05 was considered statistically significant in all
analyses.

Sensitivity analyses

Although a prediction model with a linear outcome is statis-
tically more appealing, models with a binary outcome variable
are often preferred for clinical interpretation. We therefore
performed multivariable logistic regression analysis with the
variables obtained after Lasso shrinkage as independent vari-
ables and the dichotomized RPQ scale as dependent variable.
For the dichotomization of the RPQ, we utilized the eight
symptoms mentioned in the ICD-10 criteria. Subjects were
subsequently diagnosed with PCS if they meet three or more of
the following symptoms: 1) headache, 2) dizziness, 3) fatigue, 4)
irritability, 5) insomnia, 6) memory problems, 7) concentration
issues, and 8) frustration or depression (in ICD-10 explained as
reduced tolerance to stress, emotional excitement, or alcohol). It
should be recognized that the RPQ cannot be used to truly di-
agnose ICD-10 PCS since the RPQ is based on self-report rather
than clinical examination and does not include information on
symptom duration and clinical significant impairment. In addi-
tion, there is no consensus as to whether symptoms should be
included if they are rated as ‘‘mild symptom or worse’’ or if they
are rated as ‘“‘moderate symptom or worse.”>° We therefore
applied both classifications.

We further examined the influence of attrition on estimates of
the predictors by simulating three scenarios:

1. The patients lost to follow-up have relatively favorable
outcomes in comparison to those included in current study.

2. The patients lost to follow-up have similar outcomes to those
included in current study.

3. The patients lost to follow-up have relatively unfavorable
outcomes in comparison to those included in current study.

For the first scenario, we simulated the outcome of those lost to
follow-up by generating random numbers with the range 0—48
(possible scores on RPQ), a mean of 0.00 (25th percentile of
those included), and a SD of 10.0 (actual SD of those included).
For the second scenario, we simulated outcome of those lost to
follow-up with the range 0—48, a mean of 5.0 (median of those
included), and a SD of 10.0 (actual SD of those included). For
the third scenario, we simulated outcome with the range 0-48, a
mean of 15 (75th percentile of those included), and a SD of 10.0
(actual SD of those included). For simplicity, we did not prede-
termine the associations between predictors and attrition, while
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acknowledging that this may play a role in the influence of at-
trition on effect estimates.

Results
Patient characteristics

The TRACK-TBI Pilot study consisted of 580 TBI subjects, of
whom 476 had mTBI (GCS 13-15); 277 subjects (58%) completed
6-month RPQ assessment and were included in the current analysis
(Fig. 1). Included subjects had more years of education (median,
14) than those lost to follow-up (median, 13; p<0.01). No other
statistically significant differences existed between those included
in the current analysis versus lost to follow-up (Table 1). Median
age for subjects in the current analysis was 42 years (interquartile
range, 26-57 years) and most (70%) were male. Half of the subjects
(n=141) sustained a traffic accident. Fifty-four percent (n=147)
reported a prior TBI, for which 88 patients were hospitalized. By
ED triage, 38% were discharged home, 35% were admitted to the
ICU or other monitored inpatient bed, 23% were admitted to the
ward, and 4% went directly to the operating room.

At 6 months post-injury, the mean RPQ score was 8.8 (SD=10.0).
Fifty-three percent (n=147) reported at least three or more of the
eight symptoms defined for PCS by ICD-10 as “mild or worse,”
while 27% (n="74) reported at least three of eight symptoms as
“moderate or worse.”

RPQ scales

The RPQ cognitive, somatic, and emotional subscales, and the RPQ
total scale all demonstrated a skewed distribution with the majority of
patients having relatively lower scores (Table 2). Cronbach’s alpha
was >0.80 for the subscales and the total scale, indicating adequate
internal consistency.*® The RPQ total scale and subscales demon-

Track TBI
n = 580 patients

> Moderate or Severe
TBlI n=101

Mild TBI
n =479

Schizophrenic
) n=3

Included Subjects
n =476

Lost to follow-up
n=199

—>

Subjects with post-
concussive data n=277

FIG. 1. Flow-chart of included patients in the current study.
Figure shows patients from the Transforming Research and
Clinical Knowledge in Traumatic Brain Injury (TRACK TBI)
pilot study that were included in current study.
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strated moderate correlation with the GOS-E at 6 months post-injury
(r=-0.61 to —0.71; p<0.01), indicating that higher RPQ scores were
associated with worse functional outcome. Intercorrelations between
subscales were moderate (r=0.63 to 0.76; p<0.01).

Predictors of cognitive, somatic, and emotional
post-concussive symptoms

The cognitive, somatic, and emotional subscales were significantly
associated with years of education (p <0.01), pre-injury psychiatric
disorders (p <0.01), and prior TBI (p <0.01) in both univariable and
multivariable linear regression analyses. Strengths of the effect sizes,
illustrated with standardized Bs, were similar across the three different
scales (Appendix B). In addition, age, pre-injury seizures, pre-injury
migraine and headache, and CT abnormalities were significant pre-
dictors for one or more subscales (Table 3). The interaction test be-
tween the cognitive, somatic, and emotional outcome subscales and
the predicted value of the RPQ total scale was not statistically sig-
nificant (t=0.54; standard error=0.02). This indicates that although
some differences exist on an individual predictor level, overall pre-
dictor effects are similar for the three subscales. Hence, one predic-
tion model using the RPQ total scale as the outcome measure of
choice could be developed from the current dataset, which comprised
the next phase of our analysis.

Prediction model of 6-month post-concussive
symptoms

The RPQ total scale was significantly associated with years of
education (p <0.01), pre-injury seizures (p=0.03), pre-injury mi-
graine and headache (p<0.01), pre-injury psychiatric disorders
(p<0.01), and prior TBI (p<0.01) in univariable analyses. In a
multivariable model, the variables years of education (p<0.01),
pre-injury psychiatric disorders ( p <0.01), and prior TBI (p <0.01)
were statistically significant. We applied Lasso shrinkage to obtain
the final set of independent predictors and their shrunken Bs. After
shrinkage, the occurrence and severity of persistent post-concussion
symptoms (higher scores on the RPQ) were associated with older
age, female gender, less years of education, confirmed or unknown
PTA, confirmed or unknown LOC and the presence of pre-injury
migraine and headache, pre-injury psychiatric disorders, and prior
TBI (Table 4). Comparison of the expected values of the scales with
the actual scores resulted in an R of 0.21, which decreased to 0.14
after bootstrap validation. The expected score on the subscales and
total scale could be calculated for individual patients by using the
regression formula (Table 4, footnote). An example of the calcu-
lation for two individual patients is displayed in Box 1.

Sensitivity analyses

Multiple logistic regression analyses with the variables obtained
after Lasso shrinkage resulted in the same set of predictors being
statistically significant (PCS classified as >3 “‘mild or worse”
symptoms: years of education, odds ratio (OR)=0.84, 95% CI:
0.76-0.93; pre-injury psychiatric disorders, OR=2.05, 95% CI:
1.14-3.68; prior TBI, OR=2.94, 95% CI: 1.71-5.08; PCS classi-
fied as 23 ‘““‘moderate or worse” symptoms: years of education,
OR=0.87, 95% CI: 0.77-0.97; pre-injury psychiatric disorders,
OR=3.24, 95% CI: 1.77-5.91; prior TBI, OR=2.08, 95% CI:
1.10-3.93). Female gender was a statistically significant predictor
of PCS classified as 23 ““mild or worse” symptoms (OR 2.02, 95%
CI: 1.11-3.68). The areas under the curve (AUCs) ranged from 0.74
to 0.76, indicating reasonable discriminative ability (Appendix C).
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TABLE 1. BASELINE CHARACTERISTICS OF 277 SUBJIECTS INCLUDED IN THE STUDY,
CoMPARED WITH 199 SuBJEcTs Lost TO FoLLow-Up

Included subjects (n=277)

Subjects lost to follow-up (n=199)

Variable Missing N (%)‘T' Missing N (%)I p value
Age (median, IQR range) - 42 (26-57) - 43 (27-57) 0.66
Gender (Female) - 84 (30%) - 51 (26%) 0.26
Years of education (median, IQR range) 11 14 (12-16) 7 13 (12-15) < 0.01
Pre-injury seizures* - 30 (11%) - 18 (9%) 0.52
Pre-injury migraine and headache - 36 (13%) - 15 (8%) 0.06
Pre-injury psychiatric disorders** - 89 (32%) - 49 (25%) 0.08
Prior TBI 7 147 (54%) 14 84 (45%) 0.06
Mechanism of injury - 0.11

- Traffic accident 141 (51%) 83 (42%)

- Fall 84 (30%) 70 (35%)

- Assault 39 (14%) 40 (21%)

- Other 12 (5%) 6 (2%)
BAL - - 0.41

- < 80mg/dL (low BAL) 80 (29%) 53 (27%)

- > 80mg/dL (high BAL) 39 (14%) 37 (19%)

- Not measured 158 (57%) 109 (54%)
GCS <15 - 63 (23%) - 56 (28%) 0.18
CT abnormalities*** - 95 (34%) - 74 (37%) .52
PTA 1 2 0.38

- Yes or suspected 173 (63%) 112 (56%)

- No 90 (32%) 72 (37%)

- Unknown 13 (5%) 13 (7%)
LOC 2 1 0.58

- Yes 190 (69%) 132 (67%)

- No 66 (24%) 55 (28%)

- Unknown 19 (7%) 11 (5%)
Extracranial AIS >3 in at least one body region - 36 (13%) - 32 (16%) 0.34
ED disposition - - 0.33

- Home 105 (38%) 62 (31%)

- Hospital ward 63 (23%) 42 (21%)

- Step-down bed or ICU 97 (35%) 88 (44%)

- Operating room 12 (4%) 7 (4%)

*Values are presented as N (%) unless otherwise specified.

The p value presents results of Chi-Square test (categorical variables) or Mann-Whitney U test (continuous variables) for the differences between the

included subjects and subjects that were lost to follow-up.
*Includes seizures and epilepsy
**Includes anxiety, depression, sleeping disorders and bipolar disorder

***Includes epidural hematoma, subdural hematoma, subarachnoid hemorrhage, contusion, intracerebral hemorrhage, intraventricular hemorrhage,
diffuse axonal injury, brain swelling, midline shift, cistern compression, fourth ventricle shift, and third ventricle shift

IQR, interquartile range; TBI, traumatic brain injury; BAL, blood alcohol level; GCS, Glasgow Coma Scale; CT, computed tomography; PTA,
posttraumatic amnesia; LOC, loss of consciousness; AIS, Abbreviated Injury Scale; ED, emergency department; ICU, intensive care unit.

We did not apply further model development (e.g., shrinkage,
bootstrap validation) since our sample size was too small to develop
a valid model with a binary outcome.

When analyzing different scenarios of attrition, we found that
the scenarios in which patients lost to follow-up had similar or
more favorable outcomes did not result in major changes in
effect estimates. However, in the scenario where patients lost to
follow-up had relatively unfavorable outcomes, prior TBI was
no longer a statistically significant predictor of 6-month post-
concussive symptoms, while age, GCS, and PTA became sig-
nificant predictors (Appendix D).

Discussion

We developed a prediction model to predict 6-month post-
concussive symptoms following mTBI in a multi-center study with

277 subjects. Post-concussive symptoms were associated with
older age, female gender, less education, pre-injury migraine or
headache, pre-injury psychiatric problems, prior TBI, PTA, and
LOC, of which years of education, presence of pre-injury psychi-
atric disorders, and prior TBI were the most robust predictors. This
set of predictors accounted for less than one-fifth of the variance in
post-concussive symptoms.

Previous investigations often have reported that PCS is a multi-
dimensional concept.”'¢ 17-34142 Therefore, it has been hypoth-
esized that the cognitive, somatic, and emotional RPQ subscales
are differentially susceptible to predictor variables. We did not find
a difference in the predicted probabilities of the total set of can-
didate predictors for the three subscales, and therefore we devel-
oped one overall prediction model for 6-month post-concussive
symptoms using the RPQ total scale. This might indicate that post-
concussive symptoms from different domains share etiological
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Box 1. Two Cases and Their Predicted Score on the
RPQ Scale According to Our Prediction Model

Case 1: Male patient, 65 years, 23 years of education with pre-
injury headache or migraine, a pre-injury psychiatric
disorder, a prior TBI, LOC, and PTA.

Predicted value total RPQ scale after 6 months=14.45
(intercept) + (0.74*0) + (0.05%65) + (—0.79*23) + (2.07*1) +
(3.73*%1) + (3.71*1) + (-0.47*0) + (—0.38%0)=9.04 (95%
CI: 4.57 - 13.50)

Case 2: Female patient, 30 years, 10 years of education with
pre-injury headache or migraine, a pre-injury psychiatric
disorder and no prior TBI, LOC and PTA

Predicted value total RPQ scale after 6 months=14.45 (intercept)
+ (0.74*1) + (0.05*30) + (-0.79*%10) + (2.07*1) + (3.73*1) +
(3.71%0) + (=0.47*1) + (-0.38*1)=17.45 (95% CI: 13.00 —
21.90)

Expected scores can be calculated with the regression formula in the

footnote of Table 4. The 95% Confidence interval can only be
calculated with advanced statistical software.

factors. However, we did find differences in the predictive ability
for some predictors (age, pre-injury seizures, pre-injury migraine
and headache, CT abnormalities) and the intercorrelations between
the three subscales were modest. Therefore, confirmation of our
findings in larger patient samples is necessary to confirm the ade-
quacy of the total RPQ scale as an outcome variable in prognostic
research. Our final prediction model has an R? of 0.21, which de-
creased to 0.14 after bootstrap validation. This indicates that less
than one-fifth of the variation in post-concussive symptoms could
be explained by the predictors in the model. Despite being low for a
prediction model, this is consistent with previous studies examining
predictors of post-concussive symptoms using the linear RPQ as an
outcome measurement. For example, in a systematic review con-
ducted by Silverberg and colleagues,*® R?s ranged from 0.06 to
0.89 in six studies that used the RPQ as a continuous outcome
measurement and was only above 0.40 in two studies deemed at
high risk of statistical overfitting.*®

In prior systematic reviews, the most robust predictors of mTBI
sequelae were gender, pre-injury mental health, early post-injury
neurological functioning, and post-injury anxiety.**** Consistent
with this, pre-injury mental health was also a significant predictor
in our study. Patients with pre-injury psychiatric disorders are
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known to be vulnerable to recurrence of the psychiatric disorder*’
or the development of other psychopathology,*® which might be
triggered by a stressful or traumatic event such as mTBI. Other
significant predictors in our study were years of education and prior
TBI. Both of these also were candidate predictors in the prediction
model developed by Stulemeijer and colleagues®* but were not
found to be statistically significant in their final model, which was
confirmed by the systematic review of Silverberg and colleagues.*?
Nevertheless, higher education is associated with return to work in
several studies,”**"*® and highly educated people generally have
improved coping skills, cognitive and financial reserves, and a
wider social network to deal with possible consequences of mTBI.
The influence of prior TBI on persistent post-concussion symptoms
is less often studied. However, emerging basic science and clinical
research on repetitive brain injury suggests that the deleterious
effects of brain injury are cumulative.*” Therefore, inclusion of a
history of prior TBI is an important consideration for future work
on post-concussive symptoms and other neuropsychiatric sequelae
of TBI. The predictors age, gender, pre-injury migraine and
headache, PTA, and LOC also appeared in our final prediction
model because they contributed to the overall model fit. It however
should be noted that they were not statistically significantly asso-
ciated with persistent post-concussion symptoms and their potential
as predictors should therefore be examined in future studies.

In creating our prediction model, we attempted to methodolog-
ically overcome several of the shortcomings of prior work. Our set
of candidate predictors was based on existing literature and was
appropriately limited to not exceed the rule of thumb of a maximum
of one candidate predictor for every 10 cases,”®>' which limits
the risk of statistical overfitting.’*>* Additionally, we used Lasso
shrinkage and bootstrap validation to correct for model optimism,
improving generalizability of the model.”*>* Third, we examined
the influence of predictors on the three RPQ subscales and tested
whether the total RPQ scale as an outcome variable was adequate.
The use of the RPQ as a linear scale also might be regarded as a
strength of our study. Since there is no clear cut-off point deter-
mining whether a patient should be diagnosed with PCS, dichoto-
mization might result in an arbitrary difference between favorable
and unfavorable outcome, limiting its potential for clinical practice.
For example, in our study we found that two different classifica-
tions of PCS (i.e., PCS 23 “mild or worse” symptoms vs. PCS =
““moderate or worse’” symptoms) resulted in a prevalence differ-
ence of 26%. Further, dichotomization results in a loss of

TABLE 2. RPQ OUTCOME SCALES 6 MONTHS AFTER MILD TRAUMATIC BRAIN INJURY

Psychometric characteristics

Correlations

No. Possible Cronbach’s RPQ RPQ Somatic RPQ Emotional
Items Mean SD Range range alpha GOSE Cognitive Scale Scale Scale
RPQ Cognitive Scale 3 225 274 09 0-9 0.92 -0.61* -
RPQ Somatic Scale 9 432 534 027 0-27 0.85 —-0.65* 0.63* -
RPQ Emotional Scale 4 219 3.07 0-12 0-12 0.89 —0.64* 0.69* 0.76* -
RPQ Total Scale 16 876 10.03 044  0-48 0.93 -0.71* 0.82* 0.94* 0.90*

p<0.01

Results are presented after collapsing the RPQ scores 0 (no problem) and 1 (no more of a problem) together.

Correlation coefficients represent non-parametric Spearman’s Rho correlation coefficients.

Cognitive scale is based on the items forgetfulness, poor concentration, and taking longer to think.

Somatic scale is based on the items headache, dizziness, nausea, noise sensitivity, sleep disturbance, fatigue, blurred vision, light sensitivity, and

double vision.

Emotional scale is based on the items irritability, depressed, frustrated, and restlessness.
RPQ, Rivermead Post Concussion Questionnaire; SD, standard deviation; GOSE, Glasgow Outcome Scale Extended.
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TABLE 4. PREDICTORS OF 6-MONTH PoST-CONCUSSIVE SYNDROME IN 277 PATIENTS WITH MILD TRAUMATIC BRAIN INJURY

Univariable Multivariable LASSO

Predictors B, p value) (B, p value) shrinkage (1)
Age (/10y) 0.50 (p=0.16) 0.58 (p=0.08) 0.53
Gender (female vs. male) 1.18 (p=0.37) 1.68 (p=0.19) 0.74
Years of education (/y) -0.94 (p<0.01) -0.84 (p<0.01) -0.79
Pre-injury seizures* (yes vs. no) 4.30 (p=0.03) 0.91 (p=0.63) -
Pre-injury migraine and headache (yes vs. no) 6.95 (p<0.01) 3.30 (p=0.06) 2.07
Pre-injury psychiatric disorders** (yes vs. no) 6.28 (p<0.01) 4.15 (p<0.01) 3.73
Prior TBI (yes vs. no) 5.11 (p<0.01) 434 (p<0.01) 3.71
BAL

-High BAL vs. low/unmeasured -0.19 (p=0.92) -0.49 (p=0.80) -

-Unmeasured BAL vs. high/low -0.70 (p=0.61) —0.80 (p=0.54) -

GCS 13 or 14 vs. GCS 15 1.07 (p=0.46) 0.62 (p=0.66) -

CT abnormalities*** (yes vs. no) -2.17 (p=0.09) -0.31 (p=0.82) -
PTA

- yes vs. no/unknown -0.47 (p=0.87) 0.06 (p=0.98) -

- no vs. yes/unknown —0.53 (p=0.86) -1.36 (p=0.64) —0.47
LOC

- yes vs. no/unknown -0.94 (p=0.70) -1.02 (p=0.66) -

- no vs. yes/unknown -2.65 (p=0.31) -2.01 (p=0.43) —0.38
Extracranial AIS =3 in at least one body region (yes vs. no) -1.20 (p=0.51) -1.09 (p=0.52) -
R’ 0.23 0.21

Unstandardized B’s and p values are shown for all analyses. The multivariable model is based on all candidate predictors in the table.
The expected 6-month Rivermead Post Concussion Symptoms Questionnaire (RPQ) score can be estimated with the following formula: 6-month
RPQ=14.45 + (0.05*Age) + (—0.79*Years of education) + (0.74*female gender) + (2.07*pre-injury migraine or headache) + (3.73*pre-injury psychiatric

disorder) + (3.71*prior TBI) + (-=0.47* no PTA) + (-0.38*no LOC).
R? decreased to 0.14 after bootstrap validation with 100 samples.
*Includes seizures and epilepsy.

**Includes anxiety, depression, sleeping disorders, and bipolar disorder.

***Includes epidural hematoma, subdural hematoma, subarachnoid hemorrhage, contusion, intracerebral hemorrhage, intraventricular hemorrhage,
diffuse axonal injury, brain swelling, midline shift, cistern compression, fourth ventricle shift, and third ventricle shift.

LASSO, least absolute shrinkage and selection operator; TBI, traumatic brain injury; BAL, blood alcohol level; GCS, Glasgow Coma Scale; CT,
computed tomography; PTA, posttraumatic amnesia; LOC, loss of consciousness; AIS, Abbreviated Injury Scale.

information and potentially overly optimistic results.”® Large
sample sizes are needed to prevent statistical overfitting in prog-
nostic studies with a dichotomous outcome, especially when the
prevalence of patients with the outcome of interest is relatively low.
In our study, we would have needed a total of 599 patients to
develop a prediction model with a binary outcome variable (PCS
defined as =3 moderate symptoms or worse). On the other hand,
models with a dichotomized outcome are clinically appealing since
these models can directly estimate the risk of post-concussive
symptoms. In addition, it might be more relevant for clinicians to
predict a clinical significant problem (e.g., PCS) rather than pre-
dicting an increase on the RPQ scale. The latter also may neces-
sitate clinically relevant cut-off points that are currently
unavailable. To improve clinical interpretation, we created a model
with a dichotomous outcome for clinical interpretation.

We note several limitations. First, there was a significant propor-
tion of subjects lost to follow-up (42%). Although this percentage is
similar to other prospective studies in mTBI research®*>*>* and pa-
tients lost to follow-up did not differ from those who remained, we
cannot exclude selection bias. Patients included in our sample may,
for instance, differ from those not included on factors that were not
measured, or on the severity of their post-concussive symptoms. To
estimate the possible effect of attrition on our estimation of predictors,
we performed sensitivity analyses in which we simulated scenarios
where patients lost to follow-up had a more favorable, similar, or
more unfavorable outcome, compared with those included in our

study. We did not find major differences in the predictive probability
of our set of predictors in the scenarios where patients lost to follow-
up had similar or more favorable outcomes than the included patients.
This corroborated similar studies analyzing the influence of attrition
on predictor estimates.”>® However, in the scenario were patients
lost to follow-up had less favorable outcomes, additional predictors
were associated with post-concussive symptoms, while prior TBI,
which is a strong predictor in this study, was no longer statistically
significant. The effect of attrition on outcome should therefore be
taken into account when interpreting the results of the current study.
A second limitation is that our sample size is relatively small for the
development of a prediction model.”” Consequently, our study might
not have been sufficiently powered to detect the significance of some
of the candidate predictors and current regression coefficients might
be relatively unstable.> Third, in the present study, the included mild
TBI patients were relatively severely injured. For example, 34% of
the patients had CT abnormalities, and the majority of patients had
PTA and LOC. In addition, 35% of the patients were admitted to step-
down beds or the ICU. The relative severity of our study population
may have implications for the generalizability to other populations of
mTBI patients. Given these limitations, the results of the current study
should be considered preliminary; validation in an independent
population is needed.

We chose to develop a model with baseline and clinical pre-
dictors that can be gathered during the ED visit to maximize the
potential application of the model in clinical practice. The inclusion
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of post-injury characteristics may be less useful as mTBI patients
may not receive routine follow-up after leaving the ED.”® However,
since our model explained less than one-fifth of the variation in
6-month post-concussive symptoms, additional variables are likely
necessary to obtain more reliable predictions. Since early post-
injury symptoms have been shown to associate highly with chronic
symptoms,*? the addition of these symptoms could substantially
improve our prediction model. Ideally, two models could be de-
veloped, validated, and implemented in future ED practices. First, a
model based on baseline and clinical characteristics collected at ED
presentation with a high sensitivity should be developed. This
model could select high-risk patients that should be seen at a
follow-up appointment soon after their ED visit. Such a model
could be based on current findings and could further be refined with
larger datasets, more granular variables and objective biomarkers.
At the follow-up appointment, early post-injury symptoms could be
further investigated and added to the model. This second model
could subsequently identify patients at risk for long-term sequelae,
who should be prioritized for preventative or rehabilitative inter-
ventions.

Conclusion

Demographic and clinical variables at baseline predict post-
concussive symptoms after mild traumatic brain injury; however,
these variables explain less than one-fifth of the total variance in
outcome. Model refinement with larger datasets, more granular var-
iables, and objective biomarkers are needed before implementation in
clinical practice.
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APPENDIX A: EMBASE SEARCH STRATEGY

(‘brain injury’/exp OR ‘brain injury assessment’/exp OR ‘head
injury’/exp OR concussion/exp OR (((brain OR head OR crani* OR
intracrani* OR skull* OR cerebr* OR capitis OR hemisphere*)
NEAR/3 (injur* OR trauma* OR posttrauma* OR damag* OR
lesion* OR fracture*)) OR concus* OR contus* OR neurotraum*
OR tbi OR mtbi):ab,ti) AND (injury/exp OR accident/exp OR
emergency/exp OR ‘emergency care’/exp OR ‘emergency ward’/
exp OR violence/exp OR (trauma* OR posttrauma* OR injur* OR
tbi OR mtbi OR accident* OR emergen* OR violen*):ab,ti) AND

((mild* OR minor):ti,ab OR (mtbi OR mbhi):ti,ab OR (concuss*
NEAR/4 (symptoms OR syndrome*)):ti,ab OR (postconcuss* OR
post-concuss*):ti,ab OR ((posttraum* OR post-traum*) NEAR/2
(symptom* OR complaint*)):ti,ab) AND (‘prediction’/exp OR
‘prognosis’/exp) OR (‘prediction model” OR ‘prognostic model’
OR ‘predictive model’):ti,ab NOT ([Conference Abstract]/lim OR
[Letter]/lim OR [Note]/lim OR [Conference Paper]/lim OR [Edi-
torial]/lim) AND [english)/lim NOT ([animals]/lim NOT [hu-
mans]/lim)
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APPENDIX C: LOGISTIC REGRESSION ANALYSES WITH PREDICTORS SELECTED IN LASSO SHRINKAGE AS INDEPENDENT
VARIABLES AND THE RIVERMEAD PoST CONCUSSION QUESTIONNAIRE DICHOTOMIZED USING TWO DIFFERENT
DEFINITIONS AS DEPENDENT VARIABLE

PCS defined as 23 out of 8 PCS defined as 23 out of 8
symptoms with score =2 . symptoms with score 23
(mild problem and worse)* (moderate problem and worse )*
Variable OR (95% CI) OR (95% CI)
Age (/10y) 1.04 (0.89-1.22) 1.16 (0.97-1.39)

Gender (Female vs Male)

Years of education (/y)

Pre-injury migraine & headache (yes vs. no)
Pre-injury psychiatric disorders* (yes vs. no)
Prior TBI (yes vs. no)

PTA

- Yes vs. no/unknown

- No vs. yes/unknown

LOC

- Yes vs. no/unknown

- No vs. yes/unknown

AUC

2.02 (1.11-3.68)
0.84 (0.76-0.93)
1.68 (0.70-4.07)
2.05 (1.14-3.68)
2.94 (1.71-5.08)

0.60 (0.16-2.23)
0.49 (0.12-1.98)

1.28 (0.46-3. 59)
0.92 (0.29-2.92)

0.74

1.79 (0.93-3.43)
0.87 (0.77-0.97)
1.32 (0.57-3.02)
3.24 (1.77-5.91)
2.08 (1.10-3.93)

1.15 (0.28-4.69)
0.77 (0.17-3.21)

0.75 (0.25-2.25)
0.48 (0.13-1.78)

0.76

147 (53%) patients are diagnosed with PCS according to this definition.
174 (27%) patients are diagnosed with PCS according to this definition.
* Includes anxiety, depression, sleeping disorders, and bipolar disorder.

PCS, post-concussive syndrome; TBI, traumatic brain injury; PTA, posttraumatic amnesia; LOC, loss of consciousness; AUC, area under the curve.

APPENDIX D: THE INFLUENCE OF ATTRITION ON THE ESTIMATION OF PREDICTORS

D1. DESCRIPTIONS OF THREE SCENARIOS OF ATTRITION

Mean score on Rivermead Post

Scenario N Concussion Questionnaire (SD)
Patients lost to follow-up not included 277 8.8 (10.0)
in the analyses (analyses in this paper)
Scenario 1: Patients lost to follow-up 476 6.6 (8.8)
have a relatively favorable outcome”
Scenario 2: Patients lost to follow-up 476 7.7 (9.0)
have an average outcome!
Scenario 3: Patients lost to follow-up 476 11.8 (10.4)

have a relatively unfavorable outcome!

199 patients lost to follow-up received a random score on the Rivermead Post Concussion Symptoms Questionnaire with a mean of 0.0 (25™ percentile

patients included at 6-month follow-up) and a standard deviation of 10.0 (standard deviation patients included at 6-month follow-up).

199 patients lost to follow-up received a random score on the Rivermead Post Concussion Symptoms Questionnaire with a mean of 5.0 (Median (50™

percentile) at 6-month follow-up) and a standard deviation of 10.0 (standard deviation patients included at 6-month follow-up).

#199 patients lost to follow-up received a random score on the Rivermead Post Concussion Symptoms Questionnaire with a mean of 15 (75" percentile

patients included at 6-month follow-up) and a standard deviation of 10.0 (standard deviation patients included at 6-month follow-up).
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Scenario 1: Scenario 2: Scenario 3:

Predictors Favorable outcome Average outcome Unfavorable outcome
Age (ly) 0.36 (p=0.11) 0.43 (p=0.06) 0.63 (p=0.02)
Gender (female vs. male) 1.10 (p=0.22) 1.24 (p=0.18) 1.21 (p=0.27)
Years of education (/y) -0.27 (p=0.05) -0.36 (p=0.01) -0.76 (p<0.01)
Pre-injury seizures* (yes vs. no) 1.36 (p=0.31) 1.47 (p=0.29) -0.18 (p=0.91)
Pre-injury migraine and headache (yes vs. no) 3.40 (p=0.01) 3.28 (p=0.02) 1.11 (p=0.48)
Pre-injury psychiatric disorders** (yes vs. no) 2.99 (p<0.01) 2.65 (p<0.01) 2.56 (p=0.02)
Prior TBI (yes vs. no) 2.73 (p<0.01) 2.77 (p<0.01) 1.04 (p=0.30)
BAL

-High BAL vs. low/unmeasured -1.26 (p=0.32) -1.31 (p=0.31) -1.00 (p=0.51)
-Unmeasured BAL vs. high/low -1.37 (p=0.14) -1.51 (p=0.11) -1.14 (p=0.30)
GCS 13 or 14 vs GCS 15 -0.33 (p=0.72) -0.25 (p=0.79) 245 (p=0.03)
CT abnormalities*** (yes vs. no) -0.85 (p=0.35) -1.02 (p=0.27) -0.75 (p=0.49)
PTA

- Yes vs. no/unknown 1.90 (p=0.27) 2.16 (p=0.22) 4.66 (p=0.03)
- No vs. yes/unknown 1.07 (p=0.56) 1.35 (p=0.48) 3.18 (p=0.15)
LOC

- Yes vs. no/unknown -1.59 (p=0.33) -1.85 (p=0.27) -1.43 (p=0.47)
- No vs. yes/unknown -2.28 (p=0.21) -2.44 (p=0.19) -1.95 (p=0.37)
Extracranial AIS =3 in at least one body region (yes vs. no) —-0.18 (p=0.87) 0.14 (p=0.91) 2.12 (p=0.12)

*Includes seizures and epilepsy.

**Includes anxiety, depression, sleeping disorders and bipolar disorder.

***Includes epidural hematoma, subdural hematoma, subarachnoid hemorrhage, contusion, intracerebral hemorrhage, intraventricular hemorrhage,

diffuse axonal injury, brain swelling, midline shift, cistern compression, fourth ventricle shift, and third ventricle shift.

PCS, post-concussive syndrome; TBI, traumatic brain injury; BAL, blood alcohol level; GCS, Glasgow coma scale; CT, computed tomography; PTA,

posttraumatic amnesia; LOC, loss of consciousness; AIS, abbreviated injury score.





