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Abstract

Traumatic brain injury (TBI) is common and debilitating. Randomized trials of interventions for TBI ideally assess

effectiveness by using long-term functional neurological outcomes, but such outcomes are difficult to obtain and costly. If

there is little change between functional status at hospital discharge versus 6 months, then shorter-term outcomes may be

adequate for use in future clinical trials. Using data from a previously published multi-center, randomized, placebo-

controlled TBI clinical trial, we evaluated patterns of missing outcome data, changes in functional status between hospital

discharge and 6 months, and three prognostic models to predict long-term functional outcome from covariates available at

hospital discharge (functional measures, demographics, and injury characteristics). The Resuscitation Outcomes Con-

sortium Hypertonic Saline trial enrolled 1282 TBI patients, obtaining the primary outcome of 6-month Glasgow Outcome

Score Extended (GOSE) for 85% of patients, but missing the primary outcome for the remaining 15%. Patients with

missing outcomes had less-severe injuries, higher neurological function at discharge (GOSE), and shorter hospital stays

than patients whose GOSE was obtained. Of 1066 (83%) patients whose GOSE was obtained both at hospital discharge

and at 6-months, 71% of patients had the same dichotomized functional status (severe disability/death vs. moderate/no

disability) after 6 months as at discharge, 28% had an improved functional status, and 1% had worsened. Performance was

excellent (C-statistic between 0.88 and 0.91) for all three prognostic models and calibration adequate for two models

( p values, 0.22 and 0.85). Our results suggest that multiple imputation of the standard 6-month GOSE may be reasonable

in TBI research when the primary outcome cannot be obtained through other means.
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Introduction

Traumatic brain injury (TBI) is a significant cause of

death and disability in the United States. Each year, approxima-

tely 1.4 million U.S. residents are treated in emergency departments

(EDs) for TBI, whereas, on average, 52,000 die.1 Of those who survive,

the Centers for Disease Control and Prevention estimate that between

80,000 and 90,000 will suffer permanent disability, with annual U.S.

direct and indirect costs of $60 billion.2,3 Clinical trials in this area seek

to illuminate the effect of risk factors and treatments for this condition.
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Different outcome measures have been used to evaluate the ef-

fect of TBI on functional outcome. The Glasgow Outcome Scale

(GOS) and the more detailed Glasgow Outcome Scale Extended

(GOSE), often evaluated 6 months after severe TBI (sTBI), are

acknowledged to be the gold standard for assessment of functional

neurological outcome for clinical trials.3–5 However, there are

significant challenges in obtaining complete 6-month outcome data

in the TBI population, including loss to follow-up and the need for

caregivers to assist with data completion. Further, because of the

nature of sTBI, patients are often initially unable to provide consent

for themselves. Efforts to obtain long-term functional outcomes

and minimize missing data among patients with TBI are time-

consuming and expensive. Clinical trials studying early TBI in-

terventions under exception from informed consent regulations are

presumed to have even greater difficulty in obtaining long-term

outcomes as a result of factors, such as patient refusal for continued

participation and a broader patient population, that may be harder to

track over time. However, published literature quantifying these

factors in exception from informed consent studies is sparse. Sev-

eral large trials operating partially under exception from informed

consent have skirted these issues by excluding patients deemed

unlikely to be available for follow-up.6,7 Other trials operating

partially or fully under exception from informed consent that have

not made these restrictions have reported rates of missing long-term

functional outcomes up to 14%.8–12 In some cases, similar rates

have been noted in clinical trials of TBI conducted with consent

given by patients or family members before randomization.13

Among patients enrolled in the Resuscitation Outcomes Con-

sortium (ROC) Hypertonic Saline (HS) TBI trial conducted under

exception from informed consent, which was powered to detect a

7.5% absolute reduction in the incidence of poor outcomes (GOSE

£ 4),14 the primary outcome of 6-month GOSE score was missing in

15% of enrolled patients.15

In this study, we evaluated patterns of missing functional out-

come (6-month GOSE) data in a TBI study conducted under

exception from informed consent, assessed whether a shorter follow-

up period adequately represents 6-month functional outcome, and

developed a series of prognostic models for long-term neurological

outcomes based on variables available at the time of hospital dis-

charge. The resulting models are analyzed for model performance

and calibrated on a validation data set. We hypothesized that patient

characteristics available at hospital discharge would be highly

predictive of 6-month functional outcome and would support the

use of such models in future clinical trials among patients when

long-term outcome is missing.

Methods

Study design and setting

We performed a secondary analysis of data from a multi-center,
double-blind, randomized, placebo-controlled trial conducted by
ROC and administered under exception from informed consent.16

The study involved 13 regional clinical centers, 75 emergency
medical service (EMS) agencies, and 53 hospitals in the United
States and Canada. The trial, which was conducted between May
2006 and May 2009, tested the effect of out-of-hospital hypertonic
saline with or without dextran on 6-month functional outcome
(GOSE) after sTBI. Two cohorts of trauma patients, 1 with hypo-
volemic shock and 1 with TBI, were enrolled in the trial; this article
considers only the TBI cohort. Further details of the trial have been
described previously.15

Patients

Patients ‡ 15 years of age with blunt trauma and an out-of-
hospital Glasgow Coma Scale (GCS) score £ 8 were randomized to
receive hypertonic saline/dextran, hypertonic saline, or normal
saline in the out-of-hospital setting. The study was terminated after
exceeding prespecified futility boundaries, with 1282 enrolled pa-
tients with blunt trauma, a prehospital GCS score of £ 8, and
without hypovolemic shock.

Outcome

The primary outcome measure was 6-month GOSE, which we
considered to be the gold standard for functional neurological
outcome in this study. When possible, GOSE was collected di-
rectly from the patient by a structured phone interview. If the
patient was unable to participate, a family member or caregiver
was allowed to provide information. Mortality information was
used to supplement the GOSE outcome and was ascertained by
hospital records, phone follow-up, and public records. For this
analysis, we dichotomized functional outcome into two cate-
gories: 1) severe disability or death (GOSE £ 4) and 2) moderate
or no disability (GOSE ‡ 5).

Predictors

For prognostic models predicting 6-month GOSE, we consid-
ered nine standard patient variables that are easily acquired either at
enrollment or at hospital discharge (Table 1). Predictors included
age, sex, Injury Severity Score (ISS), maximum head Abbreviated
Injury Scale (AIS) score, discharge GOSE score, discharge Dis-
ability Rating Scale (DRS) score, length of hospital stay, number
of days alive out of intensive care unit (ICU) through day 28
(ICU-free days), and discharge disposition (death, home, inpatient

Table 1. Covariates Selected for Inclusion in Prognostic Models

Covariate Model 1 Model 2 Model 3

Age, years X
Discharge disposition
Discharge Disability Rating Scale (range, 0–30) X
Discharge Glasgow Outcome Scale Extended (range, 1–8) X X X
Length of hospital stay, days X X
Injury Severity Score (range, 0–75)
Maximum head Abbreviated Injury Severity score (range, 0–6)
Number of days alive out of ICU through day 28 X
Sex
C-statistic (95% bootstrap confidence interval) 0.882 (0.854, 0.907) 0.910 (0.883, 0.934) 0.912 (0.886, 0.937)
le Cessie–van Houwelingen p value 0.22 0.85 0.03

ICU, intensive care unit.
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Table 2. Patient and Injury Characteristics Based on the Primary Outcome Measure of 6-Month GOSE

Patients discharged alive (N = 948)

All patients
(N = 1282)

6-month GOSE observed
(N = 764)

6-month GOSE missing
(N = 184)

Covariate Mean (SD) Mean (SD) Mean (SD) p value

Age, years 39 (18.5) 36.2 (16.6) 34.2 (13.8) 0.091
Days alive out of hospital

(through day 28)
10.2 (11.1) 12.3 (10.5) 19.6 (9.8) < 0.001

Days alive out of intensive care unit
(through day 28)

15.5 (11.5) 19.8 (8.5) 24.3 (6.8) < 0.001

Length of hospital stay (days) 16.9 (25.7) 23.1 (28.7) 11.3 (19) < 0.001
Injury severity scale 26.1 (15.8) 25.1 (14.4) 15.5 (14.2) < 0.001
Discharge GOSE 3.3 (2.1) 3.9 (1.7) 5 (2.3) < 0.001
Discharge Disability Rating Score 13.3 (11.7) 7.5 (6.8) 5.9 (7.6) 0.022

N (%) N (%) N (%) p value

Sex
Male 976 (76.1) 582 (76.2) 153 (83.2) 0.049
Unknown/NA 2 (0.2) 0 (0) 0 (0)

Injury severity: head category
No injury 237 (18.5) 137 (17.9) 67 (36.4)
Minor 6 (0.5) 3 (0.4) 2 (1.1)
Moderate 114 (8.9) 86 (11.3) 24 (13)
Serious 161 (12.6) 120 (15.7) 29 (15.8)
Severe 275 (21.5) 199 (26) 30 (16.3)
Critical 452 (35.3) 207 (27.1) 31 (16.8)
Unsurvivable 5 (0.4) 0 (0) 0 (0)
Unknown/NA 32 (2.5) 12 (1.6) 1 (0.5) < 0.001

Marshall score, first head CT32

Diffuse Injury I (no visible pathology) 375 (29.3) 260 (34) 99 (53.8)
Diffuse Injury II 434 (33.9) 329 (43.1) 60 (32.6)
Diffuse Injury III (swelling) 151 (11.8) 77 (10.1) 9 (4.9)
Diffuse Injury IV (shift) 51 (4) 19 (2.5) 4 (2.2)
Evacuated mass lesion V 207 (16.1) 70 (9.2) 8 (4.3)
Nonevacuated mass lesion VI 16 (1.2) 5 (0.7) 0 (0)
Unknown/NA 48 (3.7) 4 (0.5) 4 (2.2) < 0.001

Discharge disposition
Death 317 (24.7) 0 (0) 0 (0)
Home 512 (39.9) 386 (50.5) 126 (68.5)
Inpatient rehabilitation 296 (23.1) 258 (33.8) 38 (20.7)
Skilled nursing facility 105 (8.2) 96 (12.6) 9 (4.9)
Left against medical advice 13 (1) 5 (0.7) 8 (4.3)
Other 39 (3) 19 (2.5) 3 (1.6) < 0.001

Discharge GOSE interview respondent
Patient only 251 (19.6) 209 (27.4) 42 (22.8)
Caregiver only 212 (16.5) 185 (24.2) 27 (14.7)
Patient and caregiver 246 (19.2) 231 (30.2) 15 (8.2)
Chart 179 (14) 122 (16) 57 (31)
Patient deceased 321 (25) 0 (0) 0 (0)
Unknown/NA 73 (5.7) 17 (2.2) 43 (23.4) < 0.001

6-month GOSE interview respondent
Patient only 399 (31.1) — —
Caregiver only 287 (22.4) — —
Patient and caregiver 55 (4.3) — —
Chart 0 (0) — —
Patient deceased 346 (27) — —
Unknown/NA 195 (15.2) — — NA

For continuous covariates, p values are from a two-sample t-test assuming unequal variances. For categorical covariates, p values are from Fisher’s
exact test.

GOSE, Glasgow Outcome Scale Extended; NA, not available; CT, computed tomography; SD, standard deviation.
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rehabilitation, skilled nursing facility, left against medical advice,
or other). Similar to the 6-month GOSE outcome, the discharge
GOSE score could be calculated from responses from the patient
alone, caregiver alone, patient and caregiver together, or from
hospital records. Length of hospital stay was defined as the time
from presentation to the ED until death or discharge from hospital
or ED. All covariates were modeled as continuous, except for sex
and discharge disposition, which were modeled as categorical
variables.

Statistical analysis

We used descriptive statistics to investigate potential differences
in relevant covariates between patients with and without missing
6-month GOSE among patients alive at the time of hospital dis-
charge. We also investigated the reasons for missing data and de-
scribed the number of attempts at contacting patients with missing
and nonmissing outcomes. Finally, to evaluate whether functional
status at hospital discharge adequately represents 6-month func-
tional outcome, we examined the concordance between patients’
discharge GOSE and 6-month GOSE.

Model development

Using patients with complete covariate and outcome informa-
tion, we investigated the ability of three logistic regression models
to predict 6-month severe disability or death (GOSE score £ 4).
Model 1 included discharge GOSE as the only covariate, whereas
model 2 included discharge GOSE and the length of hospital stay,
both thought to be clinically important predictors of long-term
functional outcome. Model 3 included multiple covariates selected
via exhaustive search using Akaike information criterion (AIC)
values from the nine predictors listed in Table 1. We randomly split
the sample 60%/40% into a training data set (used for model de-
velopment) and a validation data set (used to assess model per-
formance). Individuals without a 6-month GOSE outcome were
excluded from the primary analysis, but were included in a sensi-
tivity analysis to evaluate the effect of patients with missing values
on model development (described in detail below).

Because the DRS (an alternative measure of functional outcome)
has been suggested to be more sensitive to subtle changes in
functional status than the GOSE,17 we also investigated discharge
DRS as a better predictor of 6-month outcome than discharge GOSE

FIG. 1. Flow chart of missing outcomes in Resuscitation Outcomes Consortium Hypertonic Saline trial, Traumatic Brain Injured
(TBI) patients (N = 1282). Patients known to be dead are considered not to have missing outcomes, by definition. Percentages are of total
patients. GOSE, Glasgow Outcome Score Extended.
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in a sensitivity analysis. To assess this possibility, we replaced
discharge GOSE with discharge DRS in models 1 and 2. It was not
necessary to do a similar analysis for model 3, which already
included the potential to incorporate either discharge DRS and/or
discharge GOSE as predictors.

Model performance and validation

We evaluated the performance characteristics of each prognostic
model, including sensitivity and specificity, on a randomly selected
validation data set consisting of 40% of the TBI sample. Receiver
operating characteristic curves were plotted for the proposed
models and the C-statistic calculated to quantify discrimination
among models. For purposes of internal validation, we also in-
vestigated the calibration of each model, using the le Cessie–van
Houwelingen goodness-of-fit test.18 A calibration plot for each
model provided graphical support by plotting a Lowess smoother of
observed versus predicted probabilities.19

In a sensitivity analysis, we reanalyzed the data, including pa-
tients in the validation data set who had complete predictors but
missing outcomes. We assumed that, if their outcomes had been
ascertained, these patients would have had the same misclassifi-
cation rate as patients with the same discharge GOSE who had
complete outcomes. We assigned the stratum-specific error rate,
defined as the proportion of patients with complete outcomes in that
discharge GOSE stratum who were misclassified, to patients with
missing outcomes and reevaluated model performance. In a similar
analysis, we analyzed discharge disposition strata. Patients missing
6-month GOSE were excluded from the primary analysis; including
them by their expected misclassification rate provided a potentially
improved representation of model performance (e.g., if strata that
were harder to classify were more likely to be missing).

The GOSE interview focuses on the functional effect of the
injury on disability. However, patients may not have full insight
into their disability, particularly with respect to psychological
changes; conversely, ‘‘worrywart’’ caregivers may paint an exag-

gerated picture of the extent of disability.20 To quantify the effect of
interview respondent, we evaluated the prognostic models from the
primary analysis when an indicator that the patient was the re-
spondent was added as a predictor to each model. Finally, for
comparison of the models in the primary analysis with existing
prognostic models,21–24 we evaluated a CRASH-based model that
included as predictors age, prehospital GCS, first ED pupillary
reactivity, and Marshall score as well as a ‘‘known predictors’’
model that included age, prehospital GCS, first ED pupillary re-
activity, lowest ED hemoglobin, Marshall score, maximum head
AIS, and ISS as predictors.

All analyses were done using R for Windows (version 2.15.2).25

Results

The ROC TBI trial15 enrolled 1282 patients who met out-of-

hospital criteria for TBI (GCS £ 8) without evidence of shock and

formed the primary sample for analysis. Of the 1282 TBI patients,

321 (25.0%) died in hospital, 948 (73.9%) were discharged alive,

and 13 (1.0%) had an unknown discharge status. There were 893

(69.7%) patients with a head AIS ‡ 3, and 346 (27.0%) died within

6 months of injury. Of the 1205 patients with known GOSE at

hospital discharge (including in-hospital death), 985 (81.7%) had

discharge GOSE £ 4. Of the 1087 patients whose functional out-

come (including death) was assessable after 6 months, 628 (57.8%)

had GOSE £ 4. Secondary short-term outcomes of GOSE and DRS

on discharge were available in 94% and 93.8% (respectively) of all

patients.

There were particular patterns of missing data in this sample. Of

patients known to be discharged alive from the hospital (N = 948),

64 (6.8%) were missing discharge GOSE and 184 (19.4%) were

missing the primary functional outcome of 6-month GOSE. Among

these 948 patients, characteristics of patients missing 6-month

GOSE differed from those with observed 6-month GOSE (Table 2).

FIG. 2. Correspondence between discharge and 6-month Glasgow Outcome Scale Extended (GOSE) scores (N = 1066). Each line
shows 1 patient’s trajectory from discharge GOSE score to 6-month GOSE score, with darker lines indicating more common trajec-
tories. Analysis restricted to1066 patients who had both scores available; patients whose 6-month GOSE score was collected more than
300 days postinjury have been truncated to 300 days.
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Patients with missing outcomes were less likely to have had a

critical head injury as measured by head AIS ‡ 3 and more likely to

be discharged to home. Further, patients with missing outcomes

had less-severe injuries as measured by ISS, higher neurological

function at discharge (GOSE and DRS), more days alive out of

hospital and out of ICU through day 28, and shorter hospital stays

than those whose outcome was not missing.

We also investigated the causes of missing outcomes in the

sample (Fig. 1). Of the 1282 original patients, 321 (25.0%) were

known to have died in the hospital/ED within 180 days and another

11 (0.9%) were ascertained to be dead subsequent to hospital dis-

charge at the 1-month follow-up; these patients were not considered

to have missing outcomes. Nine hundred and fifty (74.1%) patients

were eligible to be contacted at the 6-month follow-up, with 195

(15.2%) missing 6-month GOSE. Of these, we ascertained that in

63 (32.3%) cases the patient/family/legally authorized representa-

tive actively refused consent, in 73 (37.4%) cases consent could not

otherwise be obtained, and in 59 (30.3%) cases consent was ob-

tained, but follow-up contact was unsuccessful. Among the 59

patients who were lost to follow-up, the median number of attempts

was 5 (interquartile range, 2–7); in 6 cases, the number of attempts

was not documented.

A priori, we anticipated discharge GOSE to be an important

predictor of 6-month GOSE. Figure 2 shows the relationship be-

tween a patient’s discharge GOSE and 6-month GOSE, with each

line representing the GOSE trajectory of 1 patient. Of the 1066

patients that had both scores available, 540 (50.7%) had the same

6-month GOSE score as at discharge, whereas 176 (16.5%) had

6-month scores that differed by 1 point from discharge GOSE.

Seven hundred and fifty-nine (71.2%) had the same dichotomized

GOSE scores (severe disability/death [GOSE £ 4] vs. moderate/no

disability [GOSE ‡ 5]) at 6 months as at discharge, 300 (28.1%)

had a functional status that improved, and 7 (0.7%) had a worse

functional status at 6 months than at hospital discharge.

We considered three models for predicting a patient’s 6-month

severe disability, as measured by GOSE £ 4. Model 1 included the

patient’s discharge GOSE, whereas model 2 added length of hos-

pital stay to this covariate. Model 3 included age, discharge GOSE,

discharge DRS, length of hospital stay, and number of days out of

the ICU through day 28 as predictors identified by exhaustive

search using AIC. All three models had good discriminative ability

when applied to the validation subset of 424 patients with complete

predictors and outcomes. Model 1 had a C-statistic of 0.882 (95%

bootstrap confidence interval [CI], 0.854, 0.907). Model 3 had the

highest discrimination with a C-statistic of 0.912 (CI, 0.886, 0.937),

whereas model 2 was similar with a C-statistic of 0.910 (CI, 0.883,

0.934). Models 2 and 3 were significantly different from model 1 in

terms of discriminative ability; there was no difference between

FIG. 3. Receiver operating characteristic curves for primary analysis, using validation data set (N = 424). Model 1: discharge Glasgow
Outcome Score Extended; model 2: model 1 plus length of hospital stay; model 3: model 2 plus age, discharge Disability Rating Scale,
and number of intensive care unit–free days.
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models 2 and 3 in this regard. Figure 3 shows the corresponding

receiver operating characteristic curve for each of the models, and

prediction equations for each model are given in Table 3.

Calibration of each model was assessed both graphically and

analytically. The le Cessie–van Houwelingen test was carried out to

determine the goodness of fit of the proposed models in the vali-

dation data set. Models 1, 2, and 3 had p values of 0.22, 0.85, and

0.03, respectively, indicating adequate agreement for models 1 and

2 and a lack of fit in the validation sample for Model 3. Figure 4

gives a graphical depiction of each model’s calibration using the

validation data set. As a sensitivity analysis, we explored the pos-

sibility that discharge DRS, instead of discharge GOSE, would be

most predictive of 6-month functional outcome. A model using

discharge DRS as the sole predictor of 6-month GOSE had a

C-statistic of 0.895 (95% bootstrap CI, 0.865, 0.922), whereas

adding a patient’s length of hospital stay increased the C-statistic to

0.905 (0.877, 0.930).

In practice, an investigator may prefer to summarize a model’s

performance by the number of patients misclassified at a given

threshold, depending on the relative cost of making a particular

kind of error. As an illustration, for model 2, setting the false-

positive rate at 5% (specificity of 95%) corresponded with a sen-

sitivity of 71.4%; using this rule in the validation set, 73 of 255

patients with 6-month GOSE £ 4 (poor functional outcome) and 8

of 169 with 6-month GOSE ‡ 5 (good functional outcome) would

be misclassified, for an overall misclassification rate of 81/424 =
19%. Likewise, setting the false-negative rate at 5% (sensitivity of

95%) corresponded with a specificity of 46.8% for model 2. Using

this rule in the validation set, 13 of 255 patients with 6-month

GOSE £ 4 and 90 of 169 with 6-month GOSE ‡ 5 would be mis-

classified, or an overall misclassification rate of 103/424 = 24%.

We performed a sensitivity analysis in which patients in the

validation data set with missing outcomes, but available predictors,

were reweighted by the error rate noted in that stratum of discharge

GOSE. After reweighting, the C-statistic for model 1 was 0.883, for

model 2 was 0.909, and for model 3 was 0.913. A similar analysis

that reweighted based on categories of discharge disposition for

model 3 saw similarly small differences (not shown). A sensitivity

analysis that accounted for the effect of GOSE respondent found no

difference in discriminatory ability from the corresponding models

in the primary analysis. A CRASH22-based prognostic model that

included age, prehospital GCS, first ED pupillary reactivity, and

Marshall score had a C-statistic of 0.805 in the validation sample;

an expanded model that included all available known predictors

(age, prehospital GCS, first ED pupillary reactivity, lowest ED

hemoglobin, Marshall score, head AIS, and ISS) had a C-statistic of

0.813 in the validation sample.

Discussion

In this study, we investigated several aspects of obtaining

functional outcome measures among patients with serious TBI

enrolled in an out-of-hospital interventional trauma trial conducted

under exception from informed consent. The characteristics of TBI

patients with and without missing functional outcome (GOSE) at

6 months differed, with those missing 6-month GOSE generally

being less severely injury (less-severe brain injuries, better functional

status at discharge, and shorter length of hospital stay). Comparing

functional status at hospital discharge versus 6 months postinjury

suggests that changes in mental function (mostly improvements)

continue after the initial hospitalization. Our findings also suggest

that patient characteristics, injury severity, and function at hospital

discharge can be used to accurately predict 6-month functional

status for patients with missing primary outcome data. Whereas

previous studies21–24 have investigated this topic, we selectively

considered predictors that would be routinely collected in a large-

scale clinical trial. We also explored the reasons for missing out-

comes and found that a majority were secondary to refusal or

inability to obtain consent and a smaller portion being truly lost to

follow-up.

Patients with TBI enrolled in a trauma trial with and without

measured GOSE obtained at 6 months postinjury appear to be in-

herently different. This finding is important for several reasons.

Assuming that all patients missing the 6-month functional outcome

have either ‘‘good’’ neurological function or ‘‘poor’’ neurological

function is likely to introduce bias to study findings. Simply ex-

cluding patients missing the primary outcome measure can also

introduce bias by skewing the analyzed sample to patients with

more-severe brain injuries and apparently worse functional out-

comes. Thus, the mechanism of missingness for functional outcome

was not ‘‘missing completely at random’’ (MCAR), where missing

values have no association with observed or unobserved values.

Though simplistic methods for handling missing data appear

flawed, our results demonstrate that patient information available at

or before hospital discharge adequately predicts 6-month GOSE.

These findings suggest that the mechanism of missingness is more

likely ‘‘missing at random’’ (MAR), whereby observed values can

be used to accurately impute missing outcomes. For illustration,

using only observed primary outcomes, we would estimate 58%

(628 of 1087) of patients to have an unfavorable 6-month outcome

(GOSE £ 4); when we supplement observed data by using model 2

to predict 6-month outcome for those missing this measurement, we

estimate only 54% of patients to have an unfavorable outcome. This

difference, though small, could have great impact on trials powered

to detect modest differences. Having either MCAR or MAR as the

mechanism of missingness is a key assumption in using such

methods as multiple imputation to handle missing values,26–29

thereby preserving study power and minimizing bias.

Although securing functional status for 100% of patients is ideal,

this is generally unrealistic, even under the best of circumstances.

Using standard clinical information available during a patient’s

hospital stay, we evaluated three prognostic models for a pa-

tient’s 6-month severe disability, which were all highly predictive

(C-statistic > 0.88) of 6-month GOSE. The two most parsimonious

models were adequately calibrated, whereas the lack of calibration

Table 3. Prognostic Model Equations for Predicting

Unfavorable 6-Month Functional Outcome

Prognostic
model

Equation for predicting P
(6-month GOSE £ 4)

Model 1 159 · ð0:198ÞGOSEDc

1þ 159 · ð0:198ÞGOSEDc

Model 2 123 · ð0:170ÞGOSEDc · ð1:03ÞHosptime

1þ 123 · ð0:170ÞGOSEDc · ð1:03ÞHosptime

Model 3 2:13 · 0:655GOSEDc · 1:02Hosptime · 1:15DRSDc · 0:944OoICU

1þ 2:13 · 0:655GOSEDc · 1:02Hosptime · 1:15DRSDc · 0:944OoICU

Coefficients are estimated using both training and validation sample.
GOSEDc, Glasgow Outcome Scale Extended score at discharge (0–8);

Hosptime, length of hospital stay (days); DRSDc = Disability Rating Scale
score at discharge (0–30); OoICU, number of days alive out of intensive
care unit through day 28.
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observed in the most complicated model could possibly have been a

result of overfitting. Balancing both model performance and fit,

model 2 (which included discharge GOSE and length of hospital

stay) appeared to be the best of the three prognostic models eval-

uated and may help guide future efforts to handle missing long-term

outcome data in TBI research. Using discharge DRS in place of

discharge GOSE as a predictor did not strongly affect the dis-

criminatory performance of the resulting models, whereas using a

combination of nonfunctional predictors had inferior discrimina-

tion, compared with the models from the primary analysis.

Although prognostic models involving discharge GOSE were

shown to be highly predictive of long-term functional outcome, our

findings suggest against using discharge GOSE in place of 6-month

GOSE as the primary clinical outcome. In our sample, just over half

of patients had the same GOSE at discharge as at 6 months. When

GOSE was categorized into standard good/bad neurological out-

comes, over one quarter of patients changed GOSE categories

(from bad to good) between hospital discharge and 6 months

postinjury. Whereas very few patients had worse functional out-

come in this time period, using discharge GOSE in place of

6-month GOSE appears not to be adequate by itself.

These results illustrate the importance of effective methods for

handling long-term follow-up data for patients with TBI and the

challenges inherent in emergency care research tracking long-term

functional outcomes. We recommend the multiple imputation

strategy demonstrated here as a way to minimize bias potentially

introduced by missing data. The prognostic models we devel-

oped had excellent performance in our data set, but we recom-

mend thoughtful calibration of these models for new applications.

We demonstrate that even among high-functioning research sites

FIG. 4. Calibration plot using validation data set (N = 424), for each prognostic model. Model 1: discharge GOSE; model 2: model 1
plus length of hospital stay; model 3: model 2 plus age, discharge Disability Rating Scale, and number of intensive care unit–free days.
C-H, le Cessie–van Houwelingen; GOSE, Glasgow Outcome Score Extended.
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participating in a large research network, there will be missing

outcome data for a portion of patients. Injury, demographic, and

outcome measures are typically easier to obtain during the hospital

stay, because once patients leave the hospital, they may be more

reluctant to continue participation in the trial or more difficult to

contact, even when consent is obtained. This reluctance to partic-

ipate or loss to follow-up appears more likely among patients with

less-severe injuries and less disability, thus skewing the sample and

likely distorting study findings if such patients are simply excluded.

An investigation into the causes of missing data in this trial found

that many patients had refused to consent to continued participation

in the trial or were so difficult to contact that consent or the outcome

of interest could not be obtained. In TBI trials not conducted under

exception from informed consent, it is possible that these patients

would have refused participation from the start, thereby reducing

the proportion of patients missing the primary outcome. Our find-

ings should provide insight and guidance to investigators pursuing

future interventional TBI trials and evaluating long-term functional

status as an outcome.

Limitations

For the prognostic models, we conducted a complete-case

analysis, which excluded patients with missing information for

6-month GOSE score or predictors. If missingness in 6-month GOSE

were related to factors that were not included in the prognostic

models we developed, then this approach could have introduced

bias. We addressed this potential limitation through a sensitivity

analysis including patients with missing 6-month GOSE in the

models, with qualitatively similar results. By including discharge

GOSE in all models considered here, our prognostic models were

considered to be valid, provided one agrees with the premise that

discharge GOSE adequately captures patient health, and missing-

ness does not depend on other factors; we believed both assump-

tions were reasonable. The GOSE asks respondents to compare

current and preinjury functionality; at hospital discharge, patients’

sense of their own social abilities and work abilities may not reflect

their true functionality in everyday life. This is an acknowledged

limitation of the GOSE and thus of our analysis, too.20 Also, al-

though the dichotomization of 6-month GOSE into favorable/

unfavorable outcomes is common in the TBI literature, a dichoto-

mized outcome cannot capture the full trajectory of recovery after

TBI. Smaller changes in GOSE score from hospital discharge to

6 months may still have large effects on patients’ daily lives; our

analysis does not attempt to describe these smaller changes. Fi-

nally, although our prognostic models had excellent discrimination

in this data set under the assumptions described above, the pre-

diction equations used here would not be valid for a population that

had a different relationship between discharge and 6-month GOSE.

We believe the multiple imputation strategy itself to be exportable,

but researchers are advised to develop imputation models appro-

priate to the situation at hand.

Conclusions

In the context of an out-of-hospital trauma trial conducted under

exception from informed consent, we demonstrate that TBI patients

with and without measured 6-month GOSE are inherently different.

Prognostic models built from information obtained during hospital-

ization appear highly predictive of 6-month GOSE, and the multiple

imputation strategy may be reasonable for 6-month functional

status when it cannot otherwise be obtained. Using such models

(e.g., through multiple imputation) appears less biased than alter-

native methods for handling missing outcomes. A shorter duration

of follow-up appears inadequate in representing long-term func-

tional outcome after TBI, underestimating the improvements that

patients may see after hospital discharge. Whereas minimizing

missing data wherever possible is critically important, especially in

trials designed to detect modest treatment effects,30,31 our findings

provide guidance for clinical trial design and handling missing

outcome data in future TBI studies.
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