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Predicting Outcome after Traumatic Brain Injury:
Development of Prognostic Scores Based
on the IMPACT and the APACHE I
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Abstract

Prediction models are important tools for heterogeneity adjustment in clinical trials and for the evaluation of quality of
delivered care to patients with traumatic brain injury (TBI). We sought to improve the predictive performance of the
IMPACT (International Mission for Prognosis and Analysis of Clinical Trials) prognostic model by combining it with the
APACHE 1I (Acute Physiology and Chronic Health Evaluation II) for 6-month outcome prediction in patients with TBI
treated in the intensive care unit. A total of 890 patients with TBI admitted to a large urban level 1 trauma center in 2009—
2012 comprised the study population. The IMPACT and the APACHE II scores were combined using binary logistic
regression. A randomized, split-sample technique with secondary bootstrapping was used for model development and
internal validation. Model performance was assessed by discrimination (by area under the curve [AUC]), calibration,
precision, and net reclassification improvement (NRI). Overall 6-month mortality was 22% and unfavorable neurological
outcome 47%. The predictive power of the new combined IMPACT-APACHE II models was significantly superior,
compared to the original IMPACT models (AUC, 0.81-0.82 vs. 0.84-0.85; p <0.05) for 6-month mortality prediction, but
not for unfavorable outcome prediction (AUC, 0.81-0.82 vs. 0.83; p>0.05). However, NRI showed a significant im-
provement in risk stratification of patients with unfavorable outcome by the IMPACT-APACHE II models, compared to
the original models (NRI, 5.4-23.2%; p <0.05). Internal validation using split-sample and resample bootstrap techniques
yielded equivalent results, indicating low grade of overestimation. Our findings show that by combining the APACHE II
with the IMPACT, improved 6-month outcome predictive performance is achieved. This may be applicable for hetero-
geneity adjustment in forthcoming TBI studies.
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Introduction diac and noncardiac surgery.® It has been suggested that by using

newly developed robust prediction models in TBI, similar im-

TRAUMATIC BRAIN INJURY (TBI) is one of the leading causes
of morbidity and mortality in the world, and no major im-
provements in prognosis has been noted in recent decades.'?
Clinical trials are hard to conduct in TBI because of broad disorder
heterogeneity and patient case mix, thus numerous trials have failed
to show any improvements in patient outcome.> Further, because of
the broad heterogeneity of TBI, clinical trials require large study
populations, often from multiple centers. This creates further
challenges, because one should now standardize for differences in
quality of care provided by the participating institutions.* Bench-
marking, by comparing the predicted and observed outcome, is an
important tool for trauma health care quality evaluation.’ Such
benchmarking has been shown to reduce mortality rates after car-

provements in quality of care and outcome could be achieved.”
Patients with TBI differ substantially in terms of prognosis from
other critically ill patients, and several prognostic models specifi-
cally aimed for TBI have been developed.®® The most robust and
clinical applicable is the IMPACT (International Mission for
Prognosis and Analysis of Clinical Trials) model, which uses ad-
mission characteristics to predict risk of 6-month outcome.”"'°
However, the IMPACT model is fairly new (introduced in 2008)
and not as well established in centers around the world as the
“traditional” intensive care unit (ICU) scoring systems, such as the
APACHE II (Acute Physiology and Chronic Health Evaluation II).""
The APACHE II (introduced in 1985) is the updated version of the
original APACHE (introduced in 1981) and currently one of the
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world’s most widely used ICU scoring systems.'? In contrast to the
IMPACT, the APACHE II does not consider admission character-
istics, but instead uses 12 physiological variables measured in the
first 24 h in the ICU."'

The IMPACT has been used for baseline risk adjustment in clinical
trials in TBI (e.g., the Dexanabinol trial'®), whereas the APACHE Il is
a common tool to adjust for differences in early intensive care and
illness of severity in patients treated in the ICU.'*'> We recently
found satisfactory performance of the APACHE II for predicting 6-
month mortality in patients with TBI treated in the ICU.'® This im-
plies that the APACHE II could be used for case-mix adjustment in
TBI, as it has in other critically ill patients.

The aim of the present study was to create a new set of prediction
models for patients with TBI treated in the ICU. We hypothesized
that by combining the IMPACT, as an estimate of the severity of
TBI, and the APACHE I, as an estimate of general illness severity,
improved long-term outcome prediction would be achieved.

Methods
Patients and data collection

The ethics committee of Helsinki University Hospital (Helsinki,
Finland) approved the study and waived the need for informed
consent. The study population constituted of patients with moderate-
to-severe TBI (admission Glasgow Coma Scale [GCS] 3-12) or
complicated mild TBI (mTBI; admission GCS 13-15) treated in the
ICU of one of the largest level 1 trauma centers in Scandinavia
(Tooldo Hospital, Helsinki University Hospital, catchment area
population approximately 2 million) during a 4-year period (Jan-
uary 2009-December 2012). Definition of TBI was an S06.1-S06.9
ICD-10 (International Statistical Classification of Diseases and
Related Health Problems, 10th Edition) diagnosis, caused by an
external force.!” Patients with a history of head trauma, but no
intracranial pathological findings (by computed tomography [CT]
imaging) during the hospital stay, and those with subacute head
injuries (>24h) were not considered. Further exclusion criteria
were age < 16 years, penetrating head injury, dead on arrival, and
death before CT imaging and/or ICU admission.'*!!

Admission characteristics were assessed by an emergency de-
partment physician and were retrieved from subsequent electronic
records. Patient head CT scans were retrospectively classified by a
radiologist-neurosurgeon (R.K.) according to the Marshall and
Rotterdam CT classification systems.'®'® The APACHE 11 vari-
ables were extracted from the ICU software (PICIS, Anesthesia
Manager®) by 5-minute intervals to pinpoint the worst physiolog—
ical and laboratory values measured in the first 24 h in the ICU."!
Treatment standards in the hospital followed the Brain Trauma
Foundation guidelines.>®

Outcome was 6-month mortality and neurological outcome.
Non-Finnish citizens were excluded from the study, because they
are not routinely followed up. Data on mortality were retrieved
from the Finnish population register center (available for 100% of
Finnish patients). Neurological outcome was determined based on
outpatient clinic follow-ups by a neurosurgeon or neurologist 6
months from injury according to the Glasgow Outcome Scale
(GOS), independently by two authors (R.R., J.S.), and dichoto-
mized to unfavorable (GOS 1-3: death, vegetative state, or severe
disability) and favorable (GOS 4-5: moderate disability and good
recovery) outcome.>' GOS assessment agreement was good, with a
kappa of 0.90 (95% confidence interval [CI], 0.86-0.95); dis-
crepancies were resolved by verbal discussion.

Prediction models

The IMPACT and APACHE 1II scores were calculated using the
original methods.'™'" The APACHE 1 is based upon 12 physio-
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logical variables (the most abnormal value measured in the first
24 h in the ICU), age, and chronic health status, giving a single
score of 0-71. The IMPACT consists of three different models with
increasing complexity (core, extended, and lab). The simplest
IMPACT core consists of only age, motor score, and pupillary light
reactivity and gives a single maximum score of 15. Addition of CT
(epidural hematoma, traumatic subarachnoid hemorrhage, and
Marshall CT classification) and secondary insult (hypoxia and
hypotension) variables results in the IMPACT extended (maximal
score, 22), and further addition of glucose and hemoglobin con-
centrations gives the IMPACT lab (maximum score, 29). None of
the variables from the IMPACT and APACHE II overlap because
they are measured on two separate occasions (measured on ad-
mission for IMPACT and measured during the first 24 h in the ICU
for APACHE II).

For the development and internal validation of the new models, a
split-sample technique, where the study population was randomly
divided into a development and validation cohort, was used to
mimic randomization.?> Three new models were created using lo-
gistic regression: 1) the IMPACTcore—-APAHCE 1II; 2) the
IMPACText—-APACHE II; and 3) the IMPACTlab—APACHE II.
Each model was designed for 6-month mortality and unfavorable
neurological outcome prediction using the following equation:
1/(1+e7°2"), where each model has its own defined logit. To val-
idate our results, secondary internal validation, using a resample
bootstrap technique, was performed.”® The equations of the new
prediction models and the bootstrapped coefficients are found in the
Supplementary Equations (see online supplementary material at
http://www liebertpub.com).

Statistical analyses

Categorical data are presented as n (%) and continuous data as
median (interquartile range; IQR), unless otherwise mentioned.
Differences between patients with good and poor outcome and be-
tween the validation and development cohort were tested using the
chi-square (7% two-tailed) test for categorical variables. Con-
tinuous data were tested for skewness and appropriate statistical
test chosen accordingly for univariate analyses: the Mann-
Whitney’s U test for skewed data and the Student’s #-test for
normal distributed data.

The performance of the models was evaluated by assessing
discrimination (by area under the receiver operator characteristic
curve [AUC]), calibration (by GiViTI [Gruppo Italiano per la Va-
lutazione degli Interventi in Terapia Intensiva, or Italian Group for
the Evaluation of Interventions in Intensive Care Medicine] cali-
bration belt and the Hosmer-Lemeshow C-test [H-L]), and preci-
sion (Brier scom).24

Discrimination refers to the model’s ability to distinguish pa-
tients with good and poor outcome and is measured by the AUC.
The AUC ranges from 0.5 (worst) to 1.0 (perfect). Generally,
AUCs >0.90 are considered excellent, >0.80 good, >0.70 satis-
factory, and <0.70 poor.> The AUC of the new models were
compared to the original models using the Venkatraman test.® We
also compared the performance of the new models to the original
models by the continuous net reclassification improvement (NRI)
test.”” The NRI calculates the proportion of patients with outcome
correctly assigned a higher probability and patients without out-
come correctly assigned a lower probability by the new model,
compared to the original model.

Calibration refers to the model’s ability to differ between good
and poor outcome over the whole risk spectrum. The calibration is
classically measured using the H-L (also called the goodness-of-fit
test). The H-L test divides the patients into equal-sized deciles
(compared to the H test, which divides patients into deciles based
on risk rather than group size), for which it calculates a 7> between
the observed and predicted risk.>® p values over 0.05 indicate no
statistical difference between the predicted and observed risk and
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the calibration is considered good, whereas p values under 0.05
indicate a significant difference between predicted and observed
risk and the model is consequently considered to be poorly cali-
brated.® However, the H-L test is largely sample-size dependent
and has been criticized.?® To meet the critique of the H-L test, the
GiViTI calibration belt was developed.®® The GiViTI test calcu-
lates the relationship between the observed and predicted risks by
fitting a polynomial function between the two and calculates the
80% CI (light gray area) and 95% CI (dark gray area). The diagonal
bisector line indicates perfect calibration, and a statistically sig-
nificant deviation between the predicted and observed outcome
(i.e., poor calibration) occurs when the 95% Cls do not encompass
the bisector line. This makes it possible to visually identify risk
intervals of model over- and underprediction.

Precision is an overall performance indicator, and measured by
the Brier score is the average of the sum of the squared difference
between observed and predicted risk.>' The Brier score ranges from
0.0 (perfect) to 0.25 (worst), with a 50% incidence of the outcome.
When the outcome incidence is lower, the worst Brier score is
lower. Accordingly, we performed the scaled Brier test calculating
specific cut-off points for our data.

SPSS (version 21.0; IBM Corp., Armonk, NY), R (A Language
and Environment for Statistical Computing; R-Foundation for
Statistical Computing, Vienna, Austria), and Analyze-it for Mi-
crosoft Excel (version 3.5; Microsoft Corporation, Redmond, WA)
were used for the statistical analyses. The Predict ABEL library and
was used for the H-L and NRI tests, the GiViTI library for the

calibration belts, and the pROC library for the Venkatraman
test, 30:32.33
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Results

In total, 1000 patients presenting with intracranial injury re-
quiring admission to the ICU were screened, of which 890 met the
study inclusion criteria (Fig. 1). Overall 6-month mortality was
23% (n=206 of 895), and 48% (n=99 of 206) died within 14 days
of injury. A total of 48 patients were lost to follow-up, that is, their
GOS could not be assessed (development cohort, n=24; validation
cohort, n=24). Thus, 47% (n=394 of 842) of patients had unfa-
vorable neurological outcome (GOS 1-3) 6 months from injury.

Patient median age was 58 years (IQR, 44-68), median Rotter-
dam CT score was 3 (IQR, 3—4), and 35% of patients underwent
immediate mass lesion evacuation. Of all patients, 34% had a
hospital admission GCS of 13-15 and 66% a hospital admission
GCS of 3-12. Median Rotterdam score for patients with admission
GCS 13-15 was 3 (IQR, 2-3), compared to 4 (IQR, 3-5), for those
with an admission GCS of 3-12 (p<0.001). Of patients with an
admission GCS of 13-15, 24% (n=71 of 301) underwent acute
mass lesion evacuation after admission, compared to 41% (n=239
of 589) of those with an admission GCS of 3-12 (p<0.001).

There were some significant (p<0.05) differences in baseline
characteristics between patients with good and poor outcome: Pa-
tients with poor outcome were younger, more often immunocom-
promised, had lower admission GCS, motor score, hemoglobin
concentrations, platelet count and base excess, suffered more fre-
quently from more hypoxia, had higher admission glucose con-
centrations, INR, and Rotterdam CT score, and fewer epidural

Patients with traumatic brain injury (ICD S06.1-9)
treated in the intensive care unit of Helsinki
University Hospital during 2009-2012, n = 1000

Excluded if:
Foreigner, n = 11
Age <16 years, n = 53
Penetrating head injury, n = 33
Missing baseline data,n = 13

Study population, n = 890

Randomization

-~

Developement cohort, n = 445
(missing GOS, n = 24)

FIG. 1.

o~

Validation cohort, n = 445
(missing GOS, n = 24)

Study population. ICD, International Statistical Classification of Diseases; GOS, Glasgow Outcome Scale.



(panu1juod)

100°0>

100°0>

100°0>
£33 40
100°0>
100°0>
100°0>
100°0
€990

100°0>

100°0>
100°0>
100°0>
100°0>

100°0>

100°0>

€00
6120
L1680
WIVL0
29ST0

100°0>

(8¢) 6¥1
(Y) 981
(S1) 65

(TL) $8T
(8) €¢

(61) ¥L
(Dt

€1-0'D I'1
(6'0-Lv) 81~
(8TT-6T1) 1LI

(Ter-80D 6'11

(€67€9) 9L

(61) 9L
(L 9z
¥2) S6
0D 9
(09) seT

D+
o1-9) L
O ¢
@19 L

(€€) 621
(L1) 89
0S) L61

(02) 8L
(T0) 88
(89) 8zT

(9 81
(94
(@8
(XS
@9

(TL—S) €9

(T s
(6S) 99¢
(62) 0¢1

(6%) 02T
(L) z¢
(I¥) +81
(©) 1

(I'1-0'D 0’1
(S0t S'1-
(TrT-Lr1) 861

(€YI=L'TD 0°¢1

(#'8-09) 0L

(1 ey
(L) €€
(© Ty
W 1€

(88) €6¢

O ¢
(€1-9) 11
9-99
#1-8) T1

1) 9%
(T1) S§
(8L) L¥E

(Sv) 20T
(SO 111
(0¢) se1

@6
0
(Do
(¥
0t

(€9-69) 16

100°0>

100°0>

100°0>
LT10°0
€000
100°0>
100°0>
100°0
8L0

100°0>

100°0>
100°0>
100°0>
100°0>

100°0>

100°0>

2000
010
»S0T°0
»SOL0
296€°0

100°0>

() ¥6
(Iy) +8
(#1) 8¢

(6L) 291
(6) 81

(1) 9t
(OX0)

€100 11
(S0TS) v
(T€T-911) ¥91

(6CI—+0D 911

(689 1'8

(T0) sv

(L) st
(9¢) sL
(L1) s¢
(L) 96

(S P
(6-¢) v
(D v
(11-9) 9

(zy) LS
(81) L€
(ov) 8

(¥1) 82
00 T
(99) 9¢1

9 €1
(M1
(€9
@ ¢
@ ¢

(€L-99) S9

CIoNA8
(89) go¢
(90) 8L1

(s9) 1L€
(L) 6%
(9¢) 6¥T
(D) s1

@10D 1T
Lo-1v) v'1—
(9¢z—tv1) 61

(I'y1-611) 81

(6809 0'L

(€1) 98
(L) 9%
(L) sy

oD L9

(€8) TLS

O ¢
(T1-L) 01
O ¢
Wi-L 1

#1) €6
(€1) 68
(¢L) T0s

(ov) €LT
(§2) 891
(Se) €vT

@ 1
01
(D8
(ML
ms

(S9-1+) SS

(€2) 902
(¥S) 8LV
(€2) 902

(09) €£$
(8) L9
(0¢) SLT
(D) s1

@1-0D 1T
Q0+ 91—
(S€T—9¢1) L81
(8¢I-1'1D) S°CI
(88-19) ¢'L
(S 1€1

L) 19

1) 0T1

(TD o1
(#L) 899

90 ¢
Ti-ve6
O ¢
(€1-9) 01

(02) 081
1) 921
(99) #8¢

(€€) 10€
#2001t
(ev) 6LE

(¢) 8¢
(VK4
(@ 1
(1) o1
(s

(89—t1) 8S

9—¢
¢
!
1D wepI1anoy
TINAN/TINA
AT 1A
II1d
11d
LD [Teysie]N
AUNI
(TJ/1ow) $sa0X9 aseyq
(,01) unod 19[Ne[]
("Ip/3) urqoSoway
(T/row) 2s0on[0)
erxodAH
uorsuajodA
JOBAI QUON
$10BAI QUQ)
joBal pOg
spidng
(MOI) ueIpaw ‘9109s I10J0W Y- ISIOA
(JOI) ueIpaw ‘SHH Y- 1SIOM
(YOI) ueIpaw ‘2109S I0JOW UOISSIWPY
(JO1) uerpawr ‘§HH UOISSIWPY
UOISUQ)XJ/QUON
UOIXQp [BUWLIOUQE/[BWION
S9ZI[820[/SA9q0
QI100$ I0JOW UOISSIWPY

SI—¢l
(45
8¢
SOD uoIssIupy
uorssarddnsounuwruy
[euoy
onedoy
K1o1eardsoy
IR[NOSBAOIPIE))
K)IpIqQIOWOd JTUOIYD)
EraY
SOT)STIQJORIBYD UI[Aseg

onpad (pee=u) auwoomo a|qnioanfuy) (9pp=u) u0mo 2|qnioavg anwa d (9oz=u) si0a10nsUoN ($§9=u) si0a1aing (g8 =u) spuaynd j1y

q

2UL0IINO NGD.N%QNQkSNS yjuouw-x1g

Kippriowt ypuou-x1g

21qVLIDA

SOILLSTIALOVIVH)) NOILVINdOd AdNLS °[ 94714V ],

1724



*93eyLIOWAY prouyorIeqns ‘HYS AInluf urerg onewnel], ur s[eLL], [eJIUI]D) JO SISA[euy pue sisousoid Ioj
UOISSIJA] [RUONRUINU] ‘ [DVJIAT ‘0URI PIZI[BULIOU [BUOTRWIIUI “YN] 9[dS ewo) mogse[n) ‘SO0 Amfur osngip ‘[ ‘AyderSowo) pazuandwos ‘1) ] uoneneaq y3eoy omuoxn]) pue £30[01sAyd anoy ‘[T HHOVIVY

159) 108X § JOYISIA,

*9W00IN0 [BI130[0INAU J[GRIOARJUN PUB J[QRIOAR] YIUOW-Q UIIMIdY

‘siuaned 7 Jo [eI0L,

‘SIOAIAINSUOU PUB SIOAIAINS JUOW-9 U39MI9,
"(9) u se payuasald eiep [eorI0521ed ‘(YOI) UBIpow st pojuasard vlep snonunuo))

100°0>
100°0>
100°0>
100°0>

SLLO
€000

100°0
0100
100°0>

(001) ¥6€
(Z$) 90T
(S2) 66

(S+00) 1€

(28—8¢) LS
(S8-9t) 65
(Ss-61) 6T

(L1-©) 8
(LD €

(1) 291
(9) evt
(©) 61

o0
© 0
o

(S2-6) S1

(#7-81) T¢
(€5-LD) 6¢
($7—21) S1

(€1-9) 8
Dt

(1) LgT
(€9) LeT
(S1) L9

100°0>
100°0>
100°0>
100°0>

100°0>
elreo

L000
181°0
€000

(001) 90T
(001) 90T
(8%) 66

(Ts—80) L¢

(99-92) 9t
($L-82) 6%
(89—+2) 8t

#1-0) 9
(S Pl

(cv) 88
(19) sz1
(9 o1

(0€) 881
00
00

(8z—CD) 81

9z-11) 61
(Fe-2D) 61
(Fz—cn) 61

(§1-9) 8
(Clid

(€e) TTe
(S9) 6LE
(T1) z8

(L¥) v6€
(€2) 902
(I1) 66

(re—ch) e

(Se—€1) TT
(I-S1) €2
(Se=S1) ¥

() 8
0D

(§) 01¢€
(L8) +0S
(1) 26

(PWONNO J[GRIOABIUN YIUOW-Q
AeiIow yuouwr-9
KAypeyowr Aep-41
QUIOINO PIAIISGQ
II HHOVdV
[opouwr qe]
[opow papudXy
[opow 210D
LOVJINI
[yeop JO NSLI pajdIpald
rendsoy
NnoI
(sAep) Aeis Jo Y3uay
UONBNOBAD UOISI[ SSBW N0y

HVS onewnely,
rwojewy rempidg

)

anpa d (p6€=Uu) U010 2]qDI0ADfUN) (SFF=U) JUIOIINO 2]qDLOAD,]

e

q

UL0IINO NGDN%QNQkSNt Yyyuoui-x1g

anppa d  (9oz=u) sioaraunsuop ($99=u) sioa1ans (g8 =u) sjuaiod 1y

Kippriow ypuour-x1g

21qVLIDA

(QENANLLNOD) '] ATAV],

1725



1726 RAJ ET AL.
TABLE 2. DEVELOPMENT AND VALIDATION COHORT CHARACTERISTICS
Variable All (n=890) Development (n=445) Validation (n=445) p value
Prediction model scores
IMPACT core sumscore 5 (3-7) 5 (3-7) 5 (3-7) 0.921
IMPACT extended sumscore 7 (5-10) 7 (5-10) 7 (5-11) 0.998
IMPACT lab sumscore 10 (7-13) 10 (7-13) 9 (7-13) 0.932
APACHE 1I total score 19 (14-23) 18 (14-23) 19 (14-23) 0.287
APS subscore 15 (11-20) 15 (11-19) 15 (12-20) 0.285
Chronic health subscore 0 (0-0) 0 (0-0) 0 (0-0) 0.999
Age subscore 3 (0-5) 3 (0-5) 3 (2-5) 0.346
GCS subscore 6 (3-11) 6 (3-11) 6 (3-11) 0.722
Outcome
14-day mortality 99 (11) 49 (11) 50 (11) 0.915
1-month mortality 137 (15) 63 (14) 74 (17) 0.307
3-month mortality 178 (20) 84 (19) 94 (21) 0.402
6-month mortality 206 (23) 98 (22) 108 (24) 0.427
6-month unfavorable outcome™® 394 (47) 191 (45) 203 (48) 0.407

Continuous data presented as median (IQR), categorical data presented as n (%).

*Total of 842 patients: 421 in the development and 421 in the validation cohort.

®Unfavorable outcome defined as GCS 1 (dead), 2 (vegetative state), and 3 (severe disability).

APACHE 1I, Acute Physiology and Chronic Health Evaluation II; APS, Acute Physiology Score; GCS, Glasgow Coma Scale; IMPACT, International
Mission for Prognosis and Analysis of Clinical Trials in Traumatic Brain Injury.

hematomas (Table 1). Further, nonsurvivors had a shorter hospital
length of stay (LOS), compared to survivors (p<0.001), and pa-
tients with unfavorable neurological outcome had longer ICU LOS,
compared to patients with favorable outcome (p=0.002).

After randomization, a total of 445 patients (50%) were allo-
cated to the development cohort and 445 (50%) to the validation

cohort. There were 24 patients with missing GOS in the respective
cohort, leaving a total of 842 (development, 421; validation, 421)
for the development and validation for the neurological outcome
prediction models. There were no significant differences in IM-
PACT or APACHE II score variables between the development and
validation cohorts (Table 2).

TABLE 3. PREDICTION MODEL PERFORMANCE FOR 6-MONTH MORTALITY

Discrimination Calibration Precision
Prediction model AUC (95% CI) H-L p value Brier score
All patients (n=2890)
APACHE IT* 0.80 (0.77-0.84) 0.099 0.139
IMPACT core® 0.80 (0.77-0.83) <0.001 0.140
IMPACT extended® 0.80 (0.77-0.83) <0.001 0.144
IMPACT lab* 0.81 (0.78-0.84) 0.054 0.136
Development sample (n=450)
APACHE II* 0.80 (0.75-0.84) 0.364 0.137
IMAPCT core® 0.78 (0.73-0.84) 0.030 0.137
IMPACT extended® 0.79 (0.74-0.84) 0.001 0.143
IMPACT lab* 0.80 (0.76-0.85) 0.103 0.133
IMPACTcore-APACHE 11 0.84 (0.79-0.88) 0.915 0.117
IMPACText-APACHE 11 0.84 (0.79-0.88) 0.366 0.119
IMPACTIlab-APACHE II 0.84 (0.80-0.88) 0.727 0.119
Validation sample (n=450)
APACHE II* 0.81 (0.76-0.86) 0.315 0.142
IMAPCT core® 0.81 (0.77-0.86) 0.063 0.143
IMPACT extended® 0.81 (0.76-0.86) 0.026 0.144
IMPACT lab* 0.82 (0.77-0.86) 0.441 0.138
IMPACTcore-APACHE 11 0.84 (0.80-0.89) 0.690 0.125
IMPACText-APACHE 11 0.84 (0.80-0.89) 0.515 0.123
IMPACTIlab-APACHE 11 0.85 (0.81-0.89) 0.198 0.123

The predicted risk of 6-month mortality using the new models can be calculated by the equation: 1/(1+e

logitivpacTeore-aPAcHE 1= — 0.004+0.234 * IMPACTcore sumscore+0.160 * APACHE II score
logitivpacTexe-apacHE 1= —6.265+0.193 * IMPACText sumscore+0.158 * APACHE II score
logitivpacTiab-apacHE 1= —6.51640.187 * IMPACTIlab sumscore+0.149 * APACHE II score

*Original models.

-logit

), where the logit is defined as:

AUC, area under the curve; CI, confidence interval; H-L, Hosmer-Lemeshow C-test (goodness of fit); APACHE, Acute Physiology and Chronic Health
Evaluation; IMPACT, International Mission for Prognosis and Analysis of Clinical Trials in TBI.
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TABLE 4. PREDICTION MODEL PERFORMANCE FOR 6-MONTH UNFAVORABLE NEUROLOGICAL OUTCOME
Discrimination Calibration Precision
Prediction model AUC (95% CI) H-L p value Brier score
All patients (n=2842)
APACHE IT* 0.76 (0.73-0.79) <0.001 0.248
IMPACT core® 0.78 (0.75-0.81) <0.001 0.193
IMPACT extended® 0.79 (0.76-0.82) 0.006 0.190
IMPACT lab* 0.79 (0.76-0.82) 0.078 0.188
Development sample (n=421)
APACHE II* 0.74 (0.69-0.79) <0.001 0.250
IMAPCT core® 0.75 (0.71-0.79) <0.001 0.234
IMPACT extended® 0.76 (0.72-0.80) 0.008 0.202
IMPACT lab?* 0.76 (0.72-0.81) 0.008 0.199
IMPACTcore-APACHE 11 0.78 (0.74-0.82) 0.283 0.190
IMPACText-APACHE 11 0.79 (0.74-0.83) 0.327 0.188
IMPACTlab-APACHE 11 0.79 (0.74-0.83) 0.318 0.188
Validation sample (n=421)
APACHE II* 0.78 (0.74-0.82) <0.001 0.245
IMAPCT core® 0.81 (0.77-0.85) <0.001 0.227
IMPACT extended® 0.82 (0.78-0.85) 0.221 0.177
IMPACT lab* 0.82 (0.78-0.86) 0.712 0.177
IMPACTcore-APACHE II 0.83 (0.79-0.87) 0.476 0.170
IMPACText-APACHE 11 0.83 (0.80-0.87) 0.037 0.167
IMPACTIab-APACHE 11 0.83 (0.80-0.87) 0.439 0.168

The predicted risk of six-month unfavorable outcome using the new models can be calculated by the equation: 1/(1+e

o2ty “\where the logit is defined as:

logitivpacTeore-aPacHE 1= — 3.36340.198 * IMPACTcore sumscore+0.113 * APACHE II score
logitivpacText-apacHe n= —3.551+0.175 * IMPACText sumscore+0.105 * APACHE II score
logitivpacTiab-apacHE 1= —3.732+0.162 * IMPACTIlab sumscore+0.099 * APACHE II score

“Original models.

AUC, area under the curve; CI, confidence intervals; H-L, Hosmer-Lemeshow C-test (goodness of fit); APACHE, Acute Physiology and Chronic
Health Evaluation; IMPACT, International Mission for Prognosis and Analysis of Clinical Trials in TBI.

IMPACT versus APACHE Il

The original models showed satisfactory to good discriminative
power (AUC, 0.76-0.81) and poor to good calibration for 6-month
mortality and neurological outcome prediction. There were no
significant differences in AUC between the IMPACT models and
the APACHE II for prediction of 6-month mortality (p>0.05 be-
tween all models; Table 3). However, the IMPACT models showed
significantly higher AUCs for predicting 6-month neurological
outcome, compared to the APACHE II (p<0.05 between all
models; Table 4). The APACHE 1II showed good calibration for
predicting mortality (p=0.099), but not neurological outcome
(p<0.001). The IMPACT lab was the only model that showed
good calibration (p>0.05) for both mortality and neurological
outcome prediction by the H-L test (Fig. 2).

IMPACT plus APACHE Il

Performance measures of the new combined IMPACT-APACHE
IT models are shown in Tables 3 (mortality) and 4 (neurological
outcome). There were no significant differences in AUC between the
development and validation cohort. The new combined models
showed significantly higher AUCs, compared to the original IM-
PACT core (p=0.026), extended (p=0.039), and lab models
(p=0.043) for predicting 6-month mortality (Fig. 3). Reclassifica-
tion testing showed 54.3-81.6% of patients dying to be better clas-
sified by the new models, compared to the original IMPACT models
(p<0.001) and 84.5-87.1% of patients dying to be better classified,
as compared to the APACHE II (p<0.001; Table 5).

For the prediction of 6-month unfavorable outcome, the new
combined models showed significantly higher AUCs, compared to

the APACHE II (p<0.05), but not compared to the original IM-
PACT models (p>0.05; Fig. 3). However, reclassification testing
showed 14.3% (IMPACTcore—APACHE II), 23.2% (IMPACText—
APACHE II), and 16.3% (IMPACTlab—APACHE 1II) improve-
ments in risk stratification by the new combined models, compared
to the original IMPACT models, for unfavorable outcome predic-
tion (p <0.05; Table 5).

The new models showed good calibration with no significant
over- or underprediction intervals (Fig. 4). In the validation cohort,
6-month mortality was 26% and unfavorable outcome 48%, ac-
cordingl; for mortality, Brier scores <0.046 were considered ex-
cellent, 0.046-0.091 good, 0.091-0.137 satisfactory, and >0.137
poor; for neurological outcome, Brier scores <0.062 were con-
sidered excellent, 0.064—0.125 good, 0.125-0.187 satisfactory, and
>(0.187 poor. All new models displayed satisfactory precision, both
regarding mortality (Brier score, 0.121-0.123) and neurological
outcome (Brier score, 0.167-170).

Secondary internal bootstrapping gave similar results to that of
the primary internal validation using the split-sample technique,
indicating low grade of model overfitting (see Supplementary
Equations) (see online supplementary material at http://www
liebertpub.com).

Post-hoc analysis

Because the IMPACT model was specifically developed for
patients with an admission GCS of 3-12, we conducted post-hoc
analysis testing this subgroup separately from those with an ad-
mission GCS of 13-15. In those with an admission GCS 3-12, AUC
was 0.78-0.79 for mortality prediction and 0.76 (for all three
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FIG. 2. Calibration tests for the original IMPACT and APACHE II models for 6-month mortality (left) and unfavorable outcome
(right) prediction. The H-L calibration plots to the left (with a loess smoother curve fitted between the groups) and the GiViTl
calibration belts to the right for 6-month mortality and neurological outcome, respectively. The GiViTI belt shows risk intervals of
significant under- and overprediction when the 95% confidence interval does not encompass the diagonal bisector line (black line,
indicating perfect calibration). The APACHE II model showed good calibration for mortality (p=0.099), but not neurological outcome
(p<0.001) prediction. Both the IMPACT core and extended models showed poor calibration by both tests ( p <0.05). The IMPACT lab
was the only model showing good calibration for both mortality (p =0.054) and neurological outcome ( p=0.078) prediction. IMPACT,
International Mission for Prognosis and Analysis of Clinical Trials; APACHE II, Acute Physiology and Chronic Health Evaluation II;
H-L, the Hosmer-Lemeshow C-test; GiViTI, Italian Group for the Evaluation of Interventions in Intensive Care Medicine.

models) for neurological outcome prediction. In comparison, in
patients with an admission GCS of 13-15, the AUC was 0.73-0.75
for mortality prediction and 0.77 (for all three models) for neuro-
logical outcome prediction.

Discussion

In this article, we describe the development of a series of pre-
diction models, combining the IMPACT and the APACHE II, to
predict risk of 6-month outcome in patients with TBI treated in the

ICU. Further, this article shows an external validation of the IM-
PACT and the APACHE II models in such patients. We found the
predictive performance of the IMPACT models to significantly
increase after the addition of the APACHE II. Our results remained
robust after internal validation, using both a split-sample technique
and a bootstrap technique, indicating low grade of overestimation.
Our findings may be applicable for heterogeneity adjustment in
forthcoming epidemiological studies and clinical trials in TBI.
Further, this is, to our knowledge, the first study showing that the
IMPACT model discriminates well for patients presenting with
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FIG. 3. Area under the receiver operator characteristic curve (AUC) for mortality (top) and neurological outcome (bottom) prediction.
The IMPACTcore-~APACHE II (left), the IMPACText~-APACHE II (middle), and the IMPACTlab-APACHE II (right). The AUCs are
compared between the models with a concomitant p value (p<0.05 indicates a significant difference). All new models showed
significantly higher AUCs, compared to the original IMPACT and APACHE II models, for mortality prediction. The new models
showed significantly higher AUCs, compared to the APACHE 11, but not compared to the original IMPACT models, for neurological
outcome prediction. IMPACT, International Mission for Prognosis and Analysis of Clinical Trials; APACHE II, Acute Physiology and

Chronic Health Evaluation II; CI, confidence interval.

mTBILbefore deterioration and ICU admission (i.e., complicated
mTBI). Currently, there are no established prediction models
for mTBI (uncomplicated or complicated) as there are for
moderate-to-severe TBI. Future studies should look into using the
IMPACT model as a framework for further development of
mTBI prediction models.

IMPACT versus APACHE |1

The APACHE II is one of the world’s most-used ICU scoring
systems and is frequently used as a measure of quality of care by
calculating the ratio between predicted and observed outcome (i.e.,

standardized mortality ratio; SMR).'* However, the APACHE 11
was developed for general ICU populations and its applicability to
patients with TBI has previously been uncertain.>* Further, calcu-
lating SMR based on hospital mortality prediction may cause bi-
ased results.> This is of special concern in patients with TBI, where
a significant number of patients die subsequent to hospital dis-
charge (approximately half of patients died within the first 14 days
of injury in the present study).*® Another major concern of the
APACHE 11 is that it uses data from the first day in the ICU. Any
score that uses data collected over this time is affected by the
quality of care given—the very same thing you are trying to as-
sess.”’ Patients initially receiving poor care will have higher

TABLE 5. PERCENT OF PATIENTS WITH IMPROVED CLASSIFICATION BY THE NEW MODELS

Mortality Unfavorable outcome
Updated model Reference model NRI (95% CI) p value NRI (95% CI) p value
IMPACTcore-APACHE 11 IMPACT core 77.6 (57.6-98.3) <0.001 14.3 (5.0-23.5) 0.003
APACHE II 84.5 (64.3-104.6) <0.001 5.4 (0.4-10.5) 0.035
IMPACText-APACHE 11 IMPACT extended 54.3 (34.2-74.3) <0.001 23.2 (5.9-40.6) 0.009
APACHE 11 86.3 (66.2-106-4) <0.001 12.8 (5.8-19.8) <0.001
IMPACTIab-APACHE 11 IMPACT lab 81.6 (61.3-101.9) <0.001 16.3 ([-2.7] —35.3) 0.093
APACHE 1T 87.1 (67.0-107.2) <0.001 10.9 (3.8-17.9) 0.003

NRI values (with 95% CI) shown in percent (%).

NRI, Net Reclassification Improvement; CI, confidence interval, APACHE II, Acute Physiology and Chronic Health Evaluation II; IMPACT,
International Mission for Prognosis and Analysis of Clinical Trials in Traumatic Brain Injury.
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APACHE 1I scores resulting in overestimation of mortality and
falsely low SMR values. The IMPACT model avoids this because it
only uses characteristics assessed upon hospital admission, and
thus the IMPACT is not affected by later care.

Although the IMPACT and APACHE II were designed for dif-
ferent purposes and differ substantially from each other, we found no
significant differences in 6-month mortality predictive performance
between the models (AUC, 0.80 vs. 0.78-0.80). Likewise, we re-
cently showed satisfactory discrimination (AUC, 0.79) of the
APACHE I for the prediction of 6-month mortality in patients with
TBI treated in the ICU.'® We believe this to be an effect of the
APACHE II being originally designed to predict in-hospital mortal-
ity, but was, in the current study, used to predict 6-month mortality.
This causes the improved outcomes that are achieved over time to be
cancelled out by excess mortality after hospital discharge. This is
supported by the fact that the APACHE II showed inferior perfor-
mance for predicting neurological outcome, compared to mortality. It
may be argued that, for future epidemiological TBI studies, the
APACHE II might suffice for mortality analyses, whereas the IM-
PACT is better calibrated for neurological outcome analyses.

NPACToon-APACHE |

MPACTesre-APACHE B
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IMPACT plus APACHE 11

Most validated prediction models in TBI have been mainly
based on admission characteristics. Although substantial insights
have been gained into the prognostic value of variables obtained
during the subsequent treatment course, these have not, before the
present study, been implemented in prognostic models.” Applying
the new IMPACT-APACHE II models may offer several advan-
tages over using the single admission characteristics model. First,
in clinical trials, it would be possible not only to adjust for baseline
risk differences, but also for differences in treatment standards
between participating centers. This might increase statistical power
of future studies. Second, for the evaluation of quality of delivered
care in ICUs, it would be possible to more accurately differ between
high- and low-performing units. For units reporting high mortality
or unfavorable outcome rates, but low baseline risks, quality of de-
livered treatment might be questioned. In contrast, units reporting
high baseline risks, but low mortality or unfavorable outcome rates,
would be considered high performing. Third, the new models offer
us important tools in proper case-mix adjustment for comparative
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FIG. 4. Calibration tests for the newly developed IMPACT-APACHE II models in the validation cohort. Calibration for mortality
prediction (left) and for neurological outcome prediction (right). The H-L calibration plots (left; with a loess smoother curve fitted
between the groups) and the GiViTI calibration belts (right) for mortality and neurological outcome, respectively. All new models
showed good calibration by the H-L test (p>0.05). Only the IMPACText—-APACHE II showed poor calibration by the H-L test
(p=0.037). Accordingly, the GiViTI calibration belt reveals significant under prediction (95% confidence interval over the diagonal
bisector line) between for a risk interval between 0.61 and 0.97. IMPACT, International Mission for Prognosis and Analysis of Clinical
Trials; APACHE II, Acute Physiology and Chronic Health Evaluation II; H-L, the Hosmer-Lemeshow C-test; GiViTI, Italian Group for

the Evaluation of Interventions in Intensive Care Medicine.
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effectiveness research between countries, centers, ICUs, and patients
to identify best practices in the heterogeneous field of TBI research.*®

Although we found the newly developed IMPACT-APACHE II
models to significantly improve the individual models for mortality
prediction, the improvements were less robust for neurological
outcome prediction. Future studies should look at the possibility of
increasing neurological outcome prediction accuracy. This may be
achieved by including more TBI-specific intensive care variables,
such as measures of intracranial pressure, cerebral perfusion pres-
sure, partial brain tissue oxygenation, microdialysate monitoring,
and different biomarkers.>*™! Further, although the IMPACT
models were introduced in 2008, they were developed upon studies
conducted in 1984-1997.*? Since then, advances in ICU and TBI
treatment has been made, for example, the release of standardized
international guidelines for the treatment of patients with TBI,
cerebral perfusion pressure-targeted therapies, and advances in
radiological techniques.”® These advances may have improved
patient outcome, which could explain why the IMPACT model was
found to consistently overpredict risk of poor outcome in the
present study (explaining the poor calibration noted for the original
IMPACT models in our study). Thus, recalibration of the IMPACT
models should be considered in the future to fit the underlying
population and current practices.

Limitations

There are some limitations of the present study that have to be
considered. First, because of the retrospective design of the study,
we were limited to the simple GOS and could not assess the more-
sensitive extended GOS.** Second, this was a single-center retro-
spective study, and thus these findings should be replicated in other
settings. Third, data on extracranial injury severity were not
available for all patients, but we have showed, in a previous study
using a similar study sample, that the inclusion of extracranial
injuries (by injury severity score) did not add any significant pre-
dictive ability to the IMPACT.**

Conclusion

The IMPACT and APACHE II models showed equal perfor-
mance for 6-month mortality prediction in patients with TBI treated
in the ICU. However, for neurological outcome prediction, the
IMPACT was superior to the APACHE II. Combining the IMPACT
and APACHE II resulted in superior 6-month mortality and neu-
rological outcome predictive performance, compared to the indi-
vidual models.
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