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Abstract: The shock index (SI; heart rate/systolic blood pressure) has been found to predict mortality
in trauma patients. The aims of this study were to establish whether the SI improved the prediction
of an existing model for both mortality and longer-term outcomes in major trauma patients. In
total, 29,574 adult (>15 years) major trauma patients were included from the Victorian State Trauma
Registry with a date of injury from July 2009 to June 2019. Outcomes of interest were survival to
hospital discharge and function and health status at 6 months post-injury. Survival and function
were analysed using measures of discrimination and calibration, whereas health status was assessed
with R2 and MRSE measures. The area under the receiver operating characteristic curve (AUC) of the
VSTR survival model improved when the SI was added (AUC 0.797 (0.787–0.807) versus AUC 0.807
(0.797–0.816), p < 0.001). For the prediction of functional outcome 6 months post-injury, the inclusion
of the SI increased the AUC marginally (AUC 0.795 (0.786–0.803) versus AUC 0.799 (0.791–0.807),
p < 0.001). When predicting in-hospital mortality and health status 6 months post-injury, including
the SI resulted in a slightly better fit to the registry-risk adjustment model. In the future, external
validation and the exploration of other models to improve prediction outcomes are warranted.
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1. Introduction

Traumatic injury is a global phenomenon and a major cause of mortality and morbidity
worldwide. One tool used in trauma care is the use of validated trauma systems that allow
the standardisation of procedures, appropriate triage and efficient communication between
care providers [1]. Several countries have implemented different forms of structured sys-
tems to manage trauma care, and these have been shown to improve patient survival [2–4].
The use of validated trauma prediction models is important for prognostication and bench-
marking to improve trauma triage and care. There are currently a multitude of prediction
models for predicting outcome in trauma, including the Trauma and Injury Severity Score
(TRISS), the Revised Trauma Score (RTS), the Probability of Survival and the Trauma Risk
Adjustment Model (TRAM). Many of these prediction models include variables such as
respiratory rate, systolic blood pressure (SBP), the Glasgow Coma Scale (GCS), the Injury
Severity Score (ISS), injury mechanism and patient age [5,6]. Despite the widespread use of
TRISS and RTS, both prediction models have been widely criticised [7–9].

Haemorrhage is one of two leading causes of mortality in traumatic injury as it can
result in hypovolemic shock [10]. Nevertheless, commonly used prognostic tools do not
specifically include a measure of shock and mostly rely on SBP. A score that could help to
predict haemorrhagic shock and risk of a poorer outcome is the shock index (SI) [11]. The SI
is defined as the heart rate (HR) divided by the SBP. The SI was first developed by Allgöwer
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and Buri [12] in 1967 as a quick, non-invasive measure to predict hypovolemic shock where
the normal range is between 0.5–0.7. The SI has been shown to be a valuable predictor for
haemodynamic instability and the need for blood transfusion in trauma patients [13,14]. In
several studies [15–17], a high SI (SI ≥ 1) has been associated with a higher mortality rate
in trauma patients. However, most patients survive their injuries and often with ongoing
morbidity. The capacity of the SI to predict morbidity outcomes in trauma patients is
largely unknown.

The aim of this study was to establish whether the SI improved the prediction of an
existing risk-adjustment model used by an established population-based trauma registry in
major trauma patients. In addition, we aimed to assess the SI as a predictor in key patient
sub-groups and compare the performance of SI models to established prediction tools.

2. Methods

The Victorian State Trauma Registry (VSTR) is a population-based trauma registry in
the state of Victoria, Australia. The registry has ethics approval from the Department of
Health and Human Services Human Research Ethics Committee and each participating
health service. This study was approved by the Monash University Human Research
Ethics Committee.

2.1. Study Design

This was a registry-based cohort study using data from the population-based VSTR.

2.2. Study Setting and Participants

The State of Victoria, Australia, has a population exceeding 6.7 million people, ac-
counting for over 25% of the Australian population [18]. Victoria operates an integrated,
state-wide trauma system with centralised coordination and management of trauma cases.
The state has a single ambulance service, staffed by paramedics with Advanced Trauma
Life support training, which provides road and air transport for cases. There are three
designated major trauma services (MTS, Level 1 trauma centre equivalent) that operate in
Victoria: two adult and one paediatric. All other trauma-receiving health services (n = 135)
provide resuscitation and stabilisation services and organise transfer to an MTS as nec-
essary [19]. The VSTR exists to enable critical review and analysis of the performance
of the trauma system. The VSTR collects data from all 138 trauma-receiving hospitals
and includes all major trauma patients managed in the trauma system. Major trauma is
defined if any of the following are present: (1) death following injury, (2) an ISS > 12, (3) an
intensive care unit stay > 24 h, (4) urgent surgery (5) or burns with a total body surface
area ≥20% [19].

2.3. Patient Selection

Data from adult (>15 years) major trauma patients in Victoria, with a date of injury
from July 2009 to June 2019, were included. Exclusion criteria included patients with
cardiac arrest (SBP or HR equal to zero) on arrival at hospital and patients with incomplete
data in variables used in prognostic model development (sex, age, ISS, Head Injury Severity
Scale (HISS), mechanism of injury and SI).

2.4. Procedures

All data for this study were obtained from the VSTR, and no new data were collected
for this project. Existing data were extracted from the registry and included patient de-
mographics, injury type, injury severity, observations on arrival at each treating hospital,
hospital length of stay, mortality and follow-up at six months. Standardised telephone
follow-up interviews were conducted for patients who survived to hospital discharge
at 6 months post-injury to collect data about function and health status. Post-discharge
deaths were identified through a linkage with the Victorian Registry of Births, Deaths and
Marriages.
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The SI was calculated as the HR divided by the SBP using values recorded at the first
hospital admission with additional values. In the cases where the HR or the SBP were
not recorded or equal to zero on the first hospital admission (primary hospital), they were
replaced with valid data from the definitive care hospital (an appropriate trauma service) to
which the patient was transferred (Figure 1). Next, the calculated SI score was categorised
into two groups with low (SI < 1) and high SI (SI ≥ 1) based on prior research [15–17,20].
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Figure 1. Flow of participants through the study and demonstration of replaced data. HR, heart
rate; SBP, systolic blood pressure; SI, shock index (heart rate/systolic blood pressure); ISS, injury
severity score.

A key challenge for prognostication is the aging population resulting in a changing
age profile of major trauma patients with an increase in older adults over recent years,
creating a need for new updated prediction models [21]. Therefore, age was dichotomised
into younger adults (<65 years) and older adults (≥65 years) depending on their age at the
time of injury in order to analyse these two subgroups. Mechanism of injury was grouped
as low fall (<1 m), high fall (≥1 m), motor vehicle, motorcycle, pedestrian, pedal cyclist,
collision with person or object or other. HISS was categorised into two groups: none or
mild–moderate head injury (Abbreviated Injury Scale (AIS) severity score) < 3) and severe
head injury (AIS severity score ≥ 3). The AIS is an injury severity scoring system that
classifies each injury per body region on a six-point scale [22]. The TRISS was calculated
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using the National Trauma Data Bank coefficients from 2009, and the RTS was calculated
for the included patients. The RTS is a prediction model that includes respiratory rate, SBP
and the Glasgow Coma Scale (GCS) as outcome predictors [5]. The TRISS combines the
RTS, the ISS, injury mechanism and patient age to predict mortality [6].

The outcomes of interest were survival to hospital discharge, and the 6-month post-
injury Glasgow Outcome Scale—Extended (GOS-E) and three-level EuroQol five dimen-
sions (EQ-5D-3L) summary scores. The GOS-E is a measure of function and has an eight-
level scale from death to upper good recovery [23,24]. For this study, the GOS-E was
dichotomised with a score of 1–4 representing dependent living and a score of 5–8 repre-
senting independent living based on prior publication [25]. The EQ-5D-3L is a health status
measure comprising five items: mobility, usual activities, self-care, pain or discomfort and
anxiety or depression. For each item, the level of problems experienced is measured on a
three-point scale. The summary score of all items is calculated with age- and gender-specific
population weights, resulting in a score ranging from −0.594 to 1. A score of 0 represents
a health state equivalent to death, 1 represents perfect health, and <0 represents a health
state considered worse than death [26]. Where patients had died either in-hospital or after
discharge, a summary score of 0 (a value equal to death) was substituted to the EQ-5D-3L
6 months post-injury. In-hospital deaths were also included in the GOS-E at 6 months
post-injury [27].

2.5. Statistical Analysis

The prediction models that were analysed were the VSTR model of age + sex + ISS +
HISS + mechanism of injury with and without the SI and a simple model of age + sex + ISS
with and without the SI. The trauma prediction models—the TRISS and the RTS—were
also analysed for comparative reasons. A split dataset approach was used to randomly
divide the dataset into two equal parts, creating a test and a training dataset [28]. The
prediction models were analysed using a training dataset and internally validated using a
test dataset. The descriptive statistics included frequencies and percentages for categorical
variables, mean ± standard deviation for normally distributed continuous variables and
median and interquartile range for continuous variables with a skewed distribution. Binary
logistic regression models were used to predict survival to discharge and independent
living (GOS-E). A linear regression model was used to predict health status (EQ-5D-3L
summary score).

Model performance was analysed using measures of discrimination and calibra-
tion [28,29]. For binary regression models, discrimination was analysed using the area
under the receiver operating characteristic (ROC) curve (AUC) with 95% confidence in-
tervals (CI). The AUC measures the capacity of a model to discriminate between different
outcomes. Discrimination is generally classified as poor (AUC < 0.7), acceptable (AUC ≥ 0.7
and <0.8), excellent (AUC ≥ 0.8 and <0.9) and outstanding (AUC ≥ 0.9) [30]. Calibration
was assessed using calibration curves (plot of the observed events against the predicted
probabilities) and the Hosmer–Lemeshow (H-L) statistics. The H-L test is a measure of
goodness of fit for logistic models, where a higher p-value (p > 0.05) corresponds to accept-
able calibration [30]. The H-L test can be oversensitive for very large samples, and hence
calibration curves and H-L tests were used in this study. Likelihood ratio (LR) tests were
used to enable the comparison of the model fit for nested models [30].

For the linear models, the primary measure of performance was the R2 value and
the root-mean-square error (RMSE). The R2 is a measure of model fit and assesses the
percentage of the variance for an observed dependent outcome that can be explained by
independent variables [31]. The RMSE measures the average of the square of the errors
for the estimation of an observed outcome in a linear regression. Interpreting RMSE, a
higher value equals a larger error, and a value closer to zero equals a better fit [32]. A
p-value < 0.05 was considered as statistically significant. Stata Version 16.0 (StataCorp,
College Station, TX, USA) was used for all analyses.
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3. Results
3.1. Overview of the Dataset

A total of 30,036 adult major trauma patients were admitted to the Victorian trauma-
receiving hospitals during the study period. After applying the exclusion criteria, 29,574 pa-
tients were included (98.5%) (Figure 1). Most patients were men, and the majority had
sustained blunt trauma (Table 1). A total of 7.5% (n = 2230) had an SI ≥ 1. The random split
resulted in 14,815 cases in the training dataset and 14,759 cases in the test dataset. Patient
characteristics in the two datasets were comparable (Tables 1 and 2). In both datasets, 89%
of the population survived to hospital discharge. Of the survivors, 95.3% had a valid GOS-E
score, and 90.3% had a valid EQ-5D-3L summary score. Of these cases, 64% were classified
as independent living (GOS-E ≥ 5) at 6 months, and the mean EQ-5D-3L summary score
was 0.53 at 6 months post-injury.

Table 1. Patient characteristics.

Characteristics Total Dataset
n = 29,574 (100%)

Training Dataset
n = 14,815 (50.1%)

Test Dataset
n = 14,759 (49.9%)

Age a Mean (SD), years 54.3 (±23.1) 54.2 (±0.19) 54.4 (±0.19)
Gender a N (%)

Male 20,707 (70.0) 10,411 (70.3) 10,296 (69.8)
Female 8867 (23.0) 4404 (29.7) 4463 (30.2)

Injury Severity Score a Median (IQR) 17.0 (13.0–25.0) 17 (13–25) 17 (13–24)
Head Injury Severity

Scale a N (%)

No 17,847 (60.3) 8960 (60.5) 8887 (60.2)
Yes 11,727 (39.7) 5855 (39.5) 5872 (39.8)

Mechanism of Injury a N (%)
Low fall (<1 m) 8825 (29.8) 4373 (29.52) 4452 (30.2)
Motor vehicle 5747 (19.4) 2842 (19.2) 2905 (19.7)

High fall 3292 (11.1) 1650 (11.1) 1642 (11.1)
Motorcycle 2967 (10.0) 1524 (10.3) 1443 (9.8)

Collision with person
or object 2293 (7.8) 1175 (7.9) 1118 (7.6)

Pedestrian 1606 (5.4) 839 (5.7) 767 (5.2)
Pedal cyclist 1574 (5.3) 779 (5.3) 795 (5.4)

Other 3270 (11.1) 1633 (11.0) 1637 (11.1)
Shock Index a N (%)

High SI ≥ 1 2230 (7.5) 1134 (7.7) 1096 (7.4)
Low SI < 1 27,344 (92.5) 13,681 (92.4) 13,663 (92.6)

Type of Injury b N (%)
Blunt 27,445 (92.8) 13,722 (92.7) 13,723 (93.0)

Penetrating 1193 (4.0) 618 (4.2) 575 (3.9)
Burn 638 (2.2) 334 (2.3) 304 (2.1)
Other 290 (1.0) 135 (0.9) 155 (1.1)

Glasgow Coma Scale
Score Group c N (%)

3–8 2568 (8.9) 1288 (8.9) 1280 (8.9)
9–12 1678 (5.8) 834 (5.8) 844 (5.9)

13–15 24,590 (85.3) 12,323 (85.3) 12,267 (85.2)
Hospital Legth of Stay d Median (IQR), days 6.9 (3.8–12.8) 6.9 (3.8–12.9) 6.9 (3.9–12.8)
In-Hospital Mortality a N (%)

No 26,189 (88.6) 13,087 (88.3) 13,102 (88.8)
Yes 3385 (11.5) 1728 (11.7) 1657 (11.2)

a n = 0 missing. b n = 8 missing. c n = 738 missing. d n = 6 missing. SD, Standard Deviation; IQR, Interquartile
Range.
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Table 2. Observed outcomes. Functional outcome was measured with GOS-E score and health status
with EQ-5D-3L summary score six months post-injury.

Outcome Training Dataset
n = 14,815 (50.1%)

Test Dataset
n = 14,759 (49.9%)

Survival to Discharge N (%) 29,574 (100)
No 1728 (11.7) 1657 (11.2)
Yes 13,087 (88.3) 13,102 (88.8)

GOS-E Score at
6 Months N (% of the survivors) 24,953 (95.3)

Dependent living 4494 (36.0) 4441 (35.6)
Independent living 8000 (64.0) 8018 (64.4)

EQ-5D-3L at 6 Months N (% of the survivors) 23,648 (90.3)
Mean (SD) 0.53 (0.40) 0.53 (0.40)

GOS-E, Glasgow Outcome Scale—Extended; EQ-5D-3D, three-level EuroQol five dimensions; SD, standard
deviation.

3.2. Contribution of Shock Index to Prediction of Outcomes
3.2.1. Survival to Hospital Discharge

Adding the SI to the VSTR model resulted in a small but significant improvement in
model fit for survival (Table 3). The ROC curves are presented in Figure 2A. The discrimina-
tion of the VSTR model was improved if the SI was added to the model (p < 0.001) (Table 3).
In comparison to the VSTR model with and without the SI, the widely used prediction
models TRISS and RTS had lower AUC values. No model demonstrated acceptable calibra-
tion measured using the H-L statistic, although the calibration curves tracked close to the
line of best fit (Figure 3A). Model performance was similar in the test dataset (Table 4).

Table 3. Model performance in the training dataset (n = 14,815) to predict survival to discharge and
functional and health status after major trauma. Functional outcome was measured with GOS-E
score and health status with EQ-5D-3L summary score 6 months post-injury.

Outcome Prediction Model AUC (95% CI) H-L Statistic
(p-Value) LR-Test (p-Value)

Survival to Discharge
Sex + Age + ISS 0.789 (0.779–0.800) 37.3 (<0.001) -

Sex + Age + ISS + SI 0.800 (0.790–0.810) 15.4 (0.05) 141.0 (<0.001) *
Sex + Age + ISS + HISS +

Mechanism 0.797 (0.787–0.807) 32 (<0.001) -

Sex + Age + ISS + HISS +
Mechanism + SI 0.807 (0.797–0.816) 38.1 (<0.001) 146.6 (<0.001) **

TRISS 0.764 (0.751–0.777) 783.7 (<0.001) -
RTS 0.696 (0.683–0.709) 188.7 (<0.001) -

GOS-E at 6 Months
Sex + Age + ISS 0.789 (0.781–0.798) 146.0 (<0.001) -

Sex + Age + ISS + SI 0.793 (0.784–0.801) 156.2 (<0.001) 71.1 (<0.001) *
Sex + Age + ISS + HISS +

Mechanism 0.795 (0.786–0.803) 84.1 (<0.001) -

Sex + Age + ISS + HISS +
Mechanism + SI 0.799 (0.791–0.807) 98.1 (<0.001) 93.8 (<0.001) **

R2 RMSE

EQ-5D-3L at 6 Months
Sex + Age + ISS 0.109 0.379
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Table 3. Cont.

Outcome Prediction Model AUC (95% CI) H-L Statistic
(p-Value) LR-Test (p-Value)

Sex + Age + ISS + SI 0.115 0.377
Sex + Age + ISS + HISS +

Mechanism 0.110 0.379

Sex + Age + ISS + HISS +
Mechanism + SI 0.116 0.377

* Compared to model sex + age + ISS. ** Compared to model sex + age + ISS + HISS + mechanism. SI, shock
index; ISS, injury severity score; HISS, Head Injury Severity Scale; GOS-E, Glasgow Outcome Scale—Extended;
EQ-5D-3D, three-level EuroQol five dimensions; AUC, area under the receiver operating characteristic curve; CI,
confidence interval; H-L, Hosmer–Lemeshow; LR, likelihood Ratio; MSE, mean square error.
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Figure 2. Receiver operating characteristic (ROC) curve of models in the training dataset for pre-
dicting (A) survival to hospital discharge (B) independent living (GOS-E) 6 months post-injury
(C) survival to discharge in older adults (D) survival to discharge in younger adults. ISS, injury
severity score; HISS, Head Injury Severity Scale; Mec; mechanism of injury; SI, shock index (heart
rate/systolic blood pressure); AUC, area under the receiver operating characteristic curve; GOS-E,
Glasgow Outcome Scale—Extended.
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Figure 3. Calibration curves of models in the training dataset for (A) survival to hospital discharge
and (B) independent living (GOS-E) 6 months post-injury. The calibration curve is a plot of the
predicted versus the observed outcome in the training dataset. The 45◦ line represents perfect fit of
the model. ISS, injury severity score; HISS, Head Injury Severity Scale; Mec; mechanism of injury; SI,
shock index (heart rate/systolic blood pressure); AUC, area under the receiver operating characteristic
curve; GOS-E, Glasgow Outcome Scale—Extended.
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Table 4. Model performance in the test dataset (n = 14,759) to predict survival to discharge, functional
and health status after major trauma. Functional outcome was measured with GOS-E score and
health status with EQ-5D-3L summary score 6 months post-injury.

Outcome Prediction Model AUC (95% CI) H-L Statistic (p-Value)

Survival to Discharge
Sex + Age + ISS 0.774 (0.763–0.785) 43.1 (<0.001)

Sex + Age + ISS + SI 0.789 (0.778–0.799) 43.7 (<0.001)
Sex + Age + ISS + HISS +

Mechanism 0.783 (0.773–0.794) 41.3 (<0.001)

Sex + Age + ISS + HISS +
Mechanism + SI 0.799 (0.788–0.809) 27.1 (<0.001)

TRISS 0.768 (0.755–0.781) 656.6 (<0.001)
RTS 0.703 (0.690–0.716) 203.1 (<0.001)

GOS-E at 6 Months
Sex + Age + ISS 0.791 (0.782–0.799) 178.0 (<0.001)

Sex + Age + ISS + SI 0.796 (0.787–0.804) 178.6 (<0.001)
Sex + Age + ISS + HISS +

Mechanism 0.798 (0.789–0.806) 115.2 (<0.001)

Sex + Age + ISS + HISS +
Mechanism + SI 0.803 (0.795–0.812) 122.0 (<0.001)

R2 RMSE

EQ-5D-3L at 6 Months
Sex + Age + ISS 0.112 0.370

Sex + Age + ISS + SI 0.123 0.371
Sex + Age + ISS + HISS +

Mechanism 0.113 0.372

Sex + Age + ISS + HISS +
Mechanism + SI 0.123 0.373

SI, shock index; ISS, injury severity score; HISS, Head Injury Severity Scale; GOS-E, Glasgow Outcome Scale—
Extended; EQ-5D-3D, three-level EuroQol five dimensions; AUC, area under the receiver operating characteristic
curve; CI, confidence interval; H-L, Hosmer–Lemeshow; RMSE, root mean square error.

When analysing model performance in age groups, adding the SI to the VSTR model
resulted in a significantly improved discrimination for survival in older and younger adults
(Tables 5 and 6). The survival discrimination of the prognostic models was poor in the
older group (AUC ranging between 0.681 to 0.699) versus excellent in the younger group
(AUC ranging between 0.820 to 0.852). The ROC curves for younger and older adults are
presented in Figure 2C,D. All models in older adults achieved acceptable calibration using
H-L statistics (Table 5), although the calibrations of models in younger adults were not
acceptable (Table 6).

Table 5. Model performance in older adults (≥65 years) in the training dataset (n = 5486) to predict
survival to hospital discharge and functional and health status after major trauma. Functional
outcome was measured with GOS-E score and health status with EQ-5D-3L summary score 6 months
post-injury.

Outcome Prediction Model AUC (95% CI) H-L Statistic (p-Value) LR-Test (p-Value)

Survival to Discharge
Sex + Age + ISS 0.681 (0.665–0.697) 10.3 (0.24) -

Sex + Age + ISS + SI 0.695 (0.679–0.711) 7.8 (0.46) 82.0 (<0.001) *
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Table 5. Cont.

Outcome Prediction Model AUC (95% CI) H-L Statistic (p-Value) LR-Test (p-Value)

Sex + Age + ISS + HISS
+ Mechanism 0.685 (0.669–0.700) 14.8 (0.064) -

Sex + Age + ISS + HISS
+ Mechanism + SI 0.699 (0.683–0.715) 12.2 (0.14) 81.1 (<0.001) **

GOS-E at 6 Months
Sex + Age + ISS 0.751 (0.737–0.764) 10.5 (0.23)

Sex + Age + ISS + SI 0.753 (0.740–0.767) 7.7 (0.47)
Sex + Age + ISS + HISS

+ Mechanism 0.758 (0.744–0.771) 9.0 (0.34)

Sex + Age + ISS + HISS
+ Mechanism + SI 0.761 (0.748–0.775) 8.9 (0.35)

R2 RMSE

EQ-5D-3L at 6 Months
Sex + Age + ISS 0.095 0.392

Sex + Age + ISS + SI 0.102 0.390
Sex + Age + ISS + HISS

+ Mechanism 0.096 0.392

Sex + Age + ISS + HISS
+ Mechanism + SI 0.102 0.390

* Compared to model sex + age + ISS. ** Compared to model sex + age + ISS + HISS + mechanism. SI, shock
index; ISS, injury severity score; HISS, Head Injury Severity Scale; GOS-E, Glasgow Outcome Scale—Extended;
EQ-5D-3D, three-level EuroQol five dimensions; AUC, area under the receiver operating characteristic curve; CI,
confidence interval; H-L, Hosmer–Lemeshow; LR, likelihood ratio; RMSE, root mean square error.

Table 6. Model performance in younger adults (<65 years) in the training dataset (n = 9329) to
predict survival to hospital discharge and functional and health status after major trauma. Functional
outcome was measured with GOS-E score and health status with EQ-5D-3L summary score six
months post-injury.

Outcome Prediction Model AUC (95% CI) H-L Statistic (p-Value) LR-Test (p-Value)

Survival to Discharge
Sex + Age + ISS 0.820 (0.800–0.841) 59.2 (<0.001) -

Sex + Age + ISS + SI 0.824 (0.804–0.845) 50.5 (<0.001) 19.1 (<0.001) *
Sex + Age + ISS + HISS

+ Mechanism 0.846 (0.826–0.865) 42.2 (<0.001) -

Sex + Age + ISS + HISS
+ Mechanism + SI 0.852 (0.833–0.870) 19.6 (0.012) 28.7 (<0.001) **

GOS-E at 6 Months
Sex + Age + ISS 0.694 (0.678–0.710) 74.6 (<0.001) -

Sex + Age + ISS + SI 0.698 (0.683–0.714) 49.3 (<0.001) 22.6 (<0.001) *
Sex + Age + ISS + HISS

+ Mechanism 0.707 (0.691–0.722) 47.3 (<0.001) -

Sex + Age + ISS + HISS
+ Mechanism + SI 0.711 (0.695–0.727) 28.9 (<0.001) 31.8 (<0.001) **

R2 RMSE

EQ-5D-3L at 6 Months
Sex + Age + ISS 0.066 0.361

Sex + Age + ISS + SI 0.071 0.361
Sex + Age + ISS + HISS

+ Mechanism 0.070 0.361

Sex + Age + ISS + HISS
+ Mechanism + SI 0.074 0.360

* Compared to model sex + age + ISS. ** Compared to model sex + age + ISS + HISS + mechanism. SI, shock
index; ISS, injury severity score; HISS, Head Injury Severity Scale; GOS-E, Glasgow Outcome Scale—Extended;
EQ-5D-3D, three-level EuroQol five dimensions; AUC, area under the receiver operating characteristic curve; CI,
confidence interval; H-L, Hosmer–Lemeshow; LR, likelihood ratio; RMSE, root mean square error.
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3.2.2. GOS-E at Six Months Post-Injury

The model fit was small but significant when including the SI to the VSTR model
when predicting independent living 6 months post-injury (Table 3). The ROC curves are
presented in Figure 2B. The discrimination of models including the SI was higher than
models without the SI. Adding the SI to the VSTR model improved the AUC. None of the
models demonstrated acceptable calibration using the H-L statistic, and the calibration
curves showed under-estimation at lower prediction percentiles and over-estimation at
higher prediction percentiles (Figure 3B). The model performance was comparable in the
test dataset (Table 4). In older and younger adults, the model fit was improved when
including the SI to the VSTR model for the prediction of independent living (Tables 5 and 6).
The calibration of models in younger adults was not acceptable, whereas the calibration
was acceptable in older adults according to the H-L statistics. In the older group, adding
the SI to the VSTR model significantly increased the AUC, which was not the case in the
younger group. The discriminative ability of the models overall was higher in older adults
rather than in younger adults when predicting function at 6 months post injury.

3.2.3. EQ-5D-3L Summary Score at Six Months Post-Injury

The VSTR model with the SI included had a marginally increased explained variation
for the observed data in terms of the R2 and a reduced MRSE when predicting health status
6 months post-injury (Table 3). In addition, these models could only explain 11–12% of the
variation of the predicted outcome. Even though the SI improved model fit, the high RMSE
values imply that the model fit was not acceptable. Similar results were seen in the test
dataset (Table 4).

4. Discussion

The overall aim of this study was to investigate whether the inclusion of the SI
improved prediction of survival to hospital discharge and 6 months function and health
status in major trauma patients. The addition of the SI to the prognostic model used by the
VSTR resulted in a statistically significant but small improvement in performance when
predicting survival to hospital discharge and independent living 6 months post-injury
(using the GOS-E score for function). When predicting survival, the inclusion of the SI
to the existing prediction model improved the AUC by 0.01, equivalent to an increase in
correct classification of 1%. Adding the SI to the VSTR model when predicting health
status 6 months post-injury (using the EQ-5D-3L summary score) resulted in a negligible
improvement in prediction. The inclusion of the SI in the VSTR model showed a similarly
marginal improvement in older adults for all outcomes, whereas the effect in younger
adults was less consistent.

The improved prediction of survival is consistent with the literature. In recent decades,
there have been several studies that have analysed the SI and its ability to discriminate
between survivors and non-survivors. In previous studies, the SI by itself has been shown
to have a poor to acceptable discriminative ability, with an AUC that ranged between 0.66
to 0.73 when predicting mortality [33–35]. In other words, the SI predicted death as the
outcome correctly 66–73% of the time. Previous studies [36,37] have demonstrated that
the discriminative ability of the SI when predicting mortality was significantly lower in
older patients and declined with age. However, in the present study, the inclusion of the
SI to the VSTR model improved model discrimination significantly in older adults. A
lower discrimination for survival using the VSTR model with the added SI was observed
in older adults (AUC 0.70) compared to in younger adults (AUC 0.85). This confirms
the importance of other factors and the need to develop this prediction model further by
including more predictors. The SI adds to the model, yet future studies may need to look at
the applicability of models such as the Probability of Survival (United Kingdom) or the
Trauma Risk Adjustment Model (Canada) to the Australian context.

The SI had a small effect on predicting longer-term outcomes including function and
health status—an outcome that has not been previously studied. Mortality is a limited
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measure of outcome in a mature trauma system since most patients survive their injuries
and often with ongoing morbidity. In general, the predictive ability of the SI was worse
for long-term function and health status outcomes compared to survival. Since the SI is
a measure of a physiological state, it is understandable that the SI could better influence
short-term outcome rather than long-term outcome. When it comes to predicting functional
outcome, the discrimination of the models overall was better in older adults in comparison
to the younger group. An interpretation of this might be that it is harder to predict longer-
term outcome in the young group. This could be due to other factors not included in the
model that might be more important in younger patients. Socioeconomic status, prior work
status and pre-injury substance abuse are examples of other factors that have been shown
to be important predictors for non-fatal outcome after traumatic injury [38,39].

The VSTR model with and without the SI performed better than the widely used TRISS
and RTS trauma scoring systems. In a previous study on trauma patients, the TRISS and
the RTS showed a discrimination ability of AUC 0.93 and AUC 0.85 [35]. However, when
the TRISS and the RTS were applied to the current population with major trauma patients,
they performed remarkably worse, with AUC 0.76 and AUC 0.70. Demetriades et al. [9]
showed that the TRISS is a poor predictor of survival, especially in severely injured patients
(ISS > 20). Compared to a median ISS of 9 (interquartile range (IQR) 4–11) in the previous
study, the median ISS was 17 (IQR 13–25) in the current study. This may explain the low
performance of the TRISS and the RTS in this study.

The key strengths of this study were the large sample size (n > 29,000), the standardised
approach to follow-up, the high follow up rate at 6 months (90–95% of all survivors to
hospital discharge) and the use of patient-reported outcomes—an important measure of
the quality of survival. Additionally, the volume of missing data was low (1.5%) for the
variables included in the models. Nevertheless, there were limitations. We excluded
patients that were dead on hospital arrival (HR or SBP equal to 0) as the SI could not be
calculated in these cases. Further, the SI was dichotomised for analysis to ensure that the
model assumptions were met, but at the potential loss of information inherent in the full
SI. We substituted missing vital signs at the primary hospital with vital signs from the
definitive hospital, potentially introducing bias as patients who underwent an inter-hospital
transfer may be more physiologically stable when arriving to the definitive care hospital.
Finally, there was a responder bias in the follow-up interviews, with patients injured in
intentional events, younger and less seriously injured patients more commonly lost to
follow-up—an issue observed in previous studies [40].

5. Conclusions

Adding the SI to the VSTR prediction model for survival to discharge and long-term
outcomes resulted in a marginal improvement in predictive capacity for all cases and in
the older and younger adult sub-groups. In future research, the examination of other
factors for inclusion in the VSTR predictive model is warranted to maximise discrimination
and prediction capacity. These findings should be validated prospectively or by external
validation undertaken using different datasets and trauma populations.
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