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Abstract: In this study, we examined the early value of automated quantitative pupillary examination,
using the Neurological Pupil index (NPi), to predict the long-term outcome of acute brain injured (ABI)
patients. We performed a single-centre retrospective study (October 2016-March 2019) in ABI patients
who underwent NPi measurement during the first 3 days following brain insult. We examined the
performance of NPi—alone or in combination with other baseline demographic (age) and radiologic
(CT midline shift) predictors—to prognosticate unfavourable 6-month outcome (Glasgow Outcome
Scale 1-3). A total of 145 severely brain-injured subjects (65 traumatic brain injury, TBI; 80 non-TBI)
were studied. At each time point tested, NPi <3 was highly predictive of unfavourable outcome,
with highest specificity (100% (90-100)) at day 3 (sensitivity 24% (15-35), negative predictive value
36% (34-39)). The addition of NPi, from day 1 following ABI to age and cerebral CT scan, provided
the best prognostic performance (AUROC curve 0.85 vs. 0.78 without NPi, p = 0.008; DeLong test)
for 6-month neurological outcome prediction. NPi, assessed at the early post-injury phase, has a
superior ability to predict unfavourable long-term neurological outcomes in severely brain-injured
patients. The added prognostic value of NPi was most significant when complemented with baseline
demographic and radiologic information.

Keywords: Neurological Pupil index; acute brain injury; quantitative pupillometry; neurological
prognosis; midline shift

1. Introduction

Pupillary reactivity is an important component of the neurological assessment of
patients with acute brain injury (ABI) [1-4], with robust prognostic performance [5,6].
An abnormal pupillary function is generally considered an early sign of neurological
deterioration [7,8] and worsening intra-cerebral lesion with impending brain herniation [9].
Despite its known and validated prognostic implications, the clinical evaluation of pupillary
reactivity mainly relies on subjective assessment using qualitative tools [10], which may
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lead to inaccuracies, especially in the early phase after the initial insult, when patients
are under sedation and analgesia as part of ABI management [11]. Recently, automated
infrared pupillometry has been implemented in critical care to obviate the limitations
of standard qualitative assessment [12], either as a complementary monitoring tool of
secondary cerebral damage (e.g., intracranial hypertension [13] and delayed ischemia [14])
or as part of multimodal prognostication of patients with hypoxic-ischemic brain injury
following cardiac arrest [15-17], using the Neurological Pupil index (NPi) as the outcome
predictor. Quantitative pupillometry has increasingly validated prognostic value in the
setting of cardiac arrest care [18]; however, its value for the prognostication of coma
following non-anoxic ABI is not fully established.

We, therefore, designed this study to investigate the value of automated quantitative
NPi in predicting the outcome of high-risk (due to potential worsening of the intra-cerebral
lesion) critically ill, severely brain-injured patients.

2. Materials and Methods
2.1. Study Design

This single-centre retrospective analysis was performed from October 2016 to March
2019 at the Department of Intensive Care Medicine, Centre Hospitalier Universitaire Vau-
dois (CHUYV), Lausanne University Hospital, Switzerland. We included all consecutive
adult (age > 18 years) non-anoxic ABI patients who underwent repeated NPi measurements
(using the NPi-200 pupillometer®, NeurOptics, Laguna Hills, CA, USA), as routine care.

Patients with ABI after cardiac arrest were excluded from the present study. Additional
exclusion criteria included unavailable neurological assessment at six-month follow-up,
unavailable data during the first 72 h post-injury, and previously known ophthalmic
conditions (i.e., facial and ocular injuries, prosthetic eyes), which cause unreliable pupillary
assessment. The project was approved by the Ethical Research Committee of the University
of Lausanne, with a waiver of informed consent because of the retrospective design, and
used de-identified electronic data extraction; all data were part of standard care.

The study report conforms to the Standards for Reporting Diagnostic accuracy studies
(STARD) 2015 guidelines for prognostic accuracy studies [19].

2.2. Automated Quantitative Pupillometry

The NPi®-200 pupillometer (NeurOptics, Laguna Hills, CA, USA) allows quantitative
measurement of different pupil variables (i.e., pupil size, percentage of constriction, the
latency of constriction, constriction velocity, dilation velocity). Based on the integration of
these variables, the device can compute the NPj, a scalar value (ranging from 0 to 5 £ 0.1),
derived from a proprietary algorithm. Each NPi measurement was performed on both
patients’ eyes and in stable ambient light conditions to avoid interferences [12]. The lowest
value measured between the two eyes was retained for analysis. Assessment of the NPi was
performed at least 3 times per day by the nurse in charge of the patient, as part of standard
care. For each patient, the mean NPi and the percentage of abnormal NPi (defined as below
3, in line with reported standards [20] and previous publications [13]) were calculated
daily, for the first 3 days. Data were extracted retrospectively from patients” computerised
medical records.

2.3. Patient Management

According to current guidelines, standardised, validated internal protocols [6,21-23]
were applied to treat patients with severe ABI admitted to the intensive care unit (ICU). All
patients were mechanically ventilated, aiming to keep PaO, and PaCO; between 90 and
100 mmHg and 36 and 40 mmHg, respectively. Early-phase analgosedation was guided by
a written protocol, using propofol (maximal dose, 4 mg/kg/h) and sufentanil (maximal
dose, 20 pug/h). Targeted systemic control included maintenance of cerebral perfusion pres-
sure >60-70 mmHg (aiming at euvolemia and using norepinephrine when needed), arterial
blood glucose at 6-8 mmol/L (with the use of continuous insulin infusion), normothermia
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(core body temperature <37.8 °C), and early institution of enteral nutrition. Management
of elevated intracranial pressure (ICP) followed a stepwise management algorithm [13],
consisting of reinforced sedation (increased propofol £ midazolam), moderate hyper-
ventilation (PaCO, 30-35 mmHg), and reinforced temperature management (35-37 °C,
targeted to ICP control). Osmotherapy consisted of 7.5% hypertonic saline (2 mL/kg) or
20% mannitol (0.5 g/kg).

2.4. Radiological and Outcome Assessment

During the ICU stay, cerebral CT scans were performed by CHUV radiologists. Post-
resuscitation cerebral CT scan on day 1, from ICU admission, was assessed for midline shift
(expressed in mm, calculated by measuring the perpendicular distance between the septum
pellucidum and the midline, drawing a line between the anterior and posterior attachment
of the falx) from radiologist reports. Abnormal midline shift was defined as >5 mm [24].

The 6-month neurological outcome was assessed as part of routine care through
a face-to-face interview by a neurosurgeon, using the Glasgow Outcome Scale (GOS),
dichotomised as unfavourable (GOS 1-3) or favourable neurological recovery (GOS 4-5).

Cerebral CT scan and outcome assessments were performed blinded to NPi data.

2.5. Data Collection and Analysis

Patient baseline demographic variables included age, gender, ABI diagnosis (di-
chotomised as traumatic brain injury (TBI) vs. non-TBI, i.e., including aneurysmal sub-
arachnoid haemorrhage, intracranial haemorrhage, and ischaemic stroke), on-site Glasgow
coma scale (GCS), and ICU length of stay (LOS).

Descriptive data are presented as mean and 95% confidence interval (95% CI), for
continuous variables, and as counts (percentage) for categorical variables. Data distribution
was assessed with the Shapiro-Wilk test. Comparisons between variables were performed
with non-parametric Wilcoxon-Mann-Whitney and Fisher tests. The Association of NPi
with the outcome variable (6-month GOS) was analysed with the non-parametric Wilcoxon
test. Prognostic performance was analysed for the Neurological Pupil index (NPi) test
and the reference standard (patient age, CT midline shift), by calculating the specificity,
sensitivity, positive predictive value (PPV), negative predictive value (NPV), and the
area under the receiver operating characteristic (AUROC) curve. The AUROC curve
comparisons for single tests and combined tests (age and CT midline shift with or without
NPi) were analysed using the DeLong test [25]. Statistical analysis was performed with
JMP 15.1.0 (SAS Institute Inc., Cary, NC, USA). All analyses were set with significance at
p <0.05.

3. Results
3.1. Patient Characteristics

Out of 205 consecutive ABI patients, 60 were excluded (53 without 6-month outcome
follow-up, 5 with incomplete NPi data, and 2 with eye disorders making pupillometry
assessment unreliable), leaving a total of 145 patients for further data analysis (study
flowchart, Figure 1). Among these, 65 (45%) had TBI, and 80 (55%) had non-TBI diag-
noses, including ischemic-haemorrhagic stroke (1 = 38, 26%), subarachnoid haemorrhage
(n =30, 21%) and other ABI diagnoses (infectious encephalitis and cerebral venous throm-
bosis: n =12, 8%). Unfavourable neurological outcome was observed in 103 (71%) patients
(Table 1).
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Figure 1. Study flowchart. Abbreviations: NPi: Neurological Pupil index.

Table 1. Patient characteristics.

Lost to 6-month follow-up

n=>53

Favourable Outcome

Unfavourable Outcome

Variable (GOS 4-5) (GOS 1-3) p Value
N =42 N =103 *
Age, years 46 +£ 18 60 + 16 <0.0001
Female gender, 1 (%) 16 (38) 47 (46) 0.46
ICU length of stay, days 10 [8-12] 11 [10-12] 0.516
GCS on site 7+3 7+4 0.93
TBI vs. non-TBI, n (%) 26 (62) 39 (38) 0.01
Midline shift on head CT > 5 mm, n (%) 7 (17) 48 (47) 0.0008
Midline shift on head CT, mm 2.0 [1.1-3] 4.9 [3.9-5.9] 0.003
NPi *, day 1 4.1[3.94.2] 3.0 [2.7-3.3] 0.009
NPi *, day 2 4.1[4-4.3] 3.3[2.9-3.6] 0.051
NPi *, day 3 4.2 [4.1-4.4] 3.5[3.2-3.8] 0.06
Abnormal NPi < 3 (%), day 1 4[0-8] 31 [22.5-39] 0.0001
Abnormal NPi < 3 (%), day 2 4.5[0.5-9] 26.5[18.5-34.5] 0.003
Abnormal NPi < 3 (%), day 3 2 [0-5] 22 [14-30] 0.0039

Data are presented as percentages, mean with standard deviations, or 95% confidence intervals. * Mean daily NPi
value. Abbreviations: GCS: Glasgow Coma Scale, GOS: Glasgow Outcome Scale, NPi: Neurological Pupil index,

TBI: traumatic brain injury.

3.2. Outcome Associations

As shown in Table 1 and Figure 2, NPi on day 1 to 3 was significantly lower in patients
with unfavourable outcome than those with favourable neurological outcome, (day 1: 3
(2.7-3.3) vs. 4.1 (3.94.2), p = 0.009; day 2: 3.3 (2.9-3.6) vs. 4.1 (4-4.3), p = 0.051; day 3: 3.5
(3.2-3.8) vs. 4.2 (4.1-4.4), p = 0.06), while the percentage of abnormal NPi recordings was
significantly higher (day 1: 31 (22.5-39)% vs. 4 (0-8)%, p = 0.001; day 2: 26.5 (18.5-34.5)% vs.
4.5 (0.5-9)%, p = 0.003; day 3: 22 (14-30)% vs. 2 (0-5)%, p = 0.004). Midline shift was more
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frequent (47%) and greater in patients with unfavourable neurological outcome, when
compared with the others (4.9 (3.9-5.9) vs. 2.0 (1.1-3) mm. p = 0.003; Table 1). Notably, age
was related to unfavourable long-term neurological outcome (60 £ 16 vs. 46 £ 18 years

old; p < 0.001).
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Figure 2. NPi pattern during the first 3 days after ICU admission according to 6-month Glasgow
Outcome Score (mean + 95%CI). Abbreviations: NPi = Neurological Pupil index, GOS: Glasgow
outcome scale, ICU: intensive care unit.

3.3. Prognostic Performance of NPi

As reported in Table 2, NPi below 3 at each time point had a good accuracy to predict
neurological outcomes, reaching the highest specificity (100 (90-100)%) and PPV (100%) on
day 3, while sensitivity (34 (25-44)%) and NPV (38 (34—41)%) were overall low. Compared
with NPi, abnormal midline shift on CT scan had lower specificity (83% (69-93)%) and
higher sensitivity (47% (37-57)%) for unfavourable neurological outcome prediction.

Table 2. Prognostic performance of single tests.

Unfavourable
Patient Outcome Specificity % Sensitivity % o o
Number (GOS 1-3) at 6 (95% CI) (95% CI) PPV (95% CD NPV (95% CI)
Months, n (%)

Variable

Neurological Pupil index (NPi) < 3
Day 1-3

. 145 103 (71) 98 (87-100) 34 (25-44) 97 (83-100) 38 (34-41)
post-admission
Day 1 139 99 (71) 97 (85-100) 33 (24-44) 97 (82-100) 33 (30-37)
Day 2 132 94 (71) 97 (86-100) 31 (22-41) 97 (80-100) 36 (33-40)
Day 3 119 83 (70) 100 (90-100) 24 (15-35) 100 36 (34-39)

Head CT scan showing > 5 mm midline shift
Day1 145 103 (71) 83 (69-93) 47 (37-57) 87 (77-93) 39 (34-44)

Abbreviations: CI: confidence interval, GOS: Glasgow Outcome Scale, NPi: Neurological Pupil index, NPV:
negative predictive value, PPV: positive predictive value.
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The prognostic performance of NPi was comparable to that of CT midline shift (AU-
ROC = 0.64 vs. 0.66) and lower than that of age (AUROC = 0.75). A model combining
NPi, midline shift (both on day 1) and age provided the best prognostic performance
(AUROC = 0.85 vs. 0.78 without NPi, p = 0.008 DeLong test, Figure 3).

ROC Curves
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Figure 3. Prognostic performance of NPi and midline shift at day 1. The receiver operator character-
istic curve (AUROC) shows the prognostic performance scores using the combination of MS + age
(AUROC curve, 0.78) in comparison with NPi day 1 + MS + age (AUROC curve, 0.85; DeLong test
p = 0.008). Abbreviations: AUROC: area under receiver operating characteristics, MS: midline shift,
NPi: Neurological Pupil index.

4. Discussion

The main findings of this single-centre retrospective study conducted in non-anoxic
ABI patients can be summarised as follows: First, low NPi values—when taken alone and
using a cut-off of less than 3 for outcome prognosis—is a strong predictor of unfavourable
neurological outcome, with very high specificity and positive predictive value during the
early-phase post-injury. Second, when combined with available baseline demographic (age)
and radiologic (cerebral CT midline shift) prognosticators, clinical pupillary assessment
with the use of automated NPi already on day 1 significantly improved the prediction of
long-term neurological outcomes after ABI.

In our study, patients with unfavourable 6-month neurological outcomes had lower
NPi over the first three days from ICU admission (NPi 3.1 vs. 4.1). When we focused on NPi
values every single day, we observed that, on day 1, the NPi difference between favourable
and unfavourable outcome populations was the highest, decreasing over the following two
days (Table 2, Figure 2). These findings suggest a prognostic value of the NPi in the first
24 h from admission in predicting unfavourable neurological outcomes at 6 months. It is
noteworthy that patients with adverse outcomes had significantly higher percentages of
abnormal NPi (below 3) when compared with their favourable outcome counterparts. From
a practical standpoint, these data suggest that NPi should be regarded as a non-invasive
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monitoring tool for patients with severe brain lesions, mostly basing clinical outcome
prediction on the overall burden of pathological NPi rather than on single observations: in
this setting, the persistence of pathological pupillary indices should be regarded as a sign
of ongoing brain damage, thus outlining an unfavourable outcome trajectory.

On the one hand, when analysing the prognostic role of NPi, using a cut-off of 3 to
define abnormal values, we found it to have a superior ability to predict an unfavourable
6-month outcome at each time point tested from day 1 to 3, with the highest specificity
(100% [90-100%]) and PPV (100%) on day 3. On the other hand, NPi had low sensitivity,
aligned with previous observations in hypoxic brain injury in comatose cardiac arrest
patients [15].

NPi is best used in combination with other prognostic variables, applying a mul-
timodal assessment with multiple predictors [18]. In our study, we combined clinical
data (pupillary reactivity using automated quantitative NPi) with baseline demographic
(age) and radiologic (cerebral CT midline shift) variables, both of which are well-known
robust outcome predictors [26]. A model combining patient age and cerebral CT midline
shift returned a prognostic value AUROC of 0.78. Moreover, the addition of NPi indeed
significantly increased the ability to predict unfavourable neurological outcomes in our
single-centre cohort (AUROC 0.85; Figure 3).

Study Limitations

Our study has several limitations. First, findings are limited by the single-centre retro-
spective design of the study and the high grade of injury severity of the cohort, composed
mainly of patients in whom cerebral CT scan showed intracranial lesions and evidence of
cerebral oedema, thereby explaining the high rate of mortality and unfavourable neuro-
logical outcomes. The generalisability of our findings is, therefore, limited and additional
multicentre confirmatory studies are needed [27]. Second, the cohort comprised a het-
erogeneous group of patients with different primary brain insults, each having different
pathophysiologic mechanisms and injury pathways that could hamper the interpretation
of the results. Due to this aspect, although the presence of CT midline shift is a well-
established outcome predictor [1], we could not test prognostic radiologic scores, such
as the Marshall [28] or the Fisher scores [29]. Third, we did not perform a more detailed
logistic regression analysis to potentially identify specific patterns” NPi and their asso-
ciation with patient outcomes. Fourth, we restricted our analysis to the first three days
following ABI, without additional insights into NPi trajectories over time across outcome
groups. This choice is in line with our previous study in cardiac arrest patients [15] and,
from a methodological standpoint, allowed the analysis of a homogeneous NPi dataset
at the early phase of ABI, obtained standardised conditions of sedation and analgesia,
aiming at minimising a potential impact of sedative and analgesic dose on NPi [30]. Fifth,
outcome associations and prognostic performance of quantitative pupillometry data were
restricted to NPi—a calculated parameter derived from the integration of multiple mea-
sured pupillary variables—but we did not assess the value of single pupillary variables,
such as the percentage pupillary constriction or constriction velocity. Finally, and most
importantly, self-fulfilling prophecy is a significant limitation, as with all prognostic studies.
To overcome such a limitation, at least partly, NPi data were not part of clinical decision
making and were blinded to radiologic and outcome assessors.

5. Conclusions

Abnormal NPi, assessed at the early post-injury phase, has very high specificity to
predict unfavourable six-month outcomes in ABI patients with high-grade CT scan lesions.
The added prognostic value of NPi was most significant when complemented with baseline
demographic (age) and radiologic (CT midline shift) information. Our findings highlight
the importance of integrated multimodal assessment of ABI prognosis and support the
value of quantitative pupillometry as an additional prognosticating tool in this setting.
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