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Abstract

Background/Objective: Cerebral herniation due to brain edema is the major cause of neurological worsening in
patients suffering large hemispheric strokes. In this study, we investigated whether quantitative pupillary response
could help identify the neurological worsening due to brain swelling in patients with large hemispheric strokes.

Methods: Quantitative pupillary assessment using an automated pupillometer (NPi-100) was performed between
April 2017 and August 2019 for patients suffering large hemispheric strokes. Consecutive pupillary responses were
measured every 2 or 4 h as a part of routine clinical care. We compared the mean neurological pupil index (NPi) val-
ues, NPi value at the time of neurological deterioration, and percentage change in NPi from the immediate previous
value between patients with and without neurological worsening.

Results: In this study, 2442 quantitative pupillary assessments were performed (n = 30; mean age, 67.9 years; males,
60.0%). Among the included patients, 10 (33.3%) experienced neurological worsening. Patients with neurological
worsening had a significantly lower mean value of NPi and a sudden decrease in the NPi value as compared to those
without neurological worsening during the whole monitoring period (3.88 £ 0.65 vs. 445 4+0.46, P<0.001; and 29.5%
vs. 11.1%, P=0.006, respectively). All patients with NPi values below 2.8 showed neurological deterioration.

Conclusions: Quantitative monitoring of the pupillary response using an automated pupillometer could be a use-
ful and noninvasive tool for detecting neurological deterioration due to cerebral edema in large hemispheric stroke

patients.
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Introduction

Patients suffering a large hemispheric stroke are prone
to neurological deterioration that often leads to poor
neurological outcomes [1, 2]. The main causes of neuro-
logical worsening in these patients are brain edema and
concomitant intracranial hypertension, regardless of the
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ischemic or hemorrhagic origin [1-4]. Pupillary light
reflex (PLR) is an important neurological examination
that reflects subtle changes in intracranial pressure (ICP)
due to brain swelling [5-7]. Therefore, serial assessment
of PLR has been routinely performed in the neurologi-
cal intensive care unit (NICU) for the early detection and
possible mitigation of secondary brain injury from the
ICP crisis [6, 8—10]. Recent studies showed that quantita-
tive assessment of the PLR using an automated pupillom-
eter provided accurate information for managing patients
with an elevated ICP [10-13]. There was an inverse cor-
relation between the neurological pupillary index (NPi)
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and midline shift or transtentorial herniation observed
on brain imaging in patients with traumatic brain injury,
cardiac arrest, and ischemic stroke [8, 10, 13—-16]. How-
ever, most comparisons were made between the NPi
and radiological or ICP values, regardless of the clinical
information on neurological deterioration. Therefore, we
aimed to investigate the association between changes in
PLR using pupillometer and neurological worsening in
large hemispheric stroke patients.

Methods

Study Population

Between April 2017 and August 2019, we retrospec-
tively screened 51 patients admitted to our NICU for
the diagnosis of ischemic or hemorrhagic stroke, who
were evaluated using the pupillometer. Patients were
excluded for the following reasons: (1) posterior circu-
lation stroke (n=3) and (2) any missing values in serial
PLR data (n=18). Finally, 30 patients with anterior circu-
lation stroke were included for the analyses (Fig. 1). The
present-study protocol was approved by the institutional
review board (IRB no. H-1009-062-332).

Assessment of Pupillary Reflex Using an Automated
Quantitative Pupillometer

Bilateral pupillary examinations were performed using
an automated pupillometer (NPi-100 Pupillometer, Neu-
rOptics Inc., Irvine, CA, USA) every 2 h by the ICU
nurses or neurointensivists on service depending on the
neurological severity of the patients. When the patients
were neurologically stable, pupillary examinations were
repeated every 4 h. The NPi value was automatically
standardized on a scale of 0—5. Generally, the NPi value
below 3 indicates an abnormal PLR and greater value

suggests better PLR [13-16]. The NPi values and per-
centage change of NPi calculated from the immediate
previous values were collected for the analysis [17-19].
In patients with neurological worsening, the percentage
change of NPi was obtained at the time of neurologi-
cal deterioration, whereas in those without neurological
worsening, the highest percentage change value was cal-
culated from the whole monitoring data. For sensitivity
analysis, we also measured conventional pupillary reac-
tivity and classified it into three categories: prompt
(brisk, normal), sluggish (abnormal), and fixed (non-
reactive), and compared it with the NPi values at the tim-
ing of neurological deterioration. While monitoring the
NPi values and the conventional pupillary reactivity, we
used those values for clinical decision making in included
patients during the NICU care.

Baseline Characteristics and Clinical Information

Baseline characteristics, including demographics (age
and sex) and vascular risk factors (hypertension, diabe-
tes mellitus, dyslipidemia, history of stroke/transient
ischemic attack, coronary artery disease, atrial fibril-
lation, and smoking), were obtained. Furthermore, we
assessed the diagnoses of patients at the time of NICU
admission and thrombolytic therapy (intravenous throm-
bolysis, with or without endovascular recanalization
therapy). We also evaluated other patient management
protocols, such as targeted temperature management and
craniectomy/craniotomy, and the sedative agents (mida-
zolam, remifentanil, dexmedetomidine, and propofol)
administered during the NICU care. Midline shift was
assessed using brain computerized tomography (CT)
with axial slices of 3 mm thickness and was determined

Eligible patients
(n=51)

Included patients
(n=30)

Excluded patients (n=21)
Patients Without serial pupilometer monitoring (n=18)
Patients with posterior circulation stroke (n=3)

Neurological worsening
(n=10)

No neurological worsening
(n=20)

Fig. 1 Flow diagram of included patients




by measuring the distance from the midline to the sep-
tum pellucidum, as previously described [20, 21].

Neurological assessment was performed using the
National Institute of Health Stroke Scale (NIHSS) and
the Glasgow Coma Scale (GCS) during the NICU hos-
pitalization. All patients were examined for the severity
of neurological symptoms based on the NIHSS and the
GCS by specialized nurses or neurointensivists, every 4 h
in the NICU at least. Neurological worsening was defined
as a worsening of total NIHSS >4 points while admitted
in the NICU [22, 23]. The patients were categorized into
two groups based on the presence or absence of neuro-
logical worsening.

Statistical Analyses

Continuous variables were compared using the Student’s
t tests or Mann—Whitney’s U test, and proportions of
categorical variables were compared using Pearson’s x>
tests or Fisher’s exact test according to the neurological
worsening outcome as appropriate. Data were presented
as mean = standard deviation or as median with inter-
quartile range (IQR) according to the data distribution.
For all analyses, a two-tailed P value<0.05 was consid-
ered statistically significant. Statistical analyses were

Table 1 Clinical characteristics of study population

Total (n=30)

performed using the Statistical Package for the Social
Sciences (version 25.0, SPSS Inc., Chicago, IL, USA) and
GraphPad Prism (version 8, GraphPad Software, San
Diego, CA, USA).

Results

In this study, 2442 quantitative pupillary assessments
were performed for the included patients (#=30; mean
age, 67.9 years; males, 60.0%). The median duration
of monitoring was 168.0 h (IQR [114-252.5]), and the
median numbers of pupillary assessments were 48 (IQR
[13.5-107.0]). Among the included patients, 10 patients
(33.3%) experienced neurological worsening in the
NICU. There was no statistical difference with respect to
age, sex, vascular risk factors, or stroke severity as meas-
ured by the NIHSS between the patients with and with-
out neurological worsening (Table 1). Additionally, there
was no statistically significant difference between the
two groups in terms of the stroke subtypes or the pro-
portion of patients with sedatives (Table 1). During the
total monitoring period, the mean value of NPi, regard-
less of the side of the lesion, was significantly lower in
groups with neurological worsening than in those with-
out neurological worsening (3.88+0.65 vs. 4.45+0.46,

Neurological worsening No neurological worsening P value

(n=20, 66.7%)

(n=10, 33.3%)

Age (mean=+£SD), years 6794+156
Male, n (%) 18 (60.0)
Hypertension, n (%) 13(433)
Diabetes mellitus, n (%) 10(33.3)
Hyperlipidemia, n (%) 6 (20.0)
Coronary artery disease, n (%) 5(16.7)
Atrial fibrillation, n (%) 12 (40.0)
Previous stroke/TIA, n (%) 11 (36.7)
Smoking, n (%) 8(26.7)
Initial NIHSS, median (IQR) 20.5 (13.75-24.25)
Initial GCS, median (IQR) 9.5(7-12)
Stoke subtypes, n (%)

Ischemic stroke 20 (66.7)

ICH 10 (33.3)

Thrombolytic therapy among the ischemic
strokes, n (%)

IV thrombolysis 5(25.0)
ERT 2(10.0)
Combined IV thrombolysis with ERT 1(5.0)
Craniotomy/craniectomy, n (%) 11 (36.7)
Targeted temperature management, n (%) 6(20.0)
Sedative drugs, n (%) 11 (36.7)

6694132 6454166 0.799
5 (50.0) 13 (65.0) 0461
4(40.0) 9 (45.9) 1.000
5 (50.0) 5(25.0) 0.231
2(20.0) 4(30.0) 1.000
2 (20.0) 3(15.0) 1.000
4(40.0) 8 (40.0) 1.000
2(20.0) 9 (45.0) 0.246
4(40.0) 4(20.0) 0.384
16.5 (9.25-23.0) 215 (16.75-24.75) 0.131
10.5 (8.0-13.0) 9 (7-11) 0.198
0.101
9(90.0) 11 (55.0)
1(10.0) 9 (45.0)
0.890
3(333) 2(182)
1(11.0) 1(9.1)
0(0.0) 1(9.1)
5(50.0) 6(333) 0425
3 (30.0) 3(15.0) 0372
5(50.0) 6(30.0) 0425

ERT endovascular recanalization therapy, GCS Glasgow Coma Scale, ICH intracerebral hemorrhage, IQR interquartile range, IV intravenous, NIHSS National Institute of

Health Stroke Scale, SD standard deviation, TIA transient ischemic attack



P<0.001) (Table 2). Moreover, the lowest NPi value ipsi-
lateral to the lesion was significantly lower in patients
with neurological worsening compared to those without
neurological worsening (2.9 [IQR 1.4-3.7] vs. 4.1. [IQR
3.2-4.2], P=0.009). Likewise, contralateral NPi val-
ues were lower in patients with neurological worsening
compared to those without neurological worsening (3.5
[IQR 1.8-4.2] vs. 4.2 [IQR 3.5-4.5], P=0.031). However,
the absolute NPi values were higher on the contralateral
side compared to the ipsilateral side in the neurologi-
cal worsening group. Regarding the percentage changes
of NPi, the ipsilateral NPi decreased by 29.5% (median,
IQR [20.0-66.1]) at the time of neurological deteriora-
tion as compared to the immediate previous measure-
ments in patients with neurological worsening, which
was higher compared to those in patients without neuro-
logical worsening (29.5% vs. 11.1%, P=0.006). Moreover,

the contralateral NPi decreased by 18.7% (median, IQR
[5.7-54.0]) in the neurological worsening group as com-
pared to the 8.7% decrease observed in patients without
neurological worsening and was not statistically signifi-
cant (Table 2). Furthermore, all patients with NPi values
below 2.8 had neurological worsening regardless of the
side of the lesion, whereas no patients in groups without
neurological worsening had NPi values below 2.8 (Fig. 2).
Moreover, there was a sudden drop in NPi values when
neurological deterioration occurred (Supplementary Fig-
ure 1). The individual values of NPi at the time of neuro-
logical deterioration are summarized in Table 3. Among
the patients with neurological worsening, 80% showed
significant changes in the NPi values when neurological
deterioration occurred (Table 3). Although an automated
pupillometer showed that all but one had reactive pupils
regardless of the side of the lesion before the neurological

Table 2 The values of neurological pupil index according to neurological worsening

P value

Neurological worsen-

No neurological worsen-

ing (n=10, 33.3%) ing (n=20, 66.7%)

Total value of NPi during monitoring (mean = SD) 3.824+052 4384050 <0.001
Lowest value of NPi during monitoring on the ipsilateral side, median (IQR) 29(14-37) 4.1 (3.2-4.2) 0.009
Lowest value of NPi during monitoring on the contralateral side, median (IQR) 35(1.8-4.2) 4.2 (3.5-4.5) 0.031
Percent change of NPi from previous value in the ipsilateral side, median (IQR) 29.5 (20.0-66.1) 11.1 (5.7-25.0) 0.006
Percent change of NPi from previous value in the contralateral side, median (IQR) 18.7 (5.7-54.0) 8.7 (23-12.5) 0.050
IQR interquartile ranges; NPi neurological pupil index; SD standard deviation
o
Z o NN e AN
s .
o NPi 2.8
3
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>
0 > ©
Ipsilateral NPi Contralateral NPi Ipsilateral NPi Contralateral NPi
Neurological worsening No neurological worsening
Fig. 2 Distributions of neurological pupil index (NPi) during monitoring periods after stroke onset according to neurological worsening. The scat-
terplots show individual NPi values during monitoring periods according to neurological worsening. The mean value of NPj, regardless of the side
of the lesion, was 3.88 in the neurological worsening group and 4.45 in the group without neurological worsening. There was no patient with NPi
values below 2.8 in group without neurological worsening




Table 3 Changes of neurological pupil index values and midline shift among the patients with neurological worsening

Lesion side

Stroke types

ening (right/left)

1 Ischemic stroke Right 43/44
2 Ischemic stroke Right 4.2/4.0
3 Ischemic stroke Right 4.9/49
4 Ischemic stroke Left 4.5/4.7
5 Ischemic stroke Bilateral 4.1/4.2
6 Hemorrhagic stroke Left 3.9/4.0
7 Ischemic stroke Right 4.0/4.1
8 Ischemic stroke Right 4.5/42
9 Ischemic stroke Bilateral 4.0/4.0
10 Ischemic stroke Right 0.9/4.1

NPi before neurological wors-  NPi after neurological wors-  Change

ening (right/left) of midline
shift (mm)

0.0/4.0 127—175
1.9/1.2 10.7— 145
36/36 4282
4.4/4.1 21—133
34/3.2 34—90
20/2.7 0—19
2.5/3.0 0—90
4.1/4. 45—117
3.1/4.0 162— 176
0/0 54—65

*Midline shift was assessed by measuring the distance from the midline to the septum pellucidum using brain CT

NPi neurological pupil index

deterioration, a conventional pupil examination using
a penlight showed that seven patients were regarded as
having reactive pupils on the ipsilateral to the lesions
(Supplementary Table 1 and Figure 2). At the time of neu-
rological deterioration, conventional light reflex could
not accurately identify the changes in pupillary reactiv-
ity. Although an automated pupillometer identified one
additional patient with an ipsilateral blown pupil, the
patient was regarded as having a sluggish pupil on a pen-
light examination. Moreover, conventional examinations
described that seven patients had still reactive pupils
and two had sluggish responses. However, an automated
pupillometer showed that only five patients had reactive
pupils (Supplementary Table 1).

In patients without neurological worsening (n=20),
three patients (15%) experienced with a sudden drop in
the NPi values (ipsilateral side: mean = SD, 28.440.8%;
contralateral side: mean=+SD, 16.3+3.4%) without
aggravation of neurological examinations and recovered
to the baseline on the next evaluation. Moreover, the
NPi values were not influenced by the uses of sedatives
and TTM (Supplementary Table 2 and Supplementary
Table 3). It took about 10 min (median, IQR [5-14.25])
from a sudden drop in NPi to the detection of neuro-
logical deterioration in the neurological worsening group
(the representative case in Supplementary Figure 2).
Moreover, the time difference from neurological worsen-
ing to performing imaging studies (brain CT/magnetic
resonance imaging) was 1.85 h (median, IQR [0.88-2.9]).

Discussion

This study showed that a sudden drop in NPi value
below 2.8 was always associated with neurological wors-
ening, regardless of the side of the lesion. Moreover, a

percentage decrease in NPi by 30% as compared to the
immediate previous assessment was associated with
neurological worsening in patients suffering large hemi-
spheric strokes.

The prognosis of large hemispheric stroke is usually
dismal. Regardless of whether it is intracerebral hemor-
rhage or large ischemic stroke, the chances of favorable
outcome at 6 months or 1 year are about 24%, even with
the best medical therapy [1, 24]. Early management of
brain swelling with decompressive surgery or osmoth-
erapy is the main goal of the treatment protocol [1, 2, 4,
25-28]. PLR is the most important clinical neurologi-
cal examination reflecting brain swelling and herniation
in the NICU [5, 8, 29-33]. However, its poor inter-rater
reliability stresses the need for a more objective and
quantitative assessment tool [9, 33]. The automated
pupillometer allows continuous assessment of various
aspects of PLR [9, 11, 17, 30, 34, 35]. Among the varia-
bles of quantitative pupillary assessment, the NPi values
are the least affected by sedatives. In addition, this study
showed that the NPi values were not significantly influ-
enced by the sedative drugs in consistent with previous
studies [11-13, 18]. Several studies demonstrated a sig-
nificant correlation between the NPi values and radio-
logical midline shift or ICP values in patients with acute
brain injuries [7-10, 13, 14, 16, 36]. However, they did
not show a temporal association between the NPi change
and clinical deterioration. Our study showed that there
was a sudden drop in NPi values when neurological dete-
rioration occurred (Supplementary Figure 1). Consistent
with previous studies, patients with neurological wors-
ening had lower NPi values compared to those without
neurological worsening. Moreover, our results demon-
strated that a sudden drop in the NPi value (by about



30% as compared to the immediate previous NPi value)
was an important clue indicating neurological worsening
in patients with hemispheric stroke. Fluctuations of the
NPi value are frequently observed in serial monitoring,
partly due to the circadian rhythm [37]. Even with bio-
logical fluctuations, any abrupt decrease in NPi of more
than 30% was mostly always associated with neurological
deterioration. Moreover, 15% of patients showed a sud-
den drop in the NPi values during the monitoring period
in patients without neurological worsening. However,
those values recovered within a short time (2—4 h) with-
out any changes in neurological examinations.

In this study, 80% of the patients of the neurological
worsening group had a significant decrease in the NPi
value, accompanied by an aggravation of the midline shift
with transtentorial herniation on brain CT. Two patients
with neurological deterioration were not accompanied by
a change in the NPi values because they developed new
lesions mainly in the frontal lobes which did not have a
direct effect on pupillary reactivity [13—16]. The sudden
drop in NPi preceded neurological worsening, which trig-
gered the brain imaging. Therefore, a quantitative pupil-
lometer could be used in selecting patients who require
brain imaging. Given that transportation of the patients
out of the ICU is sometimes challenging and often leads
to adverse events, a careful selection of the patients who
need brain imaging using a pupillometer will have a high
clinical impact [38—40]. Therefore, close monitoring of
their neurological status, including pupillary response
using pupillometer, could be useful for the evaluation of
neurological worsening and the need for intervention in
patients suffering large hemispheric strokes [9, 29].

Among the several definitions on the neurological
deterioration using NIHSS, we defined it as an aggrava-
tion of NIHSS >4 points due to high specificity with low
chance of false sensitivity. If we change the definition as
a deterioration of NIHSS >2, 43.3% of the patients (13
out of 30) were categorized as having the neurological
deterioration, and 23.1% (3 out of 13) of patients recov-
ered within hours without permanent neurological dam-
age. Therefore, we defined the neurological deterioration
as a worsening of NIHSS >4 in the patients with severe
stroke in consistent with previous studies [22, 23].

This study had several limitations. First, this was
a single-center study conducted on a small number
of patients. Second, we could not adjust the effect of
osmotic therapy on the NPi or the midline shift on brain
imaging in patients with neurological deterioration. Most
osmotic therapies were administered when NIHSS dete-
riorated >4 points with a concomitant drop in the NPi
values. Then, the patients were sent for brain imaging.
Therefore, NPi values were measured before the adminis-
tration of osmotic therapy. Although there is a possibility

that the use of osmotic therapy may have reduced the
midline shift, the correlation between NPi values and
neurological deterioration did not change. Third, several
patients were treated with sedatives and this might have
affected the pupillary reactivity. However, we chose the
NPi values for a comparison, because the NPi values are
the least modified by sedatives compared to other param-
eters including constriction, dilatation velocity, or pupil
size. [11-13]. Moreover, the two groups did not differ in
terms of the uses of sedatives, and the effect of sedative
drugs on the changes of NPi according to neurological
worsening was not significant in this study.

Conclusion

In conclusion, our study suggests that a significant and
sudden drop of NPi can be an indicator of neurologi-
cal worsening due to brain edema in patients suffering
large hemispheric strokes. Furthermore, serial quanti-
tative PLR could be a helpful tool for monitoring using
the automated pupillometer in patients at risk of cerebral
edema. Further researches should be conducted to con-
firm the true relationship between changes in NPi values
and the outcomes in neurocritically ill patients.
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