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Abstract

other edema-reducing interventions.

clinical utility.
Keywords: Cerebral edema, Mannitol, Hypertonic saline

Background: Osmotic therapy is a critical component of medical management for cerebral edema. While up to 90%
of neurointensivists report using these treatments, few quantitative clinical measurements guide optimal timing,
dose, or administration frequency. Its use is frequently triggered by a qualitative assessment of neurologic deteriora-
tion and/or pupil size, and anecdotally appears to improve pupil asymmetry suggestive of uncal herniation. However,
subjective pupil assessment has poor reliability, making it difficult to detect or track subtle changes. We hypothesized
that osmotic therapy reproducibly improves quantitative pupil metrics.

Methods: We included patients at two centers who had recorded quantitative pupil measurements within 2 h
before and after either 20% mannitol or 23.4% hypertonic saline in the neurosciences intensive care unit. The primary
outcome was the Neurologic Pupil Index (NPi), a composite metric ranging from 0 to 5 in which > 3 is considered
normal. Secondary outcomes included pupil size, percent change, constriction and dilation velocity, and latency.
Results were analyzed with Wilcoxon signed-rank tests, Chi-square and multi-level linear regression to control for

Results: Out of 72 admissions (403 paired pupil observations), NPi significantly differed within 2 h of osmotic therapy
when controlling for other commonly used interventions in our whole cohort (3=0.08, p=0.0168). The effect was
most pronounced (3=0.57) in patients with abnormal NPi prior to intervention (p =0.0235).

Conclusions: Pupil reactivity significantly improves after osmotic therapy in a heterogenous critically ill population
when controlling for various other interventions. Future work is necessary to determine dose-dependent effects and

Introduction

The medical management of increased intracranial pres-
sure (ICP) and brain herniation is comprised of a num-
ber of interventions depending on the severity and nature
of the injury including head positioning, hyperventila-
tion, cerebrospinal fluid (CSF) diversion, blood pres-
sure manipulation, hypothermia, pharmacologic coma,
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and osmotic therapy [1]. While many neurocritical care
programs use combinations of the above-mentioned
interventions, osmotic therapy is a mainstay of medical
treatment for cerebral edema and herniation, used by
over 95% of surveyed neurointesivists [2]. Small retro-
spective studies have shown that osmotic therapy, includ-
ing 20% mannitol or 23.4% hypertonic saline boluses, can
reverse transtentorial herniation and decrease intrac-
ranial pressure [3—5]. However, clinicians are limited in
their ability to optimize dosing and timing due to their
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inability to easily measure the medications’ intended
effect.

In the cases of both focal and diffuse mass effect, asym-
metric changes in pupil size and reactivity (anisocoria)
may occur. Different theories regarding the cause of ipsi-
lateral (or sometimes contralateral [6]) pupillary dilation
include direct pressure on the third nerve [7] or horizon-
tal displacement of the midbrain [8-10]. Clinically, the
resolution of drastic and asymmetric changes in pupil
size and reactivity may provide reassurance to physicians
that osmotic medication administration successfully
reduced mass effect leading to less lateral displacement
of midline structures [9, 10]. However, subtler pupillary
changes that could potentially alert clinicians earlier to
the development of profound anatomic shifts may be
missed as precise pupil measurements are not routinely
tracked, and the inter-rater reliability of subjective pupil
assessment has been shown to be poor [11, 12].

We considered whether the effects of osmotic therapy
administration could be measured by repeated quan-
titative pupillary measurements. However, in order to
answer this question, the relationship between osmotic
medication administration and pupillary reactivity must
be better understood. We tested the hypothesis that in
patients with poor pupil reactivity or anisocoria, the
administration of bolused osmotic therapy would signifi-
cantly improve pupil metrics.

Methods
Population and Study Design
We conducted a prospective observational study of patients
at two medical centers who received bolused osmotic med-
ications including 20% mannitol or 23.4% hypertonic saline
in the neurosciences intensive care unit (neuro-ICU) and
had quantitative pupil measurements within 2 h of medica-
tion administration. Inclusion consisted of patients greater
than 18 years of age who were admitted to the neuro-ICU
who met the above criteria. Patients were excluded if peri-
orbital swelling prevented pupillary examination, if they
had bilateral unreactive pupils throughout their admission,
or if they were comfort measures only upon admission
(full criteria in Supplementary Methods). Pupillometry
data were prospectively collected between December 2016
and February 2018. Trained nurses recorded pupil meas-
urements as standard of care every 2 h in addition to at
the time and at the end of infusion of osmotic medication
administrations (Supplementary Methods). Measurements
were taken at usual ambient light levels in typical ICU
rooms. Additional clinical data were gathered retrospec-
tively through chart review. Our local Institutional Review
Board approved the study.

We used the NeurOptics NPi' -200 (NeurOptics Inc.,
Irvine CA, USA) pupillometer, a portable handheld

device that has been shown to more reliably record and
identify changes in pupil characteristics than manual
measurement alone [12, 13]. In addition to recording
data including minimum pupil diameter and percent
pupillary change, the device calculates a Neurologi-
cal Pupil Index (NPi), a proprietary metric based on the
comparison of characteristics of the measured pupillary
response against a normative model of the pupil’s reac-
tion to light. The values range between 0 and 5. A meas-
urement equal to or above 3 indicates that the intensity of
the pupil response falls within the range of a NeurOptics
“normal” population, and a measurement below 3 is con-
sistent with “poor pupil reactivity” For the purposes of
this study, we defined patients with poor pupil reactivity
as those who had a recorded NPi of < 3.

Outcomes

The primary outcome was the NPi of the “pathologic”
eye, defined as the eye with the lowest NPi in a single
observation. If the NPi was equal between eyes, we used
the NPi of the eye with the larger resting pupil size for
analysis. We excluded any paired observations in which
a “pre-osmotic therapy” pupillary measurement also
occurred within 2 h after a medication administration,
to eliminate misclassifying a post-intervention pupillary
measurement incorrectly. Secondary outcomes included
resting pupil size, constricted pupil size (minimum con-
stricted size when exposed to the pupillometer’s light)
(mm), change in pupil size (%), constriction velocity
(mm/s), dilation velocity (mm/s), and latency (mm/s).

Statistical Analyses

Preliminary analysis was conducted with Wilcoxon
signed-rank and Chi-square tests. We subsequently con-
structed a multi-level linear regression model in which
each patient served as his or her own control to account
for both intra- and inter-patient variability. To satisfy
normality assumptions for multi-level modeling, pupil
metrics were transformed as appropriate (Supplemen-
tary Methods). When analyzing only observations with
NPi< 3, all data remained untransformed as residuals fol-
lowed a normal distribution.

We used a random slope model estimated with
restricted maximum likelihood to control for each
patient’s baseline NPi and variability between each
patient’s individual responses to osmotic therapy. To
control for the effect of other interventions employed
to reduce intracranial pressure, we included the fol-
lowing other interventions in our model: (1) initiation
or increase in anesthetic or analgesic agents; (2) inter-
ventions aimed to achieve optimal blood pressure and
maintain cerebral perfusion pressure to 60-70 mm
Hg; (3) CSF diversion; and (4) hyperventilation. All
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interventions were considered fixed effects. Bonferroni
corrections were applied to all pupil metrics except for
our primary outcome of change in NPi, in which sig-
nificance was defined as p <0.05. Further explanation of
our methods is included in the Supplementary Methods
section.

We also performed an exploratory sensitivity analy-
sis to determine the effect of interventions surrounding
osmotic medication administration on pupil measure-
ments at times extending beyond 2 h, as well as subgroup
analyses on patients with hemicraniectomy, different
osmotic medications, and poor pupil reactivity. All statis-
tical analyses were performed with R Version 3.4.2 [14].
Further information on the statistical methods and spe-
cific R packages is included in the Supplementary Meth-
ods Section.

Results

We included 72 patient admissions with 403 paired pupil
measurements within 2 h of either 23.4% hypertonic
saline (30 mL) or 20% mannitol (dose range 0.11-1.52
gm/kg). Baseline characteristics are included in Table 1.
The mean age was 57.4, and the most frequent diagno-
ses included intraparenchymal hemorrhage (36.1%), trau-
matic brain injury (15.3%), and anterior circulation stroke
(13.9%). Twenty-four patients with 63 paired pupillary
measurements had at least one eye with an abnormal NPi
before osmotic medication administration. Anisocoria
(resting pupil size difference of 1 mm or more) was pre-
sent in 24 patients prior to ICP reducing interventions
(44 measurements), 15 of whom also had at least one
instance of an abnormal NPi in our paired pupil observa-
tions. Mortality was 34 (47.2%), and 23 patients (31.9%)
received a hemicraniectomy. Thirty-three patients
(45.8%) had an extraventricular drain or ICP monitor,
21 (29.2%) were started or received increased continu-
ous antihypertensive medications and 12 (16.7%) were
started on or received increased vasopressor agents in
between pupil measurements. Analgesic or anesthetic
agents were initiated or increased on 33 patients (45.8%)
between pupil measurements and included propofol
(31.9%), fentanyl (19.4%), midazolam (4.2%), and pento-
barbital (1.4%).

NPi in the pathologic eye differed significantly after
ICP reducing interventions compared to pre-medica-
tion NPi when treating all observations as independ-
ent (Median 4.1 [IQR 3.4-4.6] v 4.2 [IQR 3.5-4.6],
p=0.0031). This was also true for patients with abnor-
mal (Median 2.4 [IQR 1.75-2.65] v 3.0 [IQR 1.9-3.45],
»<0.0004) and normal NPi (Median 4.4 [IQR 3.8-4.7] v
4.5 [IQR 4.0-4.7], p<0.0322) prior to medication admin-
istration. Constricted pupil size also significantly differed
before and after osmotic medication administration in

patients with NPi<3. When we conducted a sensitivity
analysis of pupil measurements extending the time point
after ICP reducing interventions, we found that change
in NPi remained significant up to 5 h after therapeutic
administration in patients with sluggish pupils (Median
2.45 [IQR 1.6-2.63] v 3.0 [IQR 1.88-3.53], p<0.0274)
(Supplementary Table 1).

In a multi-level model controlling for commonly used
interventions to reduce ICP and intra- and inter-patient
variability, the difference in NPi remained significant for
both the total cohort and patients NPi< 3 prior to inter-
vention (=0.08, p=0.0168 and =0.57, p=0.0235,
respectively) within 2 h (Table 2). In patients with NPi<3,
osmotic therapy was also associated with a decrease in
constricted pupil size (8=—0.46, p=0.0045). No other
ICP reducing interventions affected pupil metrics. In
patients with anisocoria, the median size difference
between eyes before and after osmotic therapy (1.29 mm
v. 0.7 mm) was also statistically significant when account-
ing for intra- and inter-patient variability (p<0.0001)
(Table 3).

In a stratified analysis of blood pressure interventions,
we found that administration of vasopressors was also
associated with a change in NPi in the opposite direc-
tion in both the total cohort (5=—0.27, p=0.0084) and
patients with normal NPis (f=-1.2, p<0.0001), but
not in observations with abnormal NPi (Supplementary
Table 2).

We also performed several subgroup analyses to better
understand the effects of specific interventions including
observations that occurred after hemicraniectomy and
observations surrounding the isolated administration of
mannitol or hypertonic saline. In paired pupil observa-
tions that occurred after a hemicraniectomy, no interven-
tion was significantly associated with a change in NPi.
We also analyzed the effect of 20% mannitol and 23.4%
hypertonic saline separately. Both mannitol (235 paired
observations and 62 patients) and hypertonic saline (166
paired observations and 38 patients) were associated
with a change in NPi by Wilcoxon testing (p=0.0329 and
p=0.0421, respectively) (Supplementary Table 1). When
accounting for other interventions and intra/inter-patient
variability, both agents demonstrated a trend (p=0.0896
and p=0.1076) but was not significant in the entire
cohort (Table 4). Sample size was too small to compare in
sluggish cohorts accounting for other interventions.

In patients with ICP monitors, we conducted explora-
tory analysis of the relationship between the change in
ICP and NPi (Table 5). ICP was significantly reduced
after medical interventions in our cohort (f=-5.78,
p<0.0001). When accounting for intra- and inter-patient
variability, there was no significant association between
the percent change in NPi and percent change in ICP
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Table 1 Baseline characteristics

All patients Abnormal NPi<3 Normal NPi >3
n (%)

Intraparenchymal hemorrhage 26 (36.1) 6 (25.0) 20 (41.7)
Traumatic brain injury 11(15.3) 6 (25.0) 5(104)
Anterior circulation stroke 10(13.9) 2(83) 8(16.7)
Brain tumor 8(11.1) 5(20.8) 3(6.3)
Posterior circulation stroke 79.7) 2(83) 5(104)
Subarachnoid hemorrhage 5(6.9) 2(83) 3(6.3)
Other® 5(69) 1(4.2) 4(83)
Pahologylocation

Isolated supratentorial 43 (59.7) 13 (54.2) 30 (62.5)
Multiple territories 22 (30.6) 10 (41.7) 12 (25)
Cerebellum 7(9.7) 1(4.2) 6(12.5)

Mannitol (20%) 62 (86.1) 21(87.5) 41 (85.4)
Hypertonic saline (23.4%) 40 (55.6) 18 (75) 22 (45.8)
Both mannitol and hypertonic saline 30 (41.7) 15 (62.5) 15 (31.3)
A CSF drainage 23(31.9) 8(333) 15(313)
Increase or initiation of continuous sedation® 33 (45.8) 14 (58.3) 19 (39.6)
Propofol 23(31.9) 10 (41.7) 13(27.1)
Fentanyl 14 (19.4) 8(333) 6(12.5)
Midazolam 3(4.2) 2(83) 1.0
Pentobarbital 1(14) 1(42) 0(0)
Increase or Initiation of Continuous Blood Pressure Agents 29 (40.3) 9(37.5) 20(41.7)
Antihypertensives 21 (29.2) 6 (25) 15(31.3)
Nicardipine 20 (27.8) 6 (25) 14(29.2)
Labetalol 1(14) 0(0) 1(2.1)
Vasopressors? 12(16.7) 6(25) 6(12.5)
Phenylephrine 10(13.9) 4(16.7) 6(12.5)
Norepinephrine 6(83) 6 (25) 0(0)
Hyperventilation 11(15.3) 6 (25) 5(104)

CSF cerebrospinal fluid, ICP intracranial pressure, NPi Neurologic Pupil Index, sd standard deviation

2 One patient in the full cohort was admitted under two separate admissions with two separate diagnoses. Percents are calculated from 72 admissions

5 Other diagnoses included (1) venous sinus thrombosis, (2) infection, (3) primary intraventricular hemorrhage, (4) status epilepticus, and (5) subdural hemorrhage
¢ Six patients had two or more classes of sedative

9 Four patients received multiple vasopressor agents

(B=0.02, p=0.660) after osmotic medication admin- Discussion

istration in the whole cohort. However, in patients with ~ We found that osmotic medication administration was
elevated ICP > 25 prior to intervention, there was a signif- ~ significantly associated with improved pupil reactiv-
icant association between the change in NPi and change ity within 2 h of delivery. This result remained signifi-
in ICP (5=—0.20, p=0.0461). cant after controlling for other interventions aimed at
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Table 3 Multi-level model assessing difference in resting pupil size (mm) in (A) all patients and (B) patients with anisoco-

ria before osmotic therapy

Median size difference
IAdmissions, paired observations 72, 394°

(A) All patients
Before osmotic therapy 0.3
After osmotic therapy 03

lAdmissions, paired observations 24, 44

Beta p value
Intercept 0.3256
Osmotic therapy —0.006 0.795

(B) Patients with anisocoria before osmotic therapy
Before osmotic therapy 1.29
After osmotic therapy 0.70

Intercept
Osmotic therapy

14314

—0.7471 <0.0001*

? Paired observations are 394 instead of 403 because 9 observations had missing values for either the left or the right eye

reducing ICP including CSF diversion, blood pressure
management strategies, initiation or increase in anes-
thetic and analgesic agents, and hyperventilation.

These findings add to the literature by examining the
measurable effect of medical therapy, and specifically
osmotic medication administration on the quantitative
marker of pupil reactivity. Our results are consistent with
research showing that in 12 episodes of herniation sec-
ondary to supratentorial mass lesions, NPi was improved
after various medical interventions including bolused
osmotic medications [15]. Another group found that
in patients who received high dose mannitol (1.4 g/
kg), pupil “widening” improved 5-10 min after the end
of the mannitol infusion compared to lower dose man-
nitol infusions [16], though the validity of the findings
was later questioned [17]. We found no similar study on
bolused hypertonic saline.

While the medical interventions and CSF diversion are
frequently initiated interventions in cases in which clini-
cians are concerned for life-threatening swelling, their
durations of action are often transient and imprecisely
understood. Mannitol, an alcohol derivative of the sugar
mannose given as a 20% solution, and hypertonic saline
often used in concentrations ranging from 3 to 23.4% are
thought to mitigate swelling through the establishment
of an osmolar gradient and diuresis. Mannitol may have
additional edema-reducing properties such as decreasing
blood viscosity [18] and acting as a free radical scaven-
ger [19]. The peak effect of the reduction in brain water
is thought to occur 15-35 min after completion of a
mannitol infusion [20], with a halftime of elimination of
0.5-2.5 h, and prolonged in patients with impaired renal
function [18, 21, 22].

Determining the time to effect of hypertonic saline is
even less well verified. Various studies have evaluated the
timing of hypertonic saline on intracranial pressure and
found time to effect varied from immediate to 30 min

[2, 23], with duration of action lasting 4-6.3 h [24, 25].
Because both bolused hypertonic saline and mannitol’s
mechanisms of action are primarily through the creation
of an osmotic gradient, once a static level of osmolarity
has been achieved, further doses are required to sustain
the water gradient outward from the brain [26]. There
has also been historical debate about whether rebound
swelling and increased ICP occurs after its initial effect
[18, 27, 28]. Traditionally, these medications are dosed
every 4—6 h, guided by an upper limit in osmotic gap
or a sodium concentration ceiling. However, this gap
is frequently used to determine a threshold at which to
hold medications for unclear risks of adverse effects [18]
rather than dosing for efficacy.

Our results raise the question as to whether quantita-
tive improvement in pupil reactivity could serve as a non-
invasive marker of clinically relevant edema reduction
after osmotic therapy. Displacement of midbrain and/or
medullary structures and involvement of the third cranial
nerve have been associated with worsened pupil reactiv-
ity and anisocoria development [6, 8, 9], and previous
work suggests an association between elevations in global
ICP and NPi [29], which is also reflected in our results
(Table 5). The duration of pupil reactivity improve-
ment after medical interventions we found in our study
(approximately 5 h) is consistent with the timing of sus-
tained lowering in intracranial pressure found in previ-
ous studies [25, 30]. We also found that osmotic therapy
causes quantitative pupil changes that are independent
of commonly used medical interventions used to reduce
ICP. This suggests that serial pupil measurements may be
of clinical utility in measuring the effect of medical ther-
apies in reducing pressure and/or displacement of mid-
brain and medullary structures in the ICU setting.

Several other findings generated by our results warrant
discussion. While osmotic therapy significantly improved
NPi both in our total cohort and in the subgroup of
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Table 5 Correlation between percent change in ICP and NPi after ICP reducing interventions

Spearman'’s rho p value

(A) Spearman’s rank correlation
% Change in ICP and % change in NPi
ICP

33,219

[Admissions, paired observations

Beta

—0.0374
A NPi-A ICP

0.5822
ANPi-AICP, ICP > 25

33,219

Beta

(B) Multi-level model ICP after osmotic therapy with A NPi as the dependent variable

11.7541
—5.7754

Intercept
Osmotic therapy

<0.0001*

5.2281
0.0236

—31.3048

0.660 —0.2003 0.0461*

Percent change in ICP was calculated from the max ICP that occurred within 2 h prior to the pre-osmotic therapy pupil measurement and the minimum ICP that

occurred within 2 h after the pre-osmotic therapy pupil measurement

No significant correlation was appreciated when treating all observations as independent (5A). When accounting for inter- and intra-patient variability in a multi-level
model, no significant relationship between change in ICP or change in NPi was found in the whole cohort. However, a significant relationship was demonstrated in a

subgroup of patients with an ICP>25 mmHg (5B)

ICP intracranial pressure, NPi Neurologic Pupil Index

patients with an NPi< 3 prior to osmotic therapy admin-
istration, this finding was no longer significant in the
subgroup of patients with a “normal” NPi prior to medi-
cation, which may suggest that therapy affects only path-
ological pupil reactivity. We also found that the effect
of osmotic therapy on NPi was no longer significant in
patients who had undergone hemicraniectomy, which is
likely due to the substantial changes in global pressure
and directional mass effect that occurs after removal of
the skull and dura [31]. In variations of our model, we
found that the initiation or increase in vasopressor medi-
cations had a significant effect on NPi but resulted in a
negative association, suggesting that these agents coun-
teracted the overall improvement in pupil reactivity. This
is consistent with previous studies that observed quanti-
tative and qualitative changes in pupil size and reactivity
after the administration of medications including vaso-
pressors and analgesic agents [32, 33].

Incidentally, our study demonstrated that not all
patients who receive osmotic therapy necessarily dem-
onstrate quantitative evidence of poor pupil reactivity.
Abnormal NPi prior to medication administration was
present in only in 24 out of 72 patient admissions. We
hypothesize that this finding reflects the fact that osmotic
therapy is used not only for edema that impinges upon
midbrain and brainstem structures, the anatomic loca-
tions most closely associated with decreased pupil reac-
tivity [8, 9, 34], but also for cortical swelling. We also
found that mortality in patients with NPi<3 was similar
to the entire group, though this may be due to intrinsic
bias of exclusion criteria. (Patients with bilateral unreac-
tive pupils or who were comfort measures only on admis-
sion were excluded).

Our study has limitations. This was an observational
study of pupillary observations and osmotic medication
administration. Diagnoses and injury location were het-
erogeneous, and we were similarly not powered to detect
differences in these subgroups. Sample size was small
among patients with poor pupil reactivity or with a sin-
gle osmotic therapy, and we were not powered to detect
a dose-dependent effect of osmotic therapy. While we
attempted to control for other accompanying interven-
tions for elevated ICP including sedation, CSF drain-
age, blood pressure management, and hyperventilation,
these measures were collected retrospectively and we
cannot rule out the possibility that other elements of
elevated ICP management including head of bed eleva-
tion and minimization of tracheal suctioning did not
also contribute to changes in pupil reactivity, as these
measures are standard in our institutions. We were also
unable to measure dose-dependent effects that some of
our confounders may have including continuous sedative
and blood pressure medication escalation. Other factors
that can affect pupillary responsiveness, including pain,
emotional valence, and ambient light levels were not
recorded. Nevertheless, despite these limitations, this
study succeeded in demonstrating a significant relation-
ship between acute osmotic therapy aimed at reducing
edema and pupillary reactivity with high power to detect
a change in NPi [35] (Supplementary Methods) in a het-
erogenous, multicentered cohort in the ICU setting.

Conclusion

In this study, we demonstrated a significant quantifiable
improvement in pupillary reactivity after the adminis-
tration of osmotic therapy in a heterogenous critically ill
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population after controlling for the effect of other interven-
tions commonly used to reduce edema. This relationship,
while preliminary, warrants further investigation to deter-
mine whether more rigorous tracking of pupillary metrics
can be useful for monitoring the effect of osmolar therapy
for reducing edema on an individual basis. Future studies to
determine dose-dependency and radiographic correlation
may further demonstrate the utility of using serial quan-
titative pupil measurements to follow changes in cerebral
edema and possibly help to guide medical management.
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