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Abstract

Objective—To describe the incidence and associated risk factors of New Onset Anisocoria
(NOA) (new pupil size difference of at least 1mm) and its subtypes: NOA accompanied by
abnormal (NOA-Abnormal) and normal (NOA-Nor mal) pupil reactivity in patients with acute
neurological injuries.

Design—We tested the association of patients who experienced NOA subtypes with degree
of midline shift using linear regression. We further explored differences between quantitative
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pupil characteristics associated with First-Time NOA (FT-NOA) and non-NOA at preceding
observations using mixed effects logistic regression, adjusting for possible confounders.

Setting—All quantitative pupil observations were collected at two Neuro Intensive Care Units
(ICU) by nursing staff as standard of care.

Patients—We conducted a retrospective two-center study of adult patients with intracranial
pathology in the ICU with at least a 24 hour stay and 3 or more quantitative pupil measurements
between 2016 and 2018.

Measurements and Main Results—We studied 221 patients (mean age 58, 41%

women). Sixty-three percent experienced NOA. NOA-Abnormal occurring at any point during
hospitalization was significantly associated with maximum midline shift (3=2.27 per mm,
p=0.01). The occurrence of NOA-Normal was inversely associated with death (OR=0.34; 95% ClI
0.16-0.71, p=0.01) in adjusted analyses. Subclinical continuous pupil size difference distinguished
FT-NOA from non-NOA in up to four preceding pupil observations (or up to 8 hours prior).
Minimum pupil reactivity between eyes also distinguished NOA-Abnormal from NOA-Normal
prior to FT-NOA occurrence.

Conclusions—NOA occurs in over 60% of patients with neurologic emergencies. Pupil
reactivity may be an important distinguishing characteristic of clinically relevant NOA
phenotypes. NOA-Abnormal was associated with midline shift and NOA-Normal had an inverse
relationship with death. Distinct quantitative pupil characteristics precede NOA occurrence and
may allow for earlier prediction of neurologic decline. Further work is needed to determine
whether quantitative pupillometry sensitively/specifically predicts clinically relevant anisocoria,
enabling possible earlier treatments.
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Introduction

In the appropriate context, New Onset Anisocoria (NOA), (pupil size asymmetry >1mm),
is an important clinical hallmark of life-threatening intracranial injury. Anisocoria triggers
emergent diagnostic work-up to rule out evolving intracranial pathology including occult
aneurysms, cerebral infarction or hemorrhage, or impending herniation (1-6). Pupils are
therefore closely monitored in high-risk patients. However, other etiologies including prior
pupil trauma/dysfunction, medication, ambient lighting, or even normal healthy physiology
(20-25% of the general population has pupil size differences of = 0.4 mm) (7-9) warrant
no emergent workup. Therefore, identifying anisocoric features associated with evolving
intracranial injury is clinically relevant and can guide diagnostic and treatment decisions.

Traditional and subjective estimates of pupil size and reactivity vary widely between
examiners (10, 11). The lack of quantitative pupil size and reactivity metrics has limited the
characterization of potentially important anisocoria subtypes. Phenotypes including NOA
accompanied by objective evidence of abnormal pupil reactivity (NOA-Abnormal) and
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NOA in the setting of normal pupil reactivity (NOA-Normal) could potentially distinguish
emergent and non-emergent causes of anisocoria. Increased utilization of quantitative
pupillometry through portable devices facilitates precise characterizations of anisocoria
subtypes in patients with acute neurologic conditions.

Our objective was to describe the incidence of NOA in a heterogenous population of
intensive care unit (ICU) patients using quantitative pupillometry data. We hypothesized
that the occurrence of NOA-Abnormal would be significantly associated with midline
shift, a marker of intracranial injury. Moreover, we also explored pupil reactivity
characteristics prior to First-Time NOA (FT-NOA) that were associated with NOA
occurrence. Understanding the clinical relevance of anisocoria and preceding predictors is
potentially important for guiding emergency management decisions and earlier, appropriate
resource utilization.

Materials and Methods

Population and Study Design

We prepared this report according to Strengthening the Reporting of Observational

Studies in Epidemiology (STROBE) reporting guidelines (12). We conducted a two-center
retrospective study of patients from the Brigham and Women’s and Massachusetts General
Hospital Neurointensive Care Units admitted between 2016 and 2018 with intracranial
pathology and at least three consecutive quantitative pupil observations during their
hospitalization. We used convenience sampling of consecutively admitted patients within the
data-collection period. To reduce potential bias, we excluded patients with non-intracranial
injuries, history of glaucoma, cataracts, or retinal detachment, inaccessible brain imaging, or
missing medication information (Supplementary Fig 1).

Data Collection

We collected demographic, past medical, diagnostic, procedural, laboratory, neuroimaging
(CT or MRI), Glasgow Coma Scale (GCS, a 12-point ordinal scale measuring eye opening,
verbal, and motor responses to stimuli) (13), medication, and death at discharge information
from electronic medical records. Trained team members reviewed radiology reports and
raw images for evidence of mass effect (defined as local displacement of intracranial
structures by a space-occupying lesion), midline shift, and uncal herniation. Midline shift
was measured at the slice of maximum deviation at the level of the septum pellucidum

(all measurements confirmed by CJO) (14). We recorded administration time and routes

of medication classes with possible pupil influencing properties including vasopressors
(15), osmotics (15), and anticholinergics (16)). (Supplementary Table 1). Study data were
collected and managed using REDCap electronic data capture tools (17, 18).

Quantitative pupillometry data were recorded and collected using the NeurOptics
NPi™-200 (NeurOptics Inc., Irvine CA, USA) pupillometer. Trained nursing staff
conducted quantitative pupillometry as standard of care every two hours in participating
neurocritical care units. In addition to recording pupil size and constriction velocity, the
pupillometer calculates the Neurological Pupil Index (NPi), an algorithm that uses resting
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and constricted pupil size, percent change, constriction and dilation velocity, and latency
(19, 20). NPi values range between 0 and 5. Values < 3 are considered “abnormal” and
values = 3 normal based on studies of normal populations. Its relation to constriction
velocity has been externally examined in prior studies (20). For the purposes of this study,
we defined patients with abnormal pupil reactivity as those with a recorded NPi < 3 in at
least one eye. Our local Institutional Review Boards (H-37699, 2016P002718) approved the
study. Our study was exempt from requiring consent, because it introduced no interventions
and pupillometry is standard care.

Primary: Our primary outcome was maximum midline shift (mm) during ICU stay. Our
secondary outcome was death at discharge. Our primary exposure was “NOA status.” We
defined NOA as the new occurrence of pupil size asymmetry > 1mm (i.e., any anisocoric
measurement without anisocoria in consecutive prior two measurements). We included
anisocoric values in the first or second available observation as NOA, as we assumed
these would also be new episodes. NOA-Abnormal was defined as NOA accompanied by
abnormal pupil reactivity (NPi < 3), and NOA-Normal as NOA accompanied by normal
pupil reactivity (NPi = 3). NOA-Abnormal and Normal subgroups were mutually exclusive.
The NOA-Abnormal subgroup consisted of patients with any instance of NOA-Abnormal
in their ICU stay; NOA-Normal subgroup consisted of patients without any instances of
NOA-Abnormal.

Primary Statistical Analysis: We reported baseline characteristics of patients in three
groups: NOA-Abnormal, NOA-Normal, and no NOA. Global p-values were obtained using
ANOVA for continuous variables and Fisher’s Exact tests for categorical variables. To
generate specific p-values to examine univariate significance for NOA-Abnormal and NOA-
Normal, we used linear or logistic regression treating NOA status (NOA-Abnormal, NOA-
Normal, no NOA) as a three factor exposure with no NOA as the reference. Time from
admission to first anisocoric episode and number of anisocoric episodes for NOA-Abnormal
and NOA-Normal subgroups were evaluated by t-test.

We used multivariable linear regression to test the association of NOA status with midline
shift. We adjusted for hypothesized confounders including age and pupil-influencing
medications during hospitalization, and average GCS over hospitalization. We used logistic
regression to analyze our secondary outcome of death adjusting for age, medications, and
midline shift. We used two-sided tests with a significance threshold alpha of 5% for the
primary hypothesis. To address the potential influence of supratentorial versus infratentorial
injuries, we performed stratified analyses of patients within those subgroups.

Exploratory: We conducted further exploratory analyses to examine whether pupil
characteristics at prior observations were associated with FT-NOA. We censored any
observation occurring after the first occurrence of NOA. We constructed separate mixed
effects linear regression models testing the association of FT-NOA with subclinical size
difference (<1 mm) in four consecutively preceding measurements. Our NOA v. no NOA
model included a random effect term for intra-patient correlation. We used linear regression
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to test the association of NOA-Abnormal versus NOA-Normal and minimum NPi in four
consecutively preceding measurements in a subset of FT-NOA observations. We adjusted for
GCS within an hour of pupil observation (Supplementary Table 2) and osmotic medications
administered within two hours of a pupil observation (Supplementary Table 3). Due to the
number of statistical tests and the risk of multiple comparisons, results for these analyses are
exploratory and hypothesis-generating.

Missing Data: Unpaired pupil observations were removed from analyses. Patients lacking
any medication or GCS data for their hospitalization were excluded (Supplementary Fig 1).
In our observational analyses, three additional study patients were removed because they
did not have either GCS or medication data paired within one or two hours, respectively, of
quantitative pupil measurements (Supplementary Table 5).

We used RStudio Version 1.1.463 (RStudio Team (2020). RStudio. Integrated Development
for R. RStudio, PBC, Boston, MA URL http://www.rstudio.com/) for statistical analyses.
Further details in Supplementary Methods.

We collected quantitative pupillometry on 319 patients. Ninety-eight were excluded

for history of pupil injury/surgery, no intracranial injury, mistimed or incomplete

pupil measurements, inaccessible brain imaging, medications, or GCS measurements
(Supplementary Fig 1). In our final cohort of 221 patients (9897 total observations), 90 were
female, and median age was 60 years (25t — 75! percentile 50-68). Sixty-three patients
were from Brigham and Women’s and 158 from Massachusetts General Hospital. Median
follow-up time in the ICU was 97.5 hours (25t — 75! percentile 35.1-193.5). Common
diagnoses included intraparenchymal hemorrhage (22%), ischemic stroke (22%), and brain
tumor (16%) (Table 1, Supplementary Fig 2).

NOA occurred at least once in 140 patients (63.3%) (Fig 1), and in a total of 534 out of
9897 observations (5.4%). Anisocoria (any pupil observation with a size difference >1mm)
made up 980 (~10%) of observations. Sixty-one patients (27.6%) had at least one episode of
NOA-Abnormal, and another 79 patients (35.7%) had at least one episode of NOA-Normal.
The thirty-two patients who experienced both NOA-Abnormal and NOA-Normal during
ICU stay were categorized as NOA-Abnormal for the primary analysis. Forty-three NOA
measurements occurred in either the first or second recorded pupil measurement.

Among the three groups, there were significant differences in race, injury location,
medications (analgesic, sedative, vasopressor, anticholinergic), average GCS over ICU stay,
midline shift, mechanical ventilation, and death (Table 1). Mean anisocoric observations

in the NOA-Abnormal group was 3 [25™ percentile=2; 75! percentile=7] versus 2 [25%
percentile=1, 75! percentile=3] observations throughout ICU stay in the NOA-Normal
group (p<0.001). Median time to FT-NOA was 5.6 [25t" percentile=0, 75" percentile=18.2]
v. 17.3 [25" percentile=3.5, 75! percentile=37] hours in NOA-Abnormal and NOA-Normal
groups respectively (p=0.02). The NOA-Abnormal subgroup had significant associations
with supra and infratentorial location, various medication classes, average GCS, mechanical
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ventilation, and uncal herniation. NOA-Normal had a significant /nverse relation with age
(Table 1).

In our multivariable model adjusting for age, pupil-influencing medications, and average
GCS, NOA-Abnormal was significantly associated with max midline shift (3=2.27 per mm,
p=0.01, Standard Deviation (SD)=5.3). When split into subgroups based on injury location,
NOA-Abnormal was no longer significant in the supratentorial subgroup (B=1.75 per

mm, p=0.14, SD=5.6). NOA-Abnormal, however, did remain significantly associated with
midline shift in the infratentorial subgroup (f=1.69 per mm, p=0.01, SD=1.5). Patients with
primary infratentorial lesions and midline shift included three patients with brain tumors,
one patient with aneurysmal subarachnoid hemorrhage and one patient with a spontaneous
intraparenchymal hemorrhage (N=1), whose pathology all extended to the supratentorial
region.

The secondary outcome of death for the whole cohort was significantly and inversely
associated with NOA-Normal status (OR=0.34; 95% CI 0.16-0.71) after adjusting for
confounders, but was not significantly associated with NOA-Abnormal (OR=1.09; 95% ClI
0.52-2.23) (Table 2). There were no significant differences in results when patients were
classified using only first time occurrence of NOA (FT-NOA) (Supplementary Table 4).

Exploratory Analysis:

Our exploratory cohort included 218 patients and 3625 observations after censoring
observations after FT-NOA and excluding patients without pupil observations within one or
two hours of GCS or medication documentation. We found that subclinical continuous pupil
size difference (mm) was significantly associated with future FT-NOA versus non-anisocoric
measurements up to four observations (or approximately 8 hours) prior. We found that
minimum NPi between eyes was significantly different between FT-NOA phenotypes up to
four observations prior to FT-NOA (Table 3, Fig 2, Supplementary Fig 3).

Discussion

To our knowledge, this is the first study to describe the incidence and risk factors of
quantitative NOA in a heterogenous population of patients with intracranial pathology
requiring ICU care. Our use of quantitative pupillometry enables objective delineation
of clinical anisocoria phenotypes that may help distinguish between severe intracranial
processes and benign etiologies of pupillary asymmetry (21).

We observed that NOA-Abnormal was significantly associated with midline shift after
adjusting for confounders. NOA-Abnormal was also associated with other markers of
disease severity, notably mechanical ventilation and uncal herniation. Conversely, NOA-
Normal appeared to have an inverse association with death. In our exploratory analysis,
subclinical pupil size difference was significantly associated with FT-NOA up to four
measurements (median ~8 hours) prior to clinical observation of FT-NOA. We also observed
significant differences in minimum NPi between NOA phenotypes.

Crit Care Med. Author manuscript; available in PMC 2023 February 01.
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Our finding that NOA-Abnormal was significantly associated with midline shift suggests
that NOA with concomitant abnormal pupil reactivity portends greater likelihood of
evolving intracranial injury and compression of midline structures. We found that NOA-
Abnormal was significantly associated with death in our infratentorial subgroup, but not for
our total population. The lack of significance of death and NOA-Abnormal may signify that
supratentorial midline shift is not invariably associated with death.

On the contrary, NOA-Normal was not significantly associated with increasing midline
shift. Moreover, NOA-Normal was /ess likely to be associated with death and was more
likely to occur in younger patients. These findings further suggest fundamental differences
between patients with NOA-Abnormal and NOA-Normal subtypes. While our study was
not designed to definitively establish the etiology of NOA-Normal, it is possible that this
finding occurs in the setting of analgesic administration, undiagnosed pupil dysfunction,

or pre-existing subclinical (<1mm) physiologic anisocoria. We do not conclude that NOA
with normal reactivity is a “good prognostic indicator,” but suspect that other associated
features, like its association with younger age or possibly the mechanism of injury, might be
reasons for this association. It is important to note that NOA-Normal was not ubiquitously
non-emergent. In our analysis of 38 images within 2 hours of NOA occurrence, 4 scans
showing new/worsening mass effect were preceded by NOA-Normal (Supplementary Table
6). We conclude that while NOA-Abnormal subtypes warrant higher suspicion for evolution
of intracranial injury, the finding of NOA-Normal should not be dismissed.

In our exploratory analysis, the finding that subclinical difference in size was greater

in up to four measurements prior to FT-NOA compared with measurements prior to non-
anisocoria suggests that increasing pupil size difference, even if not “clinical” (i.e., greater
than 1 mm difference), may be a prelude to NOA and/or evolving intracranial pathology.
Our observation that minimum NPi was lower up to four measurements prior to FT-NOA-
Abnormal compared with measurements leading up to FT-NOA-Normal suggests that pupil
characteristics before FT-NOA may distinguish between future NOA phenotypes.

Pupil size and features are dynamic and sensitive to myriad influences including medication,
ambient light, advancing age, repetitive testing, cognitive load, and pain (22-24). However,
because pupil features like reactivity are sensitive to both pathology affecting pupil
pathways and resilient in the setting of global neurologic injury, they are important clinical
markers of evolving injury and recovery potential in brain-injured patients (25, 26).

Pupillary responses to intracranial pathology have been studied since the 19t century (1,
27, 28). Studies have reported qualitative anisocoria in the setting of large hemorrhagic
and ischemic strokes (3, 29). However, because anisocoria can be due to more mundane
etiologies including medication (particularly anticholinergics) (16), and diabetes mellitus
(16, 21), some cases of newly recognized anisocoria lead to unnecessary emergent
diagnostic testing and resource utilization. Therefore, a better understanding of when and
which kinds of anisocoria signify worsening intracranial pathology is clinically relevant.

Several studies have sought to elucidate the clinical utility of quantitative pupillometry in
the setting of emergent neurologic care (30, 31). In 2018, McNett and colleagues found that
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intracranial pressure was associated with constriction velocity and NPi (32). EI Ahmadieh
reported that NPi at assessment in 36 patients with traumatic brain injury was significantly
lower in patients who needed neurosurgical interventions versus those who did not (33).

Our work is consistent with previous literature describing qualitative pupil asymmetry
and/or decreased reactivity in the setting of expanding lesions (2), strokes with edema

(3), and acute intraparenchymal and subdural hemorrhage with rapid compression (34,
35). It is also consistent with recent research that found a negative association between
NPi and midline shift (36). We build on prior knowledge by describing the incidence and
characteristics of distinct clinical anisocoria subtypes in a critically ill population. Our
observation that NOA occurred in more than 60% of patients suggests that anisocoria

is commonplace among critically ill patients with intracranial conditions, and that
distinguishing benign from emergent NOA is important to clinical management decisions.

We acknowledge several study limitations. Due to the lack of prior foundational work, we
conducted multiple tests of association, increasing the potential for false positive findings.
We attempted to mitigate this by selecting one primary hypothesis. The remainder of our
analyses are hypothesis generating for more definitive study. Our relatively small sample
size may also have increased the potential for false negative findings. Because our study was
observational, we cannot exclude residual confounding, or establish causal relations. The
relation of NOA and its phenotypes may vary among the heterogenous neurologic diagnoses
we studied. We lacked statistical power to study variation by diagnosis, or to confirm the
significant association of our secondary outcome, NOA-Normal and decreased mortality. We
did not have information on cognitive load, pain, or ambient light levels, which have been
reported to affect pupil characteristics including reactivity (37). Due to variations in timing
of GCS scores, medications, and pupil measurements, we relied on pairing measurements
closest in time. Our inability to find a significant association between diabetes mellitus and
NOA (21) may have been due to limited data regarding duration/severity, or exclusion of
patients who may have also had diabetes. We also did not collect information on withdrawal
of life-sustaining therapies. It is also worth noting that some studies use different cut-offs to
define anisocoria (>0.4 mm, 0.6 mm, 1 mm) (38, 39) (40). However, given that we observed
that 63% of patients experienced anisocoria using a cutoff of 1 mm in our critically ill
population, we submit our definition was appropriate.

Despite limitations, our study had several strengths. We had access to nearly 10,000 unique
pupil observations recorded in a heterogenous patient cohort across two intensive care
settings. We performed fundamental groundwork analyses to determine the appropriate
observation-level confounders including GCS and osmotic medication administration. Our
work enabled us to rigorously examine both patient- and pupil observation-level risk factors
associated with NOA, and to adjust for important patient and temporal covariates including
demographics, arousal state, and medications. Importantly, our quantitative methodology
enables validation and generalization beyond our institution.
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Conclusion

Our study demonstrated that NOA occurs in over 60% of patients with acute intracranial
pathology. NOA-Abnormal is associated with multiple markers of disease severity including
midline shift, in contrast to NOA-Normal, which was inversely associated with death.
Moreover, we found that subclinical pupil size difference was significantly associated

future NOA. Minimum NPi significantly differed between NOA-subtypes, suggesting that
certain quantitative pupil profiles can predict and distinguish between potentially relevant
anisocoria phenotypes. Further studies are needed to determine the sensitivity and specificity
of quantitative pupil metrics in predicting NOA to best determine how pupillometry can
support and improve clinical decision-making in neurologic emergencies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance of Work

New onset anisocoria occurs frequently in the Neuro ICU. Anisocoria accompanied by
abnormal pupil reactivity is significantly associated with increased midline shift, while
anisocoria without abnormal pupil reactivity was more likely a non-emergent finding.
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Figure 1: New Onset Anisocoria (NOA) in Patientswith Intracranial Injury
9897 total pupil observations from 221 patients with intracranial injury. New Onset

Anisocoria (NOA), defined as a new episode of pupil size difference >1mm (i.e., was not
preceded by anisocoria in two prior measurements) occurred in 63% of patients, and in
5.4% of total pupil observations. NOA with abnormal pupil reactivity (NOA-Abnormal)

is highlighted in purple and occurred at least once in 61 patients (27%), and in 174
observations (1.8% of all observations, 32.5% of NOA observations). NOA with normal
pupil reactivity (NOA-Normal) occurred in 360 observations (3.6% of all observations).
Of note, data points in which pupil size difference is >1 mm but not designated as NOA-
Abnormal or NOA-Normal are anisocoric measurements immediately preceded by another
episode of anisocoria and are therefore not new.
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Figure 2: Pupil Size Difference (mm) Prior to First-Time New Onset Anisocoria (FT-NOA)
Fig 2: Subclinical pupil size difference (mm) is significantly larger up to four observations

prior to first-time NOA occurrence than in observations prior to non-anisocoric observations

(Obs).
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Table 1.

Baseline Characteristics of NOA-Status Patient Groups (N = 221 Patient Admissions)

Page 15
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NoNOA (N = NOA-Abnormal NOA-Normal Global p NOA- NOA-
81) (N=61) (N=79) Abnormal p Normal p
Demogr aphics Mean [25%, 75%]/N (%)
Age 60.8 [53.0, 57.0 [44.0, 67.0] 55.6 [46.5, 66.0] 0.09 0.18 0.03*
70.0]
Female 29 (35.8) 27 (44.3) 34 (43.3) 0.54 0.31 0.35
White Race 60 (74.1) 32 (52.4) 61 (77.2) 0.005* 0.01* 0.64
Black Race 7(8.6) 4 (6.6) 5(6.3) 0.85 0.65 0.58
* *
Other Race ? 14 (17.3) 25 (40.9) 13 (16.5) 0.001 0.002 0.89
Hispanic/Latino Ethnicity 3(3.7) 8(13.1) 9 (11.4) 0.09 0.049* 0.11
Primary Diagnosis N (%)
Intraparenchymal 20 (2.5) 11 (18.0) 18 (22.8) 0.63 0.34 0.78
Hemorrhage
Stroke 19 (23.5) 10 (16.4) 20 (25.3) 0.43 0.30 0.78
Tumor 10 (12.3) 10 (16.4) 15 (19.0) 0.51 0.49 0.25
Traumatic Brain Injury 8(9.8) 11 (18.0) 9 (11.4) 0.33 0.16 0.76
Aneurysmal SAH 9(11.1) 5(8.2) 8(10.1) 0.89 0.57 0.84
CSVT 0 4(6.6) 0 0.01* 0.99 0.99
Other b 9(11.1) 6(9.8) 6(7.6) 0.77 0.81 0.45
Injury Location N (%)
Supratentorial 49 (60.5) 49 (80.3) 58 (73.4) 0.03* 0.01* 0.08
Infratentorial 20 (24.6) 6(9.8) 10 (12.7) 0.04* 0.03* 0.055
Global 4(4.9) 3(4.9) 3(3.8) 0.99 0.99 0.73
Medications N (%)
Pupil Influencing 75 (92.6) 61 (100) 77 (97.5) 0.07 0.99 0.18
Medications
Osmotic Medications 35 (43.2) 38 (62.3) 41 (51.9) 0.08 0.03* 0.27
Analgesic Medication 52 (64.1) 55 (90.1) 68 (86.1) <0.001* 0.001* 0.002*
Sedatives 43 (53.1) 49 (80.3) 48 (60.8) 0.002* 0.001* 0.33
Vasopressors 20 (24.7) 29 (47.5) 15 (18.9) <0.001* 0.01* 0.38
Antihypertensives 56 (69.1) 52 (85.2) 62 (78.5) 0.07 0.03* 0.18
Stimulants 3(3.7) 6(9.8) 3(3.8) 0.22 0.15 0.98
Anticholinergics 15 (18.5) 23(37.7) 25 (31.6) 0.03* 0.01* 0.06
Other Medications ¢ 29 (35.8) 35(57.4) 23(29.1) 0.003* 0.01* 0.37
Markers of Disease Severity Median [25%,75%]/ N (%)
Midline Shift (mm) 00, 4.0] 40, 8.0] 2 [0, 8.0] | 0.02* 0.01* 0.13
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NoNOA (N = NOA-Abnormal NOA-Normal Global p NOA- NOA-
81) (N =61) (N=79) Abnormal p Normal p

Average GCS Over 10 [6.0, 13.0] 7[5.0,9.0] 11[8.0, 14.0] <0.001* 0.003* 0.01*
Admission

Mass Effect 55 (67.9) 49 (80.3) 58 (73.4) 0.32 0.12 0.52

Mechanical Ventilation 60 (74.1) 55 (90.2) 57 (72.2) 0.02* 0.03* 0.68

Intracranial Pressure 37 (45.7) 32 (52.4) 33(41.8) 0.48 0.42 0.62
Monitor

Emergent Surgery d 23 (28.4) 24 (39.3) 23(29.1) 0.34 0.17 0.92

Uncal Herniation 22 (27.2) 27 (44.3) 21 (26.6) 0.07 0.04* 0.97

Death 32 (39.5) 27 (44.3) 15 (19.0) 0.001* 0.57 0.01*

Univariate analysis of baseline characteristics and NOA status. Global p values were calculated using ANOVA or Fisher Exact Tests. NOA-
Abnormal and NOA-Normal specific p values were calculated using logistic/linear regression models with NOA Status as a 3-level factor
independent variable with No NOA as the reference level. Abbreviations: SAH = Subarachnoid Hemorrhage, CSVT = Cerebral Sinus Venous
Thrombosis, ICP = Intracerebral Pressure.

aOther Races: Asian (n=9), Native American (n=1), Unspecified (n=44).

bOther Primary Diagnoses: Isolated IVH (n=1), Isolated hydrocephalus (n=2), Non-aneurysmal SAH (n=1), Epidural Hemorrhage (n=1), Status
Epilepticus (n=13), Subdural Hematoma (n=6)

DOther M edications: Budesonide (n=3), Buspirone (n=13), Cisatracurium (n=19), Dextran (n=11), Digoxin (n=2), Hydroxypropyl (n=1),
Latanoprost (n=1), Montelukast (n=3), Naloxone (n=4), Polyvinyl Alcohol (n=17), Racepinephrine (n=1), Rocuronium (n=5), Tamsulosin (n=8),
White petrolatum-mineral oil (n=49).

d ) . . . . .
Emergent Surgeries: Craniotomy (n=37), Craniectomy (n=45), Subdural hematoma evacuation (n=1), Epidural hematoma evacuation (n=1).
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Multivariable Models of A. Max Midline Shift and B. Death (N=221 patients)

Table 2.

A. Max Midline Shift during hospital admission B p
Total Cohort (221 total patients, 61 NOA-Abnormal, 79 NOA-Normal)
NOA-Abnormal 2.27 0.01*
NOA-Normal 141 0.10
Age 0.001 0.93
Pupil Influencing Medications 3.43 0.36
GCs -0.10 0.35

Supratentorial Injury Subgroup (154 total patients, 49 NOA-Abnormal, 58 NOA-Normal)

NOA-Abnormal

NOA-Normal

Age

Pupil Influencing Medications
GCS

175
0.93
-0.01
4.40
0.005

0.14
0.41
0.66
0.44
0.97

Infratentorial Injury Subgroup (36 total patients, 6 NOA-Abnormal, 10 NOA-Normal)

NOA- Abnormal 1.69 0.01
NOA-Normal -0.02 0.97
Age 0.01 0.71
Pupil Influencing Medications NA NA
GCs -0.10 0.27
B. Death by Discharge OR [95% CI] p
Total Cohort (221 total patients, 61 NOA-Abnormal, 79 NOA-Normal)
NOA-Abnormal 1.09 [0.52, 2.23] 0.81
NOA-Normal 0.34[0.16, 0.71] 0.01*
Age 1.03 [1.01, 1.05] 0.01*
Pupil Influencing Medications 0.35[0.11, 10.39] 0.49
Maximum Midline Shift (mm) 1.09 [1.03, 1.16] 0.003*

Supratentorial Injury Subgroup (154 total patients, 49 NOA-Abnormal, 58 NOA-Normal)

NOA-Abnormal

NOA-Normal

Age

Pupil Influencing Medications

Maximum Midline Shift (mm)

0.91[0.39, 2.12]
0.31[0.13,0.73]
1.03 [1.01, 1.06]
0.01[0, 12.4]
1.07 [1.01, 1.15]

0.83
0.01*
0.01*

0.98
0.02*

Infratentorial Injury Subgroup (36 total patients, 6 NOA-Abnormal, 10 NOA-Normal)

NOA-Abnormal

Crit Care Med. Author manuscript; available in PMC 2023 February 01.

1.03 [0.80, 10.07]
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A. Max Midline Shift during hospital admission B p
NOA-Normal 0.20 [0.01, 1.59] 0.19
Age 1.01 [0.95, 1.08] 0.68
Pupil Influencing Medications NA NA
Maximum Midline Shift (mm) 1.02 [0.54, 1.77] 0.48

Bs are reported as effect per Imm increase in midline shift. Stratified analysis of patients with supratentorial and infratentorial injury included. OR
= Odds Ratio, CI = Confidence Interval. GCS = Glasgow Coma Scale. Midline Shift (MLS) mean and standard deviation (SD) per cohort: Total
Cohort MLS (mean=4.0, SD=5.3), Supratentorial Subgroup MLS (mean=5.6, SD=5.6), Infratentorial Subgroup MLS (mean=0.5, SD=1.5). Pupil
Influencing Medications includes any administration of medications listed in Supplementary Table 1 during admission.
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Quantitative Pupil Characteristics Prior to First-Time NOA (218 patients, 3625 total observations)

Table 3.

A. Size difference (mm) prior to pupil observations

NOA (M=138) vs. No NOA (M=3487)

Diff Size OR[95% CI] p
10.34 [5.08, 20.80] <0.001*
Two observations prior (N=167 M=2898) 6.99 [3.09, 15.45] <0.001*
Three observations prior (N=146, M=2314) 6.04 [2.40, 14.77] <0.001*
Four observations prior (N=123, M=1773) 13.27 [4.65, 36.95] <0.001*

B. Minimum NPi prior to FT-NOA pupil observations

NOA-Abnormal (M=44) vs. NOA-Normal (M=94)

One observation prior (N=191, M=3282) ‘

Min NPi OR [95% CI] p

One observation prior (N=107, M=107) 0.25[0.12, 0.45] <0.001*
Two observations prior (N=88, M=88) 0.26 [0.11, 0.47] <0.001*
Three observations prior (N=69, M=69) 0.21[0.07, 0.44] <0.001*
Four observations prior (N=52, M=52) 0.24[0.07, 0.53] 0.004*

Page 19

Panel A reports univariate mixed effects logistic regression models to account for inter-subject variability testing first-time NOA and size difference
up to four observations prior. Panel B reports univariate logistic regression for first-time NOA phenotype and minimum NPi. All models adjust for
GCS and osmotic medications prior to observation. Abbreviations: OR = Odds Ratio, Cl = Confidence Interval, NOA = New Onset Anisocoria,

FT-NOA = First-Time NOA, N=patients, M=observations. Observational sample sizes are included in Supplementary Methods.
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