
Critical Care Explorations www.ccejournal.org     1

DOI: 10.1097/CCE.0000000000000691

Copyright © 2022 The Authors. 
Published by Wolters Kluwer Health, 
Inc. on behalf of the Society of Critical 
Care Medicine. This is an open-access 
article distributed under the terms of 
the Creative Commons Attribution-
Non Commercial-No Derivatives 
License 4.0 (CCBY-NC-ND), where it 
is permissible to download and share 
the work provided it is properly cited. 
The work cannot be changed in any 
way or used commercially without 
permission from the journal.

OBJECTIVES: In critically ill patients with neurologic disease, pupil examination 
abnormalities can signify evolving intracranial pathology. Analgesic and sedative 
medications (analgosedatives) target pupillary pathways, but it remains unknown 
how analgosedatives alter pupil findings in the clinical care setting. We assessed 
dexmedetomidine and other analgosedative associations with pupil reactivity and size 
in a heterogeneous cohort of critically ill patients with acute intracranial pathology.

DESIGN: Retrospective cohort study.

SETTING: Two neurologic ICUs between 2016 and 2018.

PATIENTS: Critically ill adult patients with pupil measurements within 60 min-
utes of analgosedative administration. Patients with a history of intrinsic retinal 
pathology, extracranial injury, inaccessible brain imaging, or no Glasgow Coma 
Scale (GCS) data were excluded.

INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: We used mixed-effects linear re-
gression accounting for intrapatient correlations and adjusting for sex, age, GCS 
score, radiographic mass effect, medication confounders, and ambient light. We 
tested the association between an initiation or increased IV infusion of dexmedeto-
midine and pupil reactivity (Neurologic Pupil Index [NPi]) and resting pupil size 
(mm) obtained using NeurOptics NPi—200 (NeurOptics, Irvine, CA) pupillometer. 
Of our 221 patients with 9,897 pupil observations (median age, 60 [interquartile 
range, 50–68]; 59% male), 37 patients (166 pupil observations) were exposed 
to dexmedetomidine. Dexmedetomidine was associated with higher average NPi  
(β = 0.18 per 1 unit increase in rank-normalized NPi ± 0.04; p < 0.001) and 
smaller pupil size (β = –0.25 ± 0.05; p < 0.001). Exploratory analyses revealed 
that acetaminophen was associated with higher average NPi (β = 0.04 ± 0.02; 
p = 0.02) and that most IV infusion analgosedatives including propofol, fentanyl, 
and midazolam were associated with smaller pupil size.

CONCLUSIONS: Dexmedetomidine is associated with higher pupil reactivity 
(high NPi) and smaller pupil size in a cohort of critically ill patients with neurologic 
injury. Familiarity with expected pupil changes following analgosedative adminis-
tration is important for accurate interpretation of pupil examination findings, facili-
tating optimal management of patients with acute intracranial pathology.

KEY WORDS: analgesics; dexmedetomidine; neurocritical care; pupil reactivity; 
pupillometry; sedatives

Assessment of pupil reactivity and size is a cornerstone of the neurologic 
examination in critically ill patients. Pupil abnormalities can signify life-
threatening acute intracranial pathology (1). In particular, pupil reac-

tivity to light is a noninvasive indicator of midbrain integrity (2–5). In addition to 
conditions affecting primary pathways extending from the retina to the Edinger-
Westphal Nucleus (EWN) and back through the oculomotor nerve, pupil reac-
tivity and size can be influenced by networks of sympathetic and parasympathetic 
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modulators (2, 3). Analgosedatives target these auto-
nomic networks and can potentially modify pupil char-
acteristics during the neurologic assessment (3).

There is conflicting evidence regarding the effect 
of IV infusion analgosedatives on pupil reactivity and 
size (6–10). Case series suggest that α2 agonists, such 
as dexmedetomidine and clonidine, may cause a para-
doxical increase in reactivity (11–14). However, these 
studies are largely limited to anesthetized or healthy 
subjects and small sample sizes (10–20 participants). 
With the increased adoption of quantitative pupillom-
etry, a noninvasive and reliable method of capturing 
objective data on pupil reactivity to light, there is a new 
opportunity and urgent need to study the relationship 
between analgosedatives and pupil characteristics in 
the neurologic ICU (neuro-ICU) (15–17).

There is accumulating evidence that Neurologic 
Pupil Index (NPi), a variable that is automatically com-
puted from the quantitative pupillometer reflecting 
pupil reactivity (18), is predictive of neurologic out-
come in critically ill patients (19, 20). To accurately 
interpret NPi in patients with acute intracranial pa-
thology, the impact of analgosedatives on quantitative 
pupil characteristics must be understood.

Our primary objective was to assess dexmedetomi-
dine’s effect on pupil reactivity and size in a heterogenous 
sample of critically ill patients with acute intracranial pa-
thology. Our secondary objective was to explore how 
other IV infusions, oral per os (PO), and one-time IV 
analgosedatives affected pupil reactivity and size. We 
hypothesized that dexmedetomidine would be associ-
ated with increased pupil reactivity and unchanged pupil 
size. We reasoned that clonidine, an α2 agonist-like dex-
medetomidine, would also associate with increased pupil 
reactivity and that other IV infusion analgosedatives 
would result in no change to pupil reactivity and smaller 
pupil size. We expected that other analgosedatives would 
not be associated with changes in pupil reactivity. A bet-
ter understanding of analgosedative and pupil character-
istic relations is imperative to the accurate interpretation 
of clinical pupillometry data and management of criti-
cally ill patients with acute intracranial pathology.

MATERIALS AND METHODS

Population and Study Design

We conducted a two-center retrospective study of crit-
ically ill patients from the Brigham and Women’s and 

Massachusetts General Hospital neuro-ICUs between 
2016 and 2018. We used convenience sampling to col-
lect data on patients with at least three complete (bi-
lateral) quantitative pupil measurements and available 
medication data. We excluded patients with a history 
of retinal surgery, optic neuritis, traumatic pupil injury, 
glaucoma, cataracts, extracranial injuries, inaccessible 
brain imaging, or no Glasgow Coma Scale (GCS, a 
12-point ordinal scale measuring eye opening, verbal, 
and motor responses to stimuli) (21) data (Fig. 1).  
Further information on this cohort is published pre-
viously (1). Our article was prepared following the 
Strengthening the Reporting of Observational Studies 
in Epidemiology reporting guidelines (22).

Data Collection

We collected demographic, diagnostic, procedural 
(intracranial pressure monitors, external ventric-
ular drains, and craniectomies), radiologic (CT and 
MRI), GCS, medication, and mortality at discharge 
data from the electronic medical record (Epic Systems, 
Verona, WI). Trained team members (H.S., C.J.O.) 
identified radiologic mass effect (defined as at least 
local displacement caused by an intracranial lesion), 
midline shift, and uncal herniation. Trained nursing 
staff collected quantitative pupillometry data using 
the NeurOptics NPi—200 (NeurOptics, Irvine, CA) 
pupillometer every 2 hours as part of standard care. 
The NeurOptics NPi—200 automatically calculates 
the NPi, a composite score based on resting and con-
stricted pupil size, percent change, constriction and 
dilation velocity, and latency that ranges from 0 to 5, 
in which greater than 3 is considered normal (18, 23). 
We used Research Electronic Data Capture, an elec-
tronic data capture tool, to store electronic medical re-
cord and radiographic feature data (24). The Boston 
Medical Center and Massachusetts General Brigham 
Institutional Review Boards (H-37699, 2016P002718) 
approved this study and waived the need for informed 
consent because quantitative pupillometry is part of 
routine care in participating neuro-ICUs.

Variables

Our primary exposure was the initiation or increased 
dose of dexmedetomidine up to 60 minutes prior to 
pupil measurement, dichotomously recorded. At our 
institutions, dexmedetomidine is typically started at 0.2 
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µg/kg/hr for patients with agitation, a need for sedation, 
or concerns regarding ventilator toleration and titrated 
for patient comfort. Secondary exposures included the 
initiation or increased dose of other analgosedatives 
commonly administered in the neuro-ICU, including 
continuous opioid or gamma aminobutyric acid-ergic 
infusions, immediate-release one-time sedative, and IV 
or PO analgesic agents. We set 60 minutes as the upper 
limit based on pharmacokinetic, pharmacodynamic pro-
files, and expected peak effect time. For cases in which 
two or more pupil observations existed in the 60-minute 
time window following dexmedetomidine exposure, we 
assigned the pupil measurement closest in time to the 
dexmedetomidine exposure as affected and considered 
the remaining pupil observations unaffected. The full list 
of analgosedatives is shown in Supplementary Table 1 
(http://links.lww.com/CCX/A987).

Primary outcomes were average NPi and average 
resting pupil size between the left and right eyes. We 
averaged left and right eye measurements to mitigate 

biases related to unilat-
eral pupillary changes that 
may be due to etiologies 
such as compressive mass 
effect. For our multivari-
able models, hypothesized 
confounders included 
sex, age (25), arousal via 
the GCS score (1), radio-
graphic mass effect (mass 
effect and midline shift 
can affect pupils) (26), 
potential medication 
confounders from pre-
liminary data (acetamin-
ophen), and ambient light 
(captured indirectly by de-
termining whether a pupil 
measurement occurred at 
nighttime between 7:00 
pm and 7:00 am) (27). We 
had no missing demo-
graphic data at the patient 
level. Pupil observations 
not paired with GCS 
within 60 minutes (22%, 
2,180 pupil observations) 
were imputed using the 

last-known GCS because it is standard practice to not 
record GCS if unchanged.

Analysis

We reported baseline characteristics of patients with 
at least one exposure to dexmedetomidine and those 
naïve to dexmedetomidine during their neuro-ICU 
stay. We used chi-square or Student t test for catego-
rical and continuous variables, respectively.

We transformed average NPi and average resting pupil 
size using rank normalization to satisfy the normality 
assumption required for regressions (Supplementary 
Fig 1, http://links.lww.com/CCX/A987) (28). Univariate 
mixed-effects linear regression was used to test as-
sociation between average NPi and resting pupil size 
and dexmedetomidine adjusting for intrapatient cor-
relation using a random effects term (29). We then 
constructed two multivariable models to test the asso-
ciation between average NPi and resting pupil size with 

Figure 1. Inclusion and exclusion flowchart. BWH = Brigham and Women’s Hospital, GCS = Glasgow 
Coma Score, MGH = Massachusetts General Hospital, N = patients.

http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
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dexmedetomidine adjusting for sex, age, GCS score, 
radiographic mass effect, acetaminophen, a nighttime 
indicator as a proxy for ambient light, and intrapatient 
correlations. To account for our two primary hypotheses 
(that average NPi is positively associated and that rest-
ing pupil size is negatively associated with dexmedeto-
midine), we set our significance threshold at α = 0.025  
using Bonferroni correction (30). In the subgroup who 
received at least one dose of dexmedetomidine, we tested 
association between average NPi and resting pupil size, 
treating dexmedetomidine as both a dichotomous var-
iable (increase dose vs not) and as a continuous vari-
able (absolute dose) using similar mixed-effects linear 
regressions.

We also explored associations between other anal-
gosedatives and average NPi and resting pupil size 
using univariate mixed-effects models. To further 
elaborate on our observed relation between acetamin-
ophen and average NPi, we also constructed an explor-
atory multivariable model adjusting for the potential 
confounders listed above.

We used RStudio Version 1.3.959 (RStudio Team 
(2020). RStudio: Integrated Development for R. 
RStudio, PBC, Boston, MA; http://www.rstudio.com/) 
for statistical analyses.

RESULTS

Our final analysis included 221 patients with 9,897 pupil 
observations. From an initial cohort of 319 patients, we 
excluded 98 patients who had less than three complete 
pupil observations, no available medication data, a his-
tory of retinal surgery, optic neuritis, traumatic pupil 
injury, glaucoma, cataracts, extracranial injury, inacces-
sible brain imaging, or no GCS data (Fig.  1). The me-
dian age was 60 years (interquartile range [IQR], 50–68 
yr). Fifty-nine percent (N = 131) were male, and 69%  
(N = 153) were White. The most common diagnoses 
included spontaneous intraparenchymal hemorrhage 
(22%), ischemic stroke (22%), brain tumor (16%), and 
traumatic intraparenchymal hemorrhage (13%) (Table 1).

Thirty-seven patients (17%) had at least one pupil 
measurement within 60 minutes following initiation 
or increased infusion of dexmedetomidine. Patients in 
the dexmedetomidine group were younger (55 yr [IQR, 
44–60 yr] versus 61 yr [IQR, 51.75–68 yr]). A greater 
percentage of patients in the dexmedetomidine group 
were diagnosed with traumatic intraparenchymal 

hemorrhage (30% vs 9%), required intracranial pressure 
monitoring (49% vs 33%), and required mechanical 
ventilation (100% vs 73%). The dexmedetomidine group 
was less likely to be deceased by discharge (11% vs 38%) 
and more likely to have received another analgesic (95% 
vs 69%) or another sedative (57% vs 15%) at some point 
during their ICU stay (Table  1, and Supplementary 
Table 2, http://links.lww.com/CCX/A987). The median 
time between dexmedetomidine administration and 
pupil measurement was 17 minutes (IQR, 9–30 min).

Regarding our primary hypotheses, we observed that 
dexmedetomidine was associated with higher average 
NPi (4.14 ± 0.87 vs 3.77 ± 1.22; p < 0.001) and smaller 
average resting pupil size (3.13 ± 0.96 vs 3.41 ± 1.13;  
p < 0.001) (Fig. 2, and Supplementary Table 3, http://
links.lww.com/CCX/A987). These relationships 
remained significant in our multivariable model adjust-
ing for sex, age, GCS, radiographic mass effect, acetamin-
ophen, and nighttime indicator (NPi [β = 0.18 normalized 
unit increase when dexmedetomidine is present ± 0.04;  
p < 0.001] and pupil size [β = –0.25 ± 0.05; p < 0.001]) 
(Table 2). In the subset of patients with at least one ex-
posure to dexmedetomidine, the direction and signifi-
cance of these relations persisted (NPi [β = 0.18 ± 0.04; 
p < 0.001] and pupil size [β = –0.24 ± 0.06; p < 0.001]) 
(Supplementary Fig. 2, http://links.lww.com/CCX/
A987). As a continuous variable, dexmedetomidine 
dose did not have a significant association with pupil 
reactivity and size (Supplementary Table 4, http://
links.lww.com/CCX/A987).

No other IV infusion analgosedative was signifi-
cantly associated with average NPi (Fig.  2). Among 
primary sedatives, clobazam (3.16 ± 1.42 vs 3.78 ± 1.21;  
p = 0.007) was associated with lower average NPi, 
whereas lorazepam (3.86 ± 1.21 vs 3.78 ± 1.22; p = 0.005) 
was associated with higher average NPi (Supplementary 
Table 3, http://links.lww.com/CCX/A987).

Among primary analgesics, acetaminophen signifi-
cantly associated with higher average NPi (4.02 ± 0.94 vs 
3.75 ± 1.24; p = 0.004) (Supplementary Table 3, http://
links.lww.com/CCX/A987). To further explore this 
unexpected association, we conducted an exploratory 
multivariable analysis adjusting for sex, age, GCS, radio-
graphic mass effect, and nighttime indicator. In our post 
hoc analysis, acetaminophen remained associated with 
higher average NPi (β = 0.04 ± 0.02; p = 0.02) (Table 2).

We observed smaller average resting pupil sizes 
following initiation or increased doses of IV infusion 

http://www.rstudio.com/
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
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analgosedatives including propofol (3.19 ± 1.04 vs 
3.41 ± 1.13; p < 0.001), fentanyl (3.15 ± 1.15 vs 
3.41 ± 1.12; p < 0.001), and midazolam (2.71 ± 0.74 
vs 3.41 ± 1.13; p < 0.001) (Fig.  2, and Supplementary 
Table 3, http://links.lww.com/CCX/A987).

Conversely, intermittent sedatives including cloni-
dine (3.99 ± 1.15 vs 3.40 ± 1.13; p < 0.001), lorazepam 

(3.62 ± 1.18 vs 3.40 ± 1.12; p = 0.001), and clobazam 
(4.30 ± 1.22 vs 3.40 ± 1.12; p < 0.001) were associated 
with larger average resting pupil size. Among primary 
analgesics, meperidine (2.98 ± 0.91 vs 3.41 ± 1.13;  
p = 0.007) was associated with smaller average resting 
pupil size (Supplementary Table 3, http://links.lww.
com/CCX/A987).

TABLE 1. 
Baseline Characterization of Dexmedetomidine Group

Variable
Total  

(N = 221)
Dexmedetomidine  

(+) (N = 37)
Dexmedetomidine  

(−) (N = 184)

Demographics

 Median age (interquartile range), yr 60 (50–68) 55 (44–60) 61 (51.75–68)

 Male, n (%) 131 (59) 23 (62) 108 (59)

 Race, n (%)

  White 153 (69) 22 (59) 131 (71)

  Black 16 (7) 3 (8) 13 (7)

  Asian 9 (4) 4 (11) 5 (3)

  Othera 43 (19) 8 (22) 35 (19)

Diagnosis

 Spontaneous IPH, n (%) 49 (22) 4 (11) 45 (24)

 Stroke, n (%) 49 (22) 5 (14) 44 (24)

 Brain tumor, n (%) 35 (16) 4 (11) 31 (17)

 Traumatic IPH, n (%) 28 (13) 11 (30) 17 (9)

 Aneurysmal subarachnoid hemorrhage, n (%) 22 (10) 6 (16) 16 (9)

 Seizure, n (%) 13 (6) 5 (14) 8 (4)

 Otherb, n (%) 25 (11) 2 (5) 23 (12)

Markers of disease severity

 Mass effect, n (%) 162 (73) 26 (70) 136 (74)

 Midline shift, n (%) 112 (51) 18 (49) 94 (51)

 Uncal herniation, n (%) 72 (33) 9 (24) 63 (34)

 Intracranial pressure monitor, n (%) 78 (35) 18 (49) 60 (33)

 External ventricular drain, n (%) 24 (11) 7 (19) 17 (9)

 Craniectomy, n (%) 36 (16) 8 (22) 28 (15)

 Mechanical ventilation, n (%) 172 (78) 37 (100) 135 (73)

 Death at discharge, n (%) 74 (33) 4 (11) 70 (38)

IPH = intraparenchymal hemorrhage, N = patients
aOther races: Native American (N = 1), and unspecified (N = 42).
bOther diagnoses: cerebral sinus venous thrombosis (N = 4), nonaneurysmal subarachnoid hemorrhage (N = 1), epidural hemorrhage 
(N = 1), subdural hemorrhage (N = 6), isolated interventricular hemorrhage (N = 1), isolated hydrocephalus (N = 2), infection (N = 5), 
moyamoya disease (N = 1), MCA aneurysm (N = 1), anti-NMDA encephalitis (N = 1), autoimmune encephalitis (N = 1), and posterior 
reversible encephalopathy syndrome (N = 1).
(+) dexmedetomidine represents an initiation or increase in dose, whereas (−) dexmedetomidine represents absent, static, or decrease 
in dose.

http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
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DISCUSSION

Changes in pupil reactivity and size can instigate man-
agement decisions and diagnostic workup. In patients 
monitored for evolving intracranial injuries, familiarity 

with pupil changes following analgosedative admin-
istration can be crucial for accurate pupil interpreta-
tion. Although prior studies have found associations, 
some contradictory, between different analgosedatives 
and pupil reactivity and size, they were primarily done 

Figure 2. Grouped boxplots of IV infusion analgosedatives on average Neurologic Pupil Index (NPi) and average resting pupil 
size. Dexmedetomidine and other IV infusion analgosedatives on pupil reactivity and size. Grouped boxplots showing the effect of 
dexmedetomidine and other IV infusion analgosedatives on (A) average Neurologic Pupil Index (NPi) and (B) average resting pupil size 
between both eyes. Displayed are boxes outlining the median, 25th, and 75th quartiles. Sample sizes presented are the total number 
of patients and pupil observations associated with the medication. (+) exposure represents an initiation or increase in medication dose, 
whereas (−) exposure represents absent, static, or decrease in medication dose. p values were calculated using univariate mixed-effects 
linear regression. Our model was constructed as follows: average NPi (or average resting pupil size) ~ Primary medication exposure 
(dichotomous) + 1|patient indicator + error. α = 0.025* due to Bonferroni correction. M = pupil observations, N = patients.
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in small cohorts of healthy or anesthetized individu-
als awaiting surgery. In our cohort of 221 critical care 
patients with intracranial injury, we found that dexme-
detomidine was associated with higher pupil reactivity 
(β = 0.18 ± 0.04; p < 0.001) and smaller resting pupil 
size (β = –0.25 ± 0.05; p < 0.001) after adjusting for 
confounders (Table 2).

Pupil reactivity and size depend on a complex bal-
ance of neuronal pathways primarily involving the 
optic and oculomotor nerves (31). The locus coeruleus, 
carrying input from the amygdala, sleep and arousal 
networks, and nociceptive pathways, modulates pupil 
reactivity and size via noradrenergic projections ter-
minating on the EWN, the parasympathetic nucleus of 
the oculomotor nerve (5, 11, 32, 33). Due to the abun-
dance of receptors lining principal afferent/efferent 
and locus coeruleus-mediated modulatory pathways, 
exogenous agents can affect pupil reactivity and size in 
opposing directions (31).

Despite anecdotal assumptions that most analgosed-
atives decrease both pupil reactivity and size (7–10, 34), 
our work is consistent with Larson and Talke (12) find-
ing that dexmedetomidine is associated with increased 
pupil reactivity. One hypothesized mechanism is that 
dexmedetomidine, an α2 agonist, activates autorecep-
tors in the locus coeruleus and disinhibits the EWN-
mediated pupillary constriction (31, 35). Larson and 
Talke (12) proposed the possibility of an unknown ac-
cessory pathway because the eight patients the authors 
studied presumably already had depressed locus coe-
ruleus activity from anesthesia (36). Our finding that 
dexmedetomidine associated with decrease in resting 
pupil size supports a previous case series that found 
decreased pupil size in patients administered dexme-
detomidine prior to undergoing cataract surgery (37).

We did not find a significant association between 
clonidine (another α2 agonist) and NPi (Supplementary 
Table 3, http://links.lww.com/CCX/A987), counter 

TABLE 2. 
Multivariable Model of Analgosedatives on Pupil Reactivity and Size

Dexmedetomidine Model,a (N = 37, M = 166) Neurologic Pupil Index β p Resting Pupil Size β p

 Dexmedetomidine 0.18 ± 0.04 < 0.001 –0.25 ± 0.05 < 0.001

 Male 0.27 ± 0.12 0.03 –0.22 ± 0.11 0.05

 Age, yr 0.01 ± 0.004 < 0.001 -0.02 ± 0.004 <0.001

 Glasgow Coma Score 0.04 ± 0.003 <0.001 0.07 ± 0.004 < 0.001

 Mass effect –0.19 ± 0.13 0.14 0.05 ± 0.13 0.71

 Acetaminophen 0.04 ± 0.02 0.02 0.01 ± 0.02 0.54

 Nighttime 0.15 ± 0.01 < 0.001 0.11 ± 0.01 < 0.001

Acetaminophen Model (N = 139, M = 984) Neurologic Pupil Index β p Resting Pupil Size β p

 Acetaminophen 0.04 ± 0.02 0.02 0.01 ± 0.02 0.55

 Male 0.26 ± 0.12 0.03 –0.22 ± 0.11 0.05

 Age, yr 0.01 ± 0.004 < 0.001 –0.02 ± 0.004 < 0.001

 Glasgow Coma Score 0.04 ± 0.003 < 0.001 0.06 ± 0.004 < 0.001

 Mass effect –0.20 ± 0.13 0.14 0.05 ± 0.13 0.71

 Nighttime 0.15 ± 0.01 < 0.001 0.10 ± 0.01 < 0.001

M = pupil observations, N = patients.
aPrimary hypothesis.
β coefficients represent the change in rank-normalized units of average Neurologic Pupil Index or resting pupil size in the presence of 
a dichotomous variable (dexmedetomidine, male, mass effect, acetaminophen, and nighttime indicator) or an increase in a continuous or 
ordinal scale (age and Glasgow Coma Score).
Sample sizes presented show the total number of patients and pupil observations associated with an initiation or an increase in 
medication dose less than 60 min prior to pupil examination.
p values were calculated using multivariable mixed-effects linear regression. Our model was constructed as follows: average Neurologic 
Pupil Index (or average resting pupil size) ~ primary medication exposure (dichotomous) + sex + age + Glasgow Coma Scale + mass 
effect + acetaminophen + night-indicator + 1|patient indicator + error.

http://links.lww.com/CCX/A987
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to published work in both healthy and anesthetized 
humans (13, 14). One possible explanation is that 
dexmedetomidine is approximately 8–10 times more 
selective for the α2-adrenergic receptor, with α2:α1 
receptor affinity 1,620:1 versus 200:1, respectively 
(38, 39). The increased selectivity produces more po-
tent sedative-hypnotic effects through interactions 
with α2-adrenergic receptors in the locus coeruleus. 
Additionally, dexmedetomidine acts as a full agonist, as 
opposed to clonidine, a partial agonist at α2-adrenergic 
receptors. As such, the dose of clonidine may not have 
been sufficient to elicit a significant difference in pupil 
reactivity. The greater α1-adrenergic receptor agonist 
activity with clonidine may explain the larger resting 
pupil size compared with dexmedetomidine through 
increased contraction of the radial eye muscle (39). 
Finally, clonidine is often administered in the ICU for 
autonomic storming, which could modulate pupil reac-
tivity and size. We did not have temporal information 
related to blood pressure or pulse to rigorously examine 
this association.

We found that the association between other IV 
infusion analgosedatives and NPi did not meet our 
threshold for significance (Supplementary Table 
3, http://links.lww.com/CCX/A987). This opposes 
studies reporting fentanyl, propofol, and ketamine 
led to lower NPi in humans (9, 10, 34), and pento-
barbital depressed the pupillary light reflex in cats 
(36). We acknowledge that the lack of robust asso-
ciations may have been due to small sample size 
in the case of pentobarbital (N = 3) and ketamine  
(N = 2). However, the number of patients who re-
ceived propofol (N = 106) and fentanyl (N = 68) 
was higher, and an absence in reactivity change was 
also supported by the work by Shirozu et al (10) and 
Kim et al (19). Smaller pupil size following propofol, 
fentanyl, and midazolam administration supports 
published findings in both healthy and anesthetized 
patients (Supplementary Table 3, http://links.lww.
com/CCX/A987) (7–9).

Among primary analgesic or sedatives, acetamino-
phen and lorazepam were associated with higher av-
erage NPi, whereas clobazam was associated with lower 
average NPi. Acetaminophen associated with higher 
NPi after adjusting for confounders (β = 0.04 ± 0.02; p 
= 0.02). However, aside from acetaminophen (N = 139, 
M = 984), each of these medications had less than 20 
patients and 60 pupil measurements.

Although the pharmacokinetic mechanisms of ace-
taminophen are not fully elucidated, its analgesic and 
antipyretic properties have been well documented (40, 
41). Modulation of emotional factors, cognitive load, 
and pain by acetaminophen can influence pupil re-
activity and size (5). It is also possible that secondary 
mechanisms of acetaminophen may affect pupillary re-
sponse in ways that are yet to be determined, however, 
as other analgesics in our study did not have significant 
associations (42). Acetaminophen is widely used in the 
inpatient setting, and findings should be confirmed in 
prospective settings.

Our results should be interpreted with the follow-
ing limitations. By averaging our primary outcomes, 
we are not able to draw conclusions on how medica-
tions affect pupil reactivity unilaterally, especially in 
the settings of ipsilateral or contralateral mass effect. 
We attempted to limit the effects of confounders that 
may asymmetrically impair pupil reactivity by ex-
cluding patients with a history of retinal surgery, optic 
neuritis, traumatic pupil injury, glaucoma, and cata-
racts. Due to the lack of prior studies, we conducted 
multiple tests of association, increasing the potential 
for false-positive findings. We attempted to mitigate 
this by selecting two primary hypotheses and an ap-
propriate statistical correction. The remainder of our 
analyses are hypothesis-generating for more definitive 
studies. Sample size limited studying variation by the 
heterogeneous diagnoses present in the neuro-ICU 
and comparing findings with patients without intra-
cranial pathology. We performed subgroup analyses of 
average NPi and average resting pupil size after dexme-
detomidine administration stratified by diagnosis and 
found that the association between dexmedetomidine 
and average NPi remained significant in patients with 
brain tumors and parenchymal subarachnoid hemor-
rhage (Supplementary Fig. 3, http://links.lww.com/
CCX/A987).

Because our study was observational and retrospec-
tive, we cannot exclude residual confounding or estab-
lish causal relations. Our 60-minute study window was 
selected to account for the heterogeneity of medication 
therapies and formulations, as time to onset and peak 
effects vary considerably due to medication-specific 
pharmacokinetics as well as route of administration. 
Dexmedetomidine, our primary medication exposure, 
has a rapid redistribution half-life of approximately 6 
minutes, and its peak effect is expected to be observed 

http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
http://links.lww.com/CCX/A987
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within 30 minutes (43). Although more rapid time 
to peak effect may be seen after IV bolus, IV bolus 
therapy is rarely used in our institutions’ clinical prac-
tice. Our time window, however, is limited by the po-
tential for multiple changes in pupil reactivity and size 
over the 60 minutes and should be decreased in the 
future as determined by medication-specific proper-
ties. To address bias from ambient light, we included 
a dichotomous night-indicator based on the assump-
tion that ambient light levels are lower between 7 pm 
and 7 am in the ICU. Our variable, however, does not 
capture absolute lumens and account for staff and pa-
tient manipulation of room lighting. We did not have 
mechanical ventilator data at the pupil level and were 
not able to control for the potentially lower GCS scores 
during ventilation, which could spuriously lower GCS 
in our multivariable models. We adjusted our primary 
multivariable model only for acetaminophen because 
we observed an unexpected yet substantial associa-
tion with the same directional association as dexme-
detomidine, whereas we assumed that effects from 
other potentially influencing medications would bias 
us toward the null. We did not have sufficient sample 
sizes to further explore pupil changes following lor-
azepam and clobazam administration, which com-
monly occur in the setting of seizures and meperidine, 
which is indicated for shivering during targeted tem-
perature management. Cognitive load pain could have 
also influenced pupil reactivity and size but was not 
accounted for in this study (5).

Despite limitations, this is the first study to our 
knowledge to test the effect of analgosedatives on 
quantitative pupillometry in a heterogenous cohort of 
critically ill patients with acute intracranial pathology, 
using over 9,000 pupil observations across two neuro-
ICUs. For our primary investigation, we adjusted for 
patient- and pupil-level covariates including demo-
graphics and arousal state. Finally, our use of quan-
titative pupillometry and statistical methodology 
enables future validation and generalization beyond 
our institution.

CONCLUSIONS

Dexmedetomidine administration was associated with 
higher pupil reactivity and smaller resting pupil size in 
critically ill patients with acute intracranial pathology 
after adjusting for confounders. We observed smaller 

resting pupil size but no significant difference in NPi 
among other IV infusion analgosedatives. Of our 
tested PO and one-time IV analgesics, acetaminophen 
was associated with higher pupil reactivity after adjust-
ing for confounders. Understanding expected pupil 
effects after commonly used medications is important 
for accurate interpretation of clinical pupil findings. 
Our foundational study provides the groundwork for 
larger prospective investigations, improves our inter-
pretation of the pupil examination, and potentially 
facilitates more accurate evaluation, prognostication, 
and management of patients with neurologic disease 
in the neuro-ICU.
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