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Abstract

Background: In intensive care patients with disorders of consciousness, the pupillary light reflex is a measure of
pupillary parasympathetic function. By contrast, the pupillary light-off reflex leads to pupil dilation in response to an
abrupt change from light to darkness (“light-off”) and reflects combined parasympathetic and sympathetic pupillary
function. To our knowledge, this reflex has not been systematically investigated in patients with disorders of con-
sciousness. We hypothesized that the pupillary light-off reflex correlates with consciousness levels after acute brain
injury.

Methods: From November 2022 to March 2023, we enrolled 100 study participants: 25 clinically unresponsive (coma
or unresponsive wakefulness syndrome) and 25 clinically low-responsive (minimally conscious state or better) patients
from the intensive care units of a tertiary referral center, and 50 age-matched and sex-matched healthy controls.
Exclusion criteria were active or chronic eye disease. We used automated pupillometry to assess the pupillary light-off
reflex and the pupillary light reflex of both eyes under scotopic conditions in all study participants.

Results: The pupillary light-off reflex was strongly correlated with consciousness levels (r=0.62, p < 0.001), the
increase in pupillary diameters being smallest in unresponsive patients (mean =+ standard deviation 20% =+ 21%),
followed by low-responsive patients (mean + standard deviation 47% + 26%) and healthy controls (mean =+ standard
deviation 67% =+ 17%; p < 0.001). Similar yet less pronounced patterns were observed for the pupillary light reflex.
Twenty-one of 25 (84%) unresponsive patients had preserved pupillary light reflexes, but only seven (28%) had fully
preserved pupillary light-off reflexes (p < 0.0001). Of these 7 patients, five (71%) regained awareness.

Conclusions: The pupillary light-off reflex may be more sensitive to consciousness levels than the pupillary light
reflex. The clinical implications of this finding seem worthy of further investigation, particularly regarding possible
benefits for neuromonitoring and prognostication after brain injury.

Keywords: Brain injury, Coma, Consciousness, Neuromonitoring, Pupillometry, Prognostication
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Introduction

The pupillary light reflex is a continuous physiological
response that optimizes the amount of light reaching the
retina, indicating integrity of the parasympathetic pupil-
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to darkness are much less well known because these
responses are impossible to see with the unaided eye and
require infrared-sensitive motion recordings.

In her seminal work on the pupil, Irene Loewenfeld [3]
distinguished the pupillary light-off reflex and the pupil-
lary darkness reflex. Both reflexes involve pupil dilation in
response to darkness, but the pupillary darkness reflex is
merely a short-lived response to a brief dark pause (“dark
flash”) with the light reappearing immediately thereafter.
By contrast, “after full retinal bleaching by a powerful
light, the pupillary light-off reflex begins forcefully and
smoothly; but after a few seconds in darkness, the move-
ment slows down [and] begins to waver...” Therefore, it
should be noted that the pupillary light-off reflex is also
different from the simple relaxation part of the pupillary
light reflex because it occurs only with an intense and
prolonged light stimulus preceding the “light-off” Both
sympathetic excitation and parasympathetic relaxation
participate in the pupillary light-off response [3]. Hence,
the pupillary light-off reflex is brought about through
inhibition of the Edinger—Westphal nucleus and activa-
tion of the sympathetic dilator muscle [4—6]. Psychosen-
sory stimuli, such as sudden noise or squeezing the back
of the neck, may enhance the pupillary light-off reflex
[6]. Disruptions to the pupillary light-off reflex can occur
with lesions that affect the sympathetic nervous system,
even when the pupillary light reflex remains intact [3, 4,
6, 7]. Figure 1 provides a simplified overview of the pupil-
lary light and the pupillary light-off reflexes.

Because acute brain injury often involves diffuse dam-
age to multiple neural circuits, the pupillary light-off
reflex may provide additional information about auto-
nomic and higher-order brain functions after brain injury
compared with the pupillary light reflex [8—10]. However,
the pupillary light-off reflex is not clinically routine in the
intensive care unit (ICU) and to our knowledge, it has
not previously been studied in patients with disorders of
consciousness (DoC) with acute brain injury.

We investigated the pupillary light-off reflex of patients
with DoC who were clinically unresponsive (coma or
unresponsive wakefulness syndrome [UWS]) or clinically
low-responsive (minimally conscious states [MCS]) and
healthy controls. We hypothesized that the presence and
strength of the pupillary light-off reflex is correlated with
levels of consciousness impairment after brain injury and
that these correlations are similar to those of the pupil-
lary light reflex, but not necessarily identical.

Methods

Participants

We prospectively enrolled patients on a convenience base
from two ICUs (neurological/neurosurgical and cardio-
logic) at Rigshospitalet, Copenhagen University Hospital,

a tertiary referral center. Inclusion criteria were age > 18
years, acute traumatic or nontraumatic brain injury, and
impaired consciousness, as previously described [11-
14]. Age-matched (£ 5 years) and sex-matched healthy
controls were recruited from the community through a
word-of-mouth advertisement. Written informed con-
sent was obtained from all participants or their surrogate
decision-makers.

Clinical Examination

Patients were examined during the daytime between
10:00 and 15:00 and when deemed feasible by the attend-
ing medical staff. Neurological assessments of con-
sciousness were performed as described earlier [11-14],
including three clinical scales: the Glasgow Coma Scale,
the Full Outline of UnResponsiveness score [15], and the
Simplified Evaluation of Consciousness Disorders [16,
17]. Patients with a coma or UWS were categorized as
clinically unresponsive, and patients in MCS or emerged
from MCS were classified as being clinically low-respon-
sive [18]. Individuals with active eye diseases or a history
of eye injury were excluded. Clinical data, such as medi-
cal history, admission etiology, diagnosis, and sedation,
were extracted from electronic health records. Sedation
levels were stratified as described earlier into none, low to
moderate (fentanyl < 500 pg/h, remifentanil < 1000 pg/h,
propofol < 100 mg/h, midazolam < 10 mg/h, sevoflurane
< 3%, or equivalent combinations), and high to very high
(fentanyl > 500 pg/h, remifentanil > 1000 pg/h, propo-
fol > 100 mg/h, midazolam > 10 mg/h, sevoflurane > 3%,
any dosage of sodium thiopental, or equivalent combina-
tions) [12—14].

Pupillometry

Pupillometry was conducted once for every patient.
Pupillary reflexes were investigated under scotopic, or
low-light, conditions, as described in our previous pub-
lications [11, 19]. Before pupillometry assessments, we
reduced ambient light levels to below 10 lux by clos-
ing curtains and turning off ambient lights, which was
monitored using the LUX Light Meter app on a con-
ventional iPhone. We used the NeurOptics PLR-3000
pupillometer to measure the pupillary light-off reflex
by creating a bright light, which was then turned off.
The light source was directed at the pupil for at least
3 s before initiating the measurement sequence. After
the initial pulse, the light was deactivated, and the
pupil was continuously measured for an additional 7 s.
The protocol entailed a negative pulse stimulus (pulse
intensity = 0 uW, background intensity = 180 puW,
total measurement duration = 8.02 s, including pulse
duration = 7.02 s, and pulse onset = 1.00 s). We sub-
sequently used the NeurOptics NPi-200 Pupillometer
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Fig. 1 Simplified illustration of some of the parasympathetic and sympathetic pathways that regulate a pupil size and b measurement of the
pupillary light and light-off reflexes using automated pupillometry. When exposed to light, retinal cells send signals through the optic nerve to
the pretectal nucleus, which communicates with the Edinger-Westphal nucleus. Parasympathetic fibers travel via the oculomotor nerve to the
ciliary ganglion and the sphincter pupillae muscle, causing pupil constriction (pupillary light reflex). In darkness, the retina signals the hypothala-
mus, activating the sympathetic pathway via the spinal cord (T1-T2), leading to the superior cervical ganglion. Postganglionic fibers then travel to
the dilator pupillae muscle, resulting in pupil dilation (pupillary light-off reflex). The pupillary light reflex is the difference between initial pupillary
diameter and the minimal pupillary diameter after constriction, divided by the initial pupil diameter. By contrast, the pupillary light-off reflex is the
difference between the initial pupillary diameter and the maximal pupillary diameter after dilatation, divided by the initial pupil diameter. A change
in pupillary diameter during pupillary dilation or constriction is defined as the increase or decrease in pupillary diameter (curve amplitude) relative
to the initial diameter. It should be noted that the figure omits the contribution of the inhibitory effect on the Edinger-Westphal nucleus and that
the anatomical pathways mediating the pupillary light-off reflex are not yet entirely understood

to assess the pupillary light reflex in both eyes. For
both pupillary light and pupillary light-off reflexes, we
investigated changes in pupillary diameter, dilation
velocity, and latency among unresponsive patients,

low-responsive patients, and healthy controls. A
change in pupillary diameter during pupillary dilation
or constriction was defined as the increase or decrease
in pupillary diameter (curve amplitude) relative to the
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initial diameter: (maximum pupillary diameter—initial
pupillary diameter)/initial pupillary diameter (Fig. 1).
In addition, we quantified the pupillary light reflex
using the Neurological Pupil index (NPi), which ranges
from 0 (nonreactive) to 5 (normal), with an NPi score
of 3 or higher being considered within normal physi-
ological limits [1]. All data underwent visual inspection
to identify and remove anomalies, for example, blinking
artifacts, as described earlier [13].

Outcomes

The primary outcomes were the magnitude and reactiv-
ity of the pupillary light-off reflex assessed in both eyes of
unresponsive and low-responsive patients with DoC and
a comparison between patients with DoC and healthy
controls. Secondary outcomes included (1) the correla-
tion between the pupillary light-off reflex and levels of
consciousness impairment in patients, (2) differences in
the pupillary light reflex among all groups, and (3) the
proportion of patients exhibiting discordance between
pupillary light-off and light reflexes.

Statistical Analyses

Differences in demographic and pupillometry character-
istics among unresponsive and low-responsive patients
and healthy controls were assessed using a y test or Fish-
er’s exact test for categorical data and a one-way analy-
sis of variance with a post hoc Tukey test to account for
multiple comparisons for numeric data. Comparisons
between unresponsive and low-response patients were
made using Student’s ¢-test, Mann—Whitney U-test, or
Fisher’s exact test, as appropriate. A significant pupillary
light reflex was defined as an NPi score of 3 or higher [1].
In the absence of a specific cut-off for a normal or fully
preserved pupillary dilation during the light-off reflex,
this was defined as being within two standard devia-
tions of the mean pupillary dilation response (percent-
age change from initial size) observed in healthy controls.
McNemar’s test was used to analyze the discordance
between binary pupillary light-off and pupillary light
reflexes in unresponsive patients. Spaghetti, scatter, and
box plots were used to visualize initial and final pupil-
lary diameters during pupillary reflex measurements.
The association between mean pupillary dilation (rela-
tive change across left and right eyes) and consciousness
levels (coma, UWS, MCS, and fully conscious) across all
study participants was assessed using Spearman’s Rank
correlation coefficient and an ordinal regression model.
Missing data were reported and excluded from the analy-
ses. All analyses were conducted using R statistical soft-
ware v. 4.3.2 (R Core Team, Vienna, Austria).

Results

Between November 2022 and March 2023, we enrolled
100 study participants, including 50 patients with DoC
and 50 healthy controls. Among the patients with
DoC, 25 were clinically unresponsive, and 25 were low-
responsive. Demographic and clinical characteristics are
provided in Table 1. There were no significant differ-
ences between the patient groups in terms of age (F [2,
97] = 0.31, p = 0.73) or sex (y*> = 1.39, p = 0.50). In both
patient groups, hemorrhagic stroke was the leading cause
of brain injury (52% in unresponsive and 32% in low-
responsive patients), followed by traumatic brain injury
(20%) in unresponsive patients and cardiovascular causes
(28%) in low-responsive patients.

Pupillary Light-Off and Pupillary Light Reflexes Indices
Data regarding the pupillary light-off reflex are summa-
rized in Table 2. During the pupillary light-off reflex, the
absolute and relative increase in pupillary diameter was
smallest in unresponsive patients (mean + SD: 0.5 mm
+ 0.6 mm or 20% + 21%), followed by low-responsive
patients (1.1 mm =+ 0.7 mm or 47% =+ 26%) and healthy
controls (1.8 mm + 0.5 mm or 67% + 17.4%). This dif-
ference in pupillary dilation was significant across the
groups (F [2, 97] = 43.1, p < 0.001). Specifically, the
increase in pupillary diameter was smaller in unrespon-
sive patients compared to low-responsive patients (mean
difference between groups, M = —-20, p < 0.001) and
healthy controls (M = —47, p < 0.001) and smaller in low-
responsive patients compared with healthy controls (M =
—27, p < 0.001). Figures 2a and 3a provide details. Signifi-
cant differences in dilation velocity were observed for the
left (but not the right) pupil across groups (F [2, 86] =
6, p = 0.004), with unresponsive patients showing slower
dilation velocity compared to healthy controls (M = —1.1,
p = 0.006). There were no differences in latency to dila-
tion across any groups.

Similar patterns were observed for the pupillary light
reflex (Table 3, Figs. 2b and 3b). The decrease in pupil-
lary diameter was smaller in unresponsive patients (M =
17.5 + 10.6%) compared to low-responsive patients (M =
27 + 10.5%) and healthy controls (M = 37.5 + 5.5%). This
difference in pupillary constriction was significant across
all groups (F [2, 93] = 46, p < 0.001). Significant differ-
ences in NPi scores were also observed (F [2,97] =12.3, p
< 0.001). NPi scores were lower in unresponsive patients
(3.3 £ 1.7) than in low-responsive patients (4.3 + 0.6, p
< 0.001) and healthy controls (4.4 + 0.4, p < 0.001), but
there was no significant difference between low-respon-
sive patients and healthy controls. Constriction veloc-
ity varied significantly across groups (F [2, 93] = 45, p
< 0.001), being smallest in unresponsive patients (1.0 +
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Table 1 Demographic and clinical characteristics

Unresponsive patients*

Low-responsive patients*

Number of participants
Age (mean = SD)
Male sex, n (%)
Premorbid mRS 0-2, n (%)
Days since injury (mean =+ SD)
GCS (median, IQR)
FOUR (median, IQR)
Consciousness categories, n (%)
Brain injury etiology, n (%)
Subarachnoid hemorrhage
Intracerebral hemorrhage
Ischemic stroke
Traumatic brain injury

Ischemic-anoxic brain damage of
cardiac origin

Other
Airway management, n (%)
Noninvasive
Tracheostomy
Oral intubation
Sedation**
None to minimal
Low to moderate
High to very high

25

598 + 16.6

18 (72%)

19 (76%)

7+6

3(3,5)

4(3,5)

Coma: 22 (88%) UWS: 3 (12%)

9 (36%)
1 (4%)
15 (60%)

25

632+ 130
14 (56%)
24 (96%)
8+9
14(11,15)
16 (13, 16)

MCS: 10 (40%) eMCS: 15 (60%)

5 (20%)
3(12%)
1 (4%)

1 (4%)
7 (28)

8 (32%)"*

16 (64%)
3(12%)
6 (24%)

21 (84%)
2 (8%)
2 (8%)

50

62 + 15
32 (64%)

" Patients categorized as unresponsive were in a coma or unresponsive wakefulness syndrome; those categorized as low-responsive were in the minimally conscious
state or better (including patients emerged from the minimally conscious state)

™ See methods for details about sedation

# Status epilepticus, herpes simplex encephalitis

# Carbon monoxide poisoning, nonconvulsive status epilepticus following cerebral shunt malfunction, respiratory arrest due to Guillain-Barré, respiratory arrest due
to myasthenia gravis, cerebral tumor and three aorta dissections

eMCS = emerged from MCS, IQR-interquartile range, MCS = minimally conscious state, SD = standard deviation, UWS = unresponsive wakefulness syndrome

Table 2 Pupil diameter changes during the pupillary light-off reflex

Unresponsive patients*

Low-responsive patients*

Healthy controls

P value**

Initial diameter (mm)
End diameter (mm)

Change in pupillary diameter: dilation (mm)

L:25+12
R:2.2+0.7

L:28+13
Ri27+£12

L:04+£05
R:05+0.7

Relative change in pupillary diameter: dilation (%) L1166 219

Dilation velocity (mm/sec)

Latency (sec)

R:23 +24.7

L:03(0.1-1.2)
R:04 +£02

L:039+0.13
R:039+0.19

L:2.3+05
R:23+£04

L:34+£10
Ri34+£10

L1007
R:i1.1+£07

L: 445+ 285
R:49.5 + 288

L:0.6(0.3-1.6)
Ri12+12

L:037 +£0.12
R:0.46 +0.20

L:2.8+06
R:2.8+£0.6

L:46+09
R:4.6 £09

L1905
R:1.8+£05

L:689+ 188
R:65 + 20.0

L:1.0(042-10.2)

Ri15+21

L:045+0.13
R:040+0.12

L:0.05
R:<0.001

L:<0.001
R:<0.001

L:<0.001
R:<0.001

L:<0.001
R:<0.001

L:0.004
R:0.07

L:0.048
R:0.24

Pupillometry results are presented as mean + standard deviation

" Patients categorized as unresponsive were in a coma or unresponsive wakefulness syndrome; those categorized as low-responsive were in the minimally conscious

state or better

* One-way ANOVA test results. Bolded values indicate significant differences

L, left; R, Right
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Table 3 Pupil diameter changes during the pupillary light reflex

Unresponsive patients*

Initial diameter (mm) :29+12
Ri28+12
End diameter (mm) :23+09
R:22+07
Change in pupillary diameter: constriction (mm) L10+14
Ri11+11
Relative change in pupillary diameter: constriction (%) L16+12
R:21+12
Constriction velocity (mm/sec) :09+08
Ri1.2+08
Latency (sec) [:025+0.12
R:0.25 + 0.04
NPi L:33+17
Ri32+19

Low-responsive  Healthy controls P value**
patients*

L33+11 L:47+09 L:<0.001
Ri34+12 Ri48+10 R:<0.001
L:24+07 L:29+06 L:<0.001
R:24+06 R:3.0+0.7 R:<0.001
L:09+06 L1.7+04 L: <0.001
R:1.0+0.7 R:1.8+05 R:<0.001
L:26+£10 L:37+£56 L:<0.001
Ri28+12 R:38+6.0 R:<0.001
L:1.7+09 L:26+06 L: < 0.001
R:1.7+£09 R:26+06 R: < 0.001
L:0.25+0.05 L:024 +£0.03 L:0.72
R:0.24 + 0.05 R:0.24 + 0.04 R:0.92
L:43+07 L:44+04 L:<0.001
R:44+06 Ri44+04 R: < 0.001

Pupillometry results are presented as mean =+ standard deviations

" Patients categorized as unresponsive were in a coma or unresponsive wakefulness syndrome; those categorized as low-responsive were in the minimally conscious

state or better

™ One-way ANOVA test results

Bolded values indicate significant differences
L, left; NPi, Neurological Pupil index; R, Right

0.7), followed by low-responsive patients (1.7 = 0.9) and
healthy controls (2.6 + 0.6). There were no significant dif-
ferences in latency to constriction (F [2, 92] = 0.09, p =
0.092).

Pupillary Light-Off and Pupillary Light Reflexes in DoC

in the ICU

The association between pupillary reflexes and con-
sciousness levels was assessed using Spearman’s rank
correlation coefficient and an ordinal regression model.
Spearman’s rank correlation was 0.62 (p < 0.001) for the
pupillary light-off reflex, indicating a positive association
between greater pupillary dilation and higher conscious-
ness levels. The ordinal regression model confirmed this,
showing a significant association between greater pupil-
lary dilation and higher consciousness levels (estimate =
0.051, SE = 0.013, p<0.001). This association remained
significant after accounting for sedation, with higher
consciousness levels linked to greater pupillary dilation
(estimate = 0.032, SE = 0.01, p = 0.021) and increased
sedation linked to lower consciousness levels (estimate =

—1.24, SE = 0.45, p = 0.006). There was a similar, but less
pronounced association between the pupillary light reflex
and consciousness levels (r = 0.39, p = 0.005; estimate =
0.089, SE = 0.35, p = 0.02), which remained significant
when accounting for sedation (estimate = 1.02, SE = 0.37,
p = 0.006).

Among unresponsive patients, three of 25 (12%) exhib-
ited bilaterally preserved pupillary light-off reflexes,
while an additional four patients (16%) had a pupillary
light-off reflex in one eye (Fig. 4). The clinical and pupil-
lometry characteristics of the 7 patients with a unilater-
ally or bilaterally preserved pupillary light-off reflexes
are detailed in Table S1. All these 7 patients were male;
four had hemorrhagic stroke, two had traumatic brain
injury, and one had post-cardiac arrest ischemic-anoxic
brain damage. Four patients received high to very high
levels of sedation, while three received none to minimal.
Except for 2 patients diagnosed with UWS, all were in a
coma and orally intubated or tracheostomized at the time
of measurement. All seven unresponsive patients with
preserved pupillary light-off reflexes also had preserved

(See figure on next page.)

Fig. 4 Raw data of the pupillary light-off reflex of clinically unresponsive and low-responsive patients, and age-and sex-matched healthy controls,
illustrating pupillary diameters over time. Time in seconds is displayed on x-axes, and pupillary diameters in millimeters are shown on y-axes.
Preserved light-off reflexes of unresponsive patients, as defined by pupillary dilation within two standard deviations of the mean pupillary dilation
response observed in healthy controls, are highlighted in orange. Note that rarely, a rudimentary pupillary dilation response appears in unrespon-
sive patients that is outside the normal range. The figure shows that the shape and distribution of the pupillary light-off reflex correlate with increas-
ing consciousness levels, i.e, from mostly absent in clinically unresponsive patients to brisk in healthy volunteers
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pupillary light reflexes in the eye(s) with a pupillary light-
off reflex. More unresponsive patients had preserved
pupillary light reflexes than pupillary light-off reflexes: 18
of 25 (72%) had bilateral light reflexes, while an additional
three (12%) had pupillary light reflexes in one eye. McNe-
mar’s test indicated a significant discordance of 60%
between pupillary light-off and light reflexes in the unre-
sponsive patient group (p < 0.001). In sum, 21 of 25 (84%)
clinically unresponsive patients had preserved pupillary
light reflexes, but only seven (28%) had preserved pupil-
lary light-off reflexes (Fisher exact test, p value < 0.0001).

In the low-responsive patient group, pupillary reflexes
were more commonly preserved. Nineteen of 25 (76%)
low-responsive patients had preserved pupillary light-
off reflexes (16 bilaterally, two only in the left eye, and
one only in the right eye). All 25 (100%) low-responsive
patients had preserved pupillary light reflexes, result-
ing in a nonsignificant discordance of 28% between the
light and light-off reflexes (p = 0.131). However, while
the pupillary light-off reflex was able to show a difference
between the low-responsive patients and healthy controls
(Table 2), the NPi was not (Table 3).

Three months after assessment, 23 of 25 unresponsive
patients and 24 of 25 low-responsive patients could be
followed up. Fourteen of 23 (75%) unresponsive patients
and 21 of 24 (88%) low-responsive patients survived
(Fisher’s exact test, p = 0.049). Six of the seven unre-
sponsive patients with a preserved pupillary light-off
reflex in at least one pupil were available for follow-up:
Five regained awareness, as measured by patients’ ability
to respond to internal and environmental stimuli, with
the first signs of clinical awareness appearing after 9 +
5 days. In 4 of these 5 patients, the first sign of awareness
was visual tracking as noted by the attending clinicians.
The one patient who did not regain consciousness had
life-supporting treatment withdrawn on the same day as
the pupillometry.

Discussion

Our study demonstrates that the pupillary light-off reflex
is diminished in patients with DoC with acute brain
injury, especially in those who are clinically unrespon-
sive, and that this reflex correlates with the levels of con-
sciousness. We have shown that the pupillary light-off
reflex may be abolished or abnormal in patients with pre-
served pupillary light reflexes, thereby potentially adding
prognostic information in patients with acute DoC in the
ICU.

The Pupillary Light-Off Reflex Compared to the Pupillary
Light Reflex in Patients with DoC

Both relaxed and dilated pupillary diameters were smaller
in patients with DoC compared to healthy controls, with

the lowest increase in pupillary dilation and number of
preserved light-off reflexes observed in unresponsive
patients, followed by low-responsive patients. Although
the pupillary light reflex showed similar patterns, these
appeared to be less pronounced than what we found for
the pupillary light-off reflex, suggesting that sympathetic
input to the pupils is overall more severely compromised
than parasympathetic input. While the exact reasons
require further investigations, these findings are con-
sistent with previous research: We recently showed that
eye drops containing brimonidine, an alpha-2 agonist
reducing sympathetic pupillary tone, do not significantly
change pupil size in deeply comatose patients, indicating
the absence of sympathetic innervation [11]. The present
study extends these findings by demonstrating the auto-
nomic nervous system’s influence (or lack thereof) on the
association of the pupillary light-off reflex with levels of
consciousness.

Why might the pupillary light-off reflex provide more
information than just measuring pupil size in the dark?
When light is turned off, the pupil dilates quickly, but it
does not reach maximum size until about 50—60 s after
darkness [3]. So, when the lights in the patient room are
turned out and we go to study the patient, the time is var-
iable, and the size of the pupil when recording the NPi
depends on the amount of time that elapses. The light-
off reflex is more precise because the measurement starts
with a known, stronger, and longer lasting light intensity
and each measurement is carefully timed (7 s of “light-
off”). This provides a more precise measurement that can
be trended over time and thus may follow the degree of
consciousness more precisely. Indeed, while the NPi was
unable to show a difference between the low-responsive
patients and healthy controls, the pupillary light-off reflex
did show this difference. Furthermore, among the 25
clinically unresponsive patients, only three had preserved
pupillary light-off reflexes bilaterally and four unilater-
ally, all of whom had preserved light reflexes. Automated
pupillometry assessing the pupillary light-off reflex also
appears to distinguish between clinically unresponsive
and low-responsive patients with better precision than
some other technological approaches that require much
greater computational expertise like, for example, arterial
spin labeling MRI evaluating cerebral blood flow meas-
urements [20].

Of the six unresponsive patients with a pupillary light-
off reflex who could be followed up, five regained clinical
awareness. Interestingly, it has been argued that sympa-
thetic pupillary innervation requires consciousness to be
preserved to at least some degree [11], and the propor-
tion of clinically unresponsive patients with a preserved
pupillary light-off reflex is of the same order of magni-
tude as the proportion of unresponsive patients with
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covert consciousness (15-25%) [13, 21-24]. In future
studies it will be interesting to investigate whether the
pupillary light-off reflex could be a sign of covert con-
sciousness and help to identify clinical trajectories after
brain injury [25].

Uncertainties About the Pupillary Light-Off Reflex in Terms
of Physiology and Pathophysiology

The exact physiologically underpinnings of the pupillary
light-off reflex are not fully understood. It must be noted,
as stated earlier, that the light-off dilation is not entirely
sympathetically generated. As Omary has demonstrated
[26], the pupillary light-off reflex may still be present
in patients with Horner’s syndrome. Loewenfeld dis-
cusses how “light-off” activates neurons in the pretectal
nucleus that are then inhibitory to the Edinger—Westphal
nucleus and argues that the pupillary light-off reflex is a
combination of sympathetic activation and inhibition of
the parasympathetic nucleus [3]. Sillito et al. shows how
the pupillo-constrictor neurons are inhibited at “light
oftf” [27]. Loewenfeld also discusses a pathway from the
retina to the suprachiasmatic nucleus [3]. That nucleus
increases the activity of the preganglionic sympathetics
at “light-off” Pupillary dilation then follows as the sym-
pathetic tone is augmented. Although this pathway might
not be present in primates [3], it is important to realize
that the anatomical pathways of the pupillary light-off
reflex outlined in Fig. 1 probably are not complete, but a
proper diagram is not yet available. Samuels and Szabadi
also show a complex figure, but the pathways they outline
are not proven [28].

Furthermore, in terms of pathophysiology, future
research must meticulously investigate the effects of
opioids and general anesthesia on the pupillary light-off
reflex and how this reflex may reemerge (or not) when
sedation is stopped in people with acute brain injury.
Opioids appear effective in blocking pupillary reflex
dilation (which is not the same as the pupillary light-off
reflex) without altering the light reflex [29]. As opioids
block inhibitory pathways into the Edinger—Westphal
nucleus [30], do unresponsive patients lack a pupillary
light-off reflex because of the drugs or because of cen-
tral nervous system injury? Of the seven unresponsive
patients with a preserved pupillary light-off reflex, four
received high to very high levels of sedation, showing
that at least in a subset of sedated patients the pupil-
lary light-off reflex remains intact. Complicating this
matter further, however, tolerance to the effects of opi-
oids on the pupil does occur [31]. The effects of opioids
on the pupillary light-off reflex after brain injury may
thus change over time and perhaps with the etiology of
the brain injury. Although we accounted for sedation
in the statistical analysis, all these considerations must

be addressed by replication studies with serial pupillary
measurements of DoC cohorts with large enough num-
bers to account for the heterogeneity of sedation and
brain injury etiologies.

Strength and Limitations

This study has several strengths. First, we introduced a
potentially novel clinical biomarker that is easy to collect
at the bedside. Second, the study was conducted in a real-
life setting in a comparably large ICU cohort. Third, we
included an equally large age- and sex-matched healthy
control group, which helped to establish normal refer-
ence values for the pupillary light-off reflex. Evaluating
the pupillary light-off reflex in addition to the pupillary
light reflex may enable a more comprehensive assess-
ment of autonomic and higher-order brain functions
after acute brain injury. However, some limitations must
be acknowledged. For example, while we controlled for
ambient light intensity, environmental factors such as
noise and temperature were not systematically controlled
for. In the same vein, patients with DoC may experi-
ence changes in intracranial pressure; they have various
types and locations of brain lesions; and as stated, these
patients are commonly treated with sedatives and sym-
pathomimetics; all of which can affect pupillary function.
Even though we accounted for sedation, future studies
must investigate the influence of all these potentially con-
founding factors on the pupillary light-off reflex. Further
research is also required to determine whether our cut-
off for a preserved pupillary light-off reflex (i.e., within
two standard deviations of that of healthy volunteers) is
the optimal threshold in terms of diagnostic accuracy.

Conclusions

We conducted a systematic investigation of the pupil-
lary light-off reflex in the ICU. We found that this reflex
can reliably distinguish between clinically unresponsive
and low-responsive patients with DoC with acute brain
injury. Compared to the pupillary light reflex, the absence
of a normal pupillary light-off reflex appears more spe-
cific to the absence of consciousness. The pupillary light-
off reflex therefore provides insights into sympathetic
pupillary function (or lack thereof) and reveals indices
of autonomic function after brain injury that are unavail-
able from the pupillary light reflex. Caveats include the
incomplete knowledge of the mechanisms behind the
pupillary light-off reflex in the healthy and the diseased
brain. Future research is required to investigate these
issues further, including possible benefits of the reflex for
neuromonitoring and prognostication after acute brain
injury.
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