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Abstract 

Background:  Automated infrared pupillometry (AIP) and the Neurological Pupil index (NPi) provide an objective 
means of assessing and trending the pupillary light reflex (PLR) across a broad spectrum of neurological diseases. NPi 
quantifies the PLR and ranges from 0 to 5; in healthy individuals, the NPi of both eyes is expected to be ≥ 3.0 and sym-
metric. AIP values demonstrate emerging value as a prognostic tool with predictive properties that could allow prac-
titioners to anticipate neurological deterioration and recovery. The presence of an NPi differential (a difference ≥ 0.7 
between the left and right eye) is a potential sign of neurological abnormality.

Methods:  We explored NPi differential by considering the modified Rankin Score at discharge (DC mRS) among 
patients admitted to neuroscience intensive care units (NSICU) of 4 U.S. and 1 Japanese hospitals and for two cohorts 
of brain injuries: stroke (including subarachnoid hemorrhage, intracerebral hemorrhage, acute ischemic stroke, and 
aneurysm, 1,200 total patients) and 185 traumatic brain injury (TBI) patients for a total of more than 54,000 pupillary 
measurements.

Results:  Stroke patients with at least 1 occurrence of an NPi differential during their NSICU stay have higher DC mRS 
scores (3.9) compared to those without an NPi differential (2.7; P < .001). Patients with TBI and at least 1 occurrence 
of an NPi differential during their NSICU stay have higher discharge modified Rankin Scale scores (4.1) compared to 
those without an NPi differential (2.9; P < .001). When patients experience both abnormalities, abnormal (NPi < 3.0) and 
an NPi differential, the latter has an anticipatory relationship with respect to the former (P < .001 for z-score skewness 
analysis). Finally, our analysis confirmed ≥ 0.7 as the optimal cutoff value for the NPi differential (AUC = 0.71, P < .001).

Conclusion:  The NPi differential is an important factor that clinicians should consider when managing critically ill 
neurological injured patients admitted to the neurocritical care units.

Trial registration:  NCT02​804438, Date of Registration: June 17, 2016.

Keywords:  Neurological Pupil index (NPi), Pupillary light reflex (PLR), NPi differential, Modified Rankin Score (mRS), 
Pupillometry, Neurocritical care
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Background
In healthy individuals, a flash of light shone into the eye 
will cause a brisk constriction of both pupils [1]. The neu-
ral pathway of the pupil light reflex (PLR) originates in 
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the retina where a layer of retinal ganglion cells collects 
light both intrinsically, due to their photosensitive nature, 
and extrinsically, by connecting to rods and cones. Out-
put of these ganglion cells coalesces into the optic cranial 
nerve (CN II), partially crosses in the optic chiasm with 
fibers of the contralateral optic nerve, and synapses on 
the ipsilateral pretectal nucleus anterior to the superior 
colliculus. Each pretectal nucleus then projects to syn-
apse onto the two oculomotor Edinger-Westphal nuclei 
(EWN). From there, pupillary motor fibers travel with 
the efferent oculomotor cranial nerve (CN III) to reach 
the ciliary ganglia of the eye (third synapse) and finally, 
via short ciliary nerves, to the sphincter muscle of the 
pupil [2–4]. Although the two decussations in the optic 
chiasm and in the superior colliculus are not perfectly 
symmetrical, the neuroanatomy and dynamics of the two 
direct PLR responses – direct because the pupil being 
measured is ipsilateral to the stimulated eye – are identi-
cal under normal conditions [2, 5, 6].

Bilateral assessments of the pupil light reflex are in 
fact contemplated in several clinical conditions to verify 
this symmetric nature. The “swinging flashlight test” for 
example is a well-known procedure in neuro-ophthal-
mology in which the examiner, by swinging a penlight 
back and forth between the two eyes, tries to detect a 
difference in the amount of the dilation between the two 
pupils. The swinging flashlight test is a tool for measur-
ing relative afferent pupillary defect, a condition of many 
retinal or optical nerve diseases [7–10]. Anisocoria which 
is the difference of the two diameters of the pupils at rest, 
is another expression of asymmetry often associated to 
intracranial pathologies [11]. We will be proposing in this 
paper a new approach to bilateral assessment based on 
PLR.

Automated infrared pupillometry (AIP) is a highly reli-
able objective assessment tool for monitoring the pupil 
[12]. Assessing the PLR is part of standard clinical prac-
tice in the treatment and care of patients with neurologic 
injuries [13–17] and a vast body of literature exists on the 
correlation between PLR and diagnosis and outcome in 
many different clinical conditions [18–24]. This is further 
reflected in the guidelines of the Brain Trauma Founda-
tion and the American Heart Association [25, 26]. The 
Neurological Pupil index (NPi) is a proprietary algorithm 
integrated in the pupillometer that accurately detects and 
analyzes the presence of pupillary response and assesses 
the PLR on a scale between 0 and 5, where scores ≥ 3.0 
are considered within the normal range [27]. The NPi is 
calculated automatically and displayed on the pupillom-
eter following each measurement of the left or right PLR.

The NPi is correlated to outcome and diagnosis in 
patients with traumatic brain injury (TBI), stroke, or car-
diac arrest [21, 28–31] and is not influenced by sedation 

or mild hypothermia [30, 32]. In healthy individuals, 
left and right NPi values are expected to be equal [33]. 
The term NPi differential will be applied to observations 
where the absolute difference between the left and right 
NPi is ≥ 0.7, the normative cut-off value reported by the 
manufacturer. Despite a growing body of literature about 
the NPi, the difference between left eye and right eye NPi 
has not yet been rigorously investigated. To our knowl-
edge, there is only one study that explored the NPi differ-
ential showing its prognostication power in patients with 
nonconvulsive status epilepticus [34]. The purpose of this 
analysis is to explore the NPi differential as a prognostic 
indicator for outcome following acute brain injury.

Methods
Ethics approval and consent to participate
The Establishing Normative Data for Pupillometer 
Assessments in Neuroscience Intensive Care (END-
PANIC) registry [35] is an international ongoing multi-
center prospective registry of pupillary measurements. 
The registry received ethics approval from the University 
of Texas Southwestern Institutional Review Board (#STU 
062,015–005) which granted waiver of consent because 
no new procedures are being examined and pupillome-
try is standard of care in the participating hospitals. The 
study is also registered in the ClinicalTrials.gov registry 
(NCT02804438).

Data collection
Data from this registry used in our analysis were col-
lected between March 2015 and January 2021 from 1 
Japanese and 4 U.S. hospitals [33, 35]. Outcome is rep-
resented by the modified Rankin Score at discharge (DC 
mRS) and analyzed as a function of the NPi and the NPi 
differential. The DC mRS ranges between 0 and 6, with 
higher values corresponding to more severe disability 
and worse outcomes; a score of 6 is assigned to death. For 
each patient, pupillometry was usually performed several 
times a day for the entire intensive care unit (ICU) length 
of stay using the NPi-200 pupillometer (NeurOptics Inc.) 
which provides AIP using a monocular, handheld, and 
battery-operated infrared technology [12, 36]. Patients 
with any type of ocular injuries or malformation of the 
ocular structures meet one of the exclusion criteria of 
the study and they were not included in the END-PANIC 
registry. Each observation is comprised of two con-
secutive measurements: one for the right pupil and one 
for the left pupil. Observations are automatically time 
and date stamped. For the analysis, we considered each 
patient’s minimum (most abnormal) NPi score recorded 
during their ICU stay and, for the NPi differential, the 
largest difference between all their pairs of NPi’s.
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The END-PANIC registry includes patient demo-
graphics, primary diagnosis, and results on several neu-
rological scales including DC mRS. Only patients with 
a primary neurological diagnosis were considered in 
the analysis. Data were analyzed in Python (3.7.6) and 
MATLAB (R2020b, MathWorks). Ratio and interval data 
are reported as mean (standard deviation). Difference 
between means tests using both Mann-Whiney U-test 
and independent samples t-tests and confidence inter-
vals (CIs) were calculated using statsmodels API. We also 
conducted multiple comparisons across groups using 
a 2-way ANOVA along with a Tukey HSD test. The ref-
erence cutoff value of 0.7 for the differential is provided 
by the manufacturer and based on unpublished norma-
tive data collected over many years both internally and 
adjunct to other studies collected on a healthy population 
under IRB approved protocol.

To evaluate the legitimacy of our cutoff value, we con-
ducted our own independent analysis based on the END_
PANIC data and the receiver operating characteristic 
(ROC) curve analysis. ROC analysis is widely used in the 
literature for this purpose (see for example Unal 2017) 
and is based on a plot of the true positive rate vs. the 
false positive rate at every potential cutoff value. In our 

case, the test value refers to the difference between the 
two eyes’ NPis and the outcome variable correspond to 
the poor-outcome/good-outcome dichotomization of the 
DCmRS. There are many criteria for selecting the opti-
mal cutoff based on the curve; one of the most used is the 
Youden index method, which is what we employed [37].

Results
We excluded patients receiving barbiturates and those 
without a DC mRS. The final analysis included 1,385 
patients—1,200 for stroke and 185 for TBI—with more 
than 54,000 total pupillary measurements; mean age was 
61.6 years (16.3SD) for Stroke and 63 (21.7 SD) for TBI; 
706 (51%) patients were female and 1019 (73.6%) were 
Caucasian. Length of stay in the ICU and frequency of 
pupillometry varied for each patient. In the example 
(Fig. 1) two patients were monitored with several obser-
vations per day. For one patient (Fig. 1, upper panel) right 
(green) and left (blue) NPi values varied but their differ-
ence stayed below the cut-off reference (0.7) until around 
hour 100 when a few NPi differentials occurred (Fig.  1, 
arrows). The second patient (Fig.  1, lower panel) expe-
rienced a NPi differential in the first hour. Note that, in 
both cases, neither left nor right NPi ever fell below the 

Fig. 1  Left and right NPi (left y-axis) and their difference (right y-axis) for two patients with stroke measured several times during the day. The 
presence of an NPi differential is indicated by the horizontal dashed line at the cutoff value of 0.7 and arrows. Note how neither the left nor right NPi 
ever fell below the critical value of 3 (horizontal solid line). Modified Rankin Score at discharge (DC mRS) for these patients were 5 (poor outcome, 
upper panel) and 6 (death, lower panel)
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critical value of 3.0. The first patient (Fig. 1, upper panel) 
was discharged with severe disability: DC mRS = 5, the 
second patient (lower panel) with DC mRS = 6.

Patients were divided into two cohorts based on pri-
mary diagnosis, stroke (including subarachnoid hemor-
rhage [38], intracerebral hemorrhage [39], acute ischemic 
stroke [40], and aneurysm) and TBI (including subdural 
hematoma [41]), and NPi differences (Fig.  2). Patients 

with at least one occurrence of an NPi differential (dif-
ference between the left and right NPi ≥ 0.7) are desig-
nated as < high diff > . Patients with symmetric NPi’s with 
differences always below 0.7 (< low diff >) are associated 
with a better outcome (lower DC mRS) in both cohorts 
(Fig.  2, see asterisks for P < 0.001, mean DC mRS = 2.8 
vs. 3.9 for Stroke; 2.9 vs. 4.1 for TBI). Mean age for < high 
diff > vs < low diff > was 61.4 and 62.3 respectively for 
Stroke (P = 0.3) and 59.7 and 65.1 for TBI (P = 0.1); both 
are not significantly different and thus not to be consid-
ered as a confounder for the differential. The same trend 
and statistical significance holds if we divide the two 
main cohorts (Fig. 2) into different subgroups for Stroke 
(Table 1, first four rows in orange) and TBI (Table 1, two 
last rows in blue); although the final mean DC mRS out-
come varies, as expected, between the different diagno-
ses, the presence of a NPi differential (Table  1, left DC 
mRS column) is always associated to a poorer (higher DC 
mRS) outcome.

All patients were then divided into four different 
groups according to their NPi differential and, this time, 
their NPi scores (Fig.  3). One group corresponds to 
patients with at least one occurrence of a non-responsive 
pupil, < NPi = 0 > . The remaining are all patients whose 
pupils were always reactive. < low NPi high diff > are 
patients that had at least one occurrence of abnormal/
low NPi (NPi < 3.0) and at least one NPi differential (high 
diff); < high NPi high diff > are patients who had all nor-
mal/high (NPi ≥ 3.0) but at least one NPi differential 
(high diff); finally, < high NPi low diff > are patients with 
all normal NPi’s and no NPi differentials. We omitted 
the < low NPi low diff > group (i.e. patients who had at 
least one abnormal/low NPi (NPi < 3.0) but no NPi dif-
ferentials) because of scarcity of data points—15 cases 
in stroke and only 3 in TBI. The group with NPi = 0 was 
associated with the most severe DC mRS (mean DC 
mRS = 5.2 for stroke and 5.3 for TBI). The following two 
groups, those having one or both abnormalities, were all 
significantly better than < NPi = 0 > (mean DC mRS = 3.9 
and 4.0 for stroke, 4.2 and 4.1 for TBI) but all equally 
poorer than the abnormality-free group < normal > (mean 
DC mRS = 2.7 for Stroke and 2.9 for TBI, Fig. 3, asterisks 

Fig. 2  Patients divided in two cohorts for stroke & TBI and 
difference between pairs of NPi’s: < high diff > are patients that had 
at least one occurrence of an NPi differential. i.e. (abs[ NPi(left) – 
NPi(right)] ≥ 0.7); < low diff > are patients whose difference was always 
lower than 0.7. NPi differentials are associated with poorer DC mRS 
outcomes as represented. Asterisks indicates P < .001, error bars are 
95% Cis

Table 1  Patients divided into subgroups of the two main cohorts

DC mRS w NPi_diff DC mRS w/o NPi_diff P-value

Intracerebral hemorrhage 4.24 (125) 3.06 (134) 0.0000

Subarachnoid hemorrhage (SAH) 3.36 (116) 2.38 (79) 0.0015

Acute ischemic stroke 4.41 (197) 3.07 (296) 0.0000

Aneurysm (non-SAH) 2.55 (33) 1.16 (63) 0.0000

Subdural hematoma 4.17 (42) 3.24 (38) 0.0088

Traumatic Brain Injury 4.09 (33) 2.71 (49) 0.0000
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show P < 0.001). Group < high NPi high diff > is particu-
larly important as it represents cases with normal NPi’s 
but with at least one NPi differential. This group exhibits 
the same poorer outcome as the group with both types of 
abnormality, < low NPi high diff > which further empha-
sizes the importance of the NPi differential even when 
the NPi is normal. To account for the fact that we con-
duct multiple comparisons across the groups in Fig.  3, 
we conducted a 2-way ANOVA, along with a Tukey 
HSD test. The two factors used in the ANOVA are NPi 
(high vs. low) and Differential (high vs. low), while con-
tinuing to use DC_mRS as the response variable. Results 
from this analysis are consistent – even after adjusting 
for multiple comparisons, there are significant differ-
ences in the outcome between the groups as reported in 
Fig. 3, for Stroke (P < 0.001) and for TBI (P < 0.005). The 
slight reduction in significance between the two patient 
diagnostic groups is likely primarily due to the much 
larger sample of Stroke (1,185) vs. TBI (182) patients that 
comprise our dataset. A bar plot showing the percent of 
patients and their NPi distribution for different ranges of 
the DC mRS values further evidence the increase amount 
of differential for higher levels of mRS.

NPi differentials are not a rare phenomenon: in only 
30% of all the cases in the two cohorts combined, they 
occurred only once and the average rate is approx. 8 times 

per patient. Our data are quite heterogeneous in terms 
of length of stay in the ICU and frequency of pupillary 
assessment and, thus, a rigorous analysis of the pattern or 
rate of incidence is not possible. Over the course of their 
stay in the ICU, nearly half of stroke and TBI patients 
had an NPi differential: stroke = 45.11%, TBI = 46.30%. 
This compares to the lower incidence of an abnormal 
NPi (among non-NPi = 0 patients), stroke = 26.48% and 
TBI = 29.63%. If we use the first occurrence of an abnor-
mal NPi (NPi < 3.0) as a reference, say at time zero (Fig. 4) 
and we plot on the same time axis and for all subjects in 
the < low NPi high diff > group the time of the first occur-
rence of an NPi differential relative to that first abnormal 
NPi, we do find that i) the two abnormalities (NPi and 
differential) often occur exactly at the same time, i.e. they 
are part of the same pupillary assessment (see peak of 
histogram at time zero, Fig. 5) and, ii) a statistical test of 
whether the skew is different from the normal distribu-
tion produces a z-score of -12.25, indicating that the dis-
tribution is significantly skewed to the left/negative end 
of the axis (P < 0.001) and thus showing an anticipatory 
effect of the NPi differential.

An ROC, developed to include all patients with DC 
mRS dichotomized as good (mRS 0–2) or poor (mRS 
3–6) [42, 43] demonstrated an AUC = 0.71 (P < 0.001), 
with an optimal cutoff of ≥ 0.7 and thus, in line with the 

Fig. 3  Patients of the two cohorts divided by their NPis and NPi differentials. < NPi = 0 > are patients that had at least one occurrence of a 
non-responsive pupil. < low NPi high diff > are patients that had at least one abnormal NPi (NPi < 3) and at least one NPi differential (abs[NPi(left) – 
NPi(right)] ≥ 0.7); finally, < normal > , are patients with all normal NPi’s and no NPi differentials. The group with < NPi = 0 > was associated with the 
most severe mRS. The two groups with one or both abnormalities were all significantly better than < NPi = 0 > (asterisks indicates P < .001) but all 
equally poorer than the group with normal NPi’s and no NPi differentials. Error bars are 95% Cis
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reference score provided by the manufacturer. To guard 
against bias in our results, we also conducted the ROC 
analysis and identification of the optimal cutoff by parti-
tioning our sample into training and test sets. A logistic 

regression model was fit to the training set using the 
same dichotomized version of DC_mRS as the outcome 
and the difference of the NPi values as independent 
variable. The coefficients of this regression where then 

Fig. 4  Percent of patients and their distribution of NPi for four reference DC mRS values and the two cohorts Stroke and TBi show increasing NPi 
differentials for increased DC mRS

Fig. 5  For each patient in the < low NPi high diff > group, time of the first occurrence of an NPi differential is included in a histogram relative to the 
first time of occurrence of an abnormal NPi (set at zero). The peak of the distribution at time zero reveals a marked synchronicity between the two 
types of abnormalities and, its skewness towards the negative axis, a leading effect of the NPi differential
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used to predict the outcome of the test set; this proce-
dure, repeated five times, yielded to an optimal thresh-
old found to be consistently just above 0.60, ranging from 
0.601 – 0.622.

Discussion
The time waveform of the PLR is described by a num-
ber of variables representing the magnitude, velocity 
and latency of the reflex. The NPi integrates all these 
variables into a multidimensional model based on a 
database of measurements collected on normal healthy 
individuals in different conditions [21, 28, 44]. An NPi 
score ≥ 3.0 means that the pupil reactivity falls within the 
boundaries of the normative range (pupillary reaction to 
light is “brisk” or “normal”). An NPi score < 3.0 denotes 
an abnormal pupillary light reflex which is outside the 
normal distribution (weaker than a normal response, or 
“sluggish”). Nonresponsive pupils are reported with an 
NPi = 0. The same logic applies to the difference between 
the left and right NPi; values ≥ 0.7 are outside the vari-
ation observed in normal patients and are labelled “NPi 
differentials.” In healthy individuals, the NPi of both eyes 
should always be ≥ 3.0 and symmetric (< 0.7 difference).

The END-PANIC registry includes patients with a vari-
ety of neurological conditions admitted to the neurocriti-
cal care units of 1 Japanese and 4 U.S. hospitals during 
the six years spanned between March 2015 and January 
2021. Pupillary data were collected with an automated 
portable pupillometer several times a day for the entire 
length of stay in the intensive care unit (ICU). We looked 
at all the NPi data points available in each individual and, 
independently of the number of measurements taken per 
day or the number of days in the ICU, we searched for at 
least one occurrence of abnormal NPi (NPi < 3.0) or one 
occurrence of NPi differential (a difference between the 
left and right NPi’s equal to 0.7 or higher). We referred to 
either of these two occurrences as abnormality. Note that 
in healthy subjects and normal conditions the NPi stays 
within the normative range (NPi > 3.0) at all times and we 
know that abnormal values of NPi have been associated 
to poor outcomes in many different studies and applica-
tions [21, 30, 45, 46].

We found that the NPi differentials have the same clini-
cal implications as it relates to the DC mRS; they occur 
in patients with or without abnormal NPi and are asso-
ciated with a more severe DC mRS when compared to 
the abnormality-free group < normal > (Fig.  3). When 
both abnormal NPi and NPi differential are present in 
the same patient, their first appearance is often observed 
at the same time during the same pupillary assessment, 
but they can also be dissociated with the NPi differen-
tial more likely leading (rather than lagging) by several 
hours the abnormal NPi; this is expected because a drop 

of NPi does not necessarily affect both eyes simultane-
ously and a dissociation (differential) is probable before 
at least one of the two NPis reaches the cutoff score of 3. 
The cut-off of 0.7 for the NPi differential is referred to as 
abnormal because, based on our ROC analysis, that value 
represents the optimal criterion for classifying the out-
come accordingly to the dichotomization of the mRS at 
discharge. Further investigations are advised to confirm 
this value or to adapt it more specifically to different but 
more homogeneous groups of pathologies.

Frequency of pupillary measurements per hour or per 
day and length of stay in the ICU varies considerably 
amongst patients in the registry. This prevented us from 
conducting a rigorous time series analysis of NPi and its 
differential, for example by looking at the time of the first 
occurrence of abnormality or even the number of occur-
rences to see whether this information has any relevance 
in term of outcome. We hope that this limitation will 
only motivate further investigations and in-depth analy-
sis of the differential.

The modified Rankin Scale (mRS) is a clinician-
reported assessment of disability that has been widely 
applied for evaluating recovery in neurological and neu-
rosurgical patients. According to Pérez and Tilley [47] it 
is “the most commonly used outcome measure” in stroke 
trial. It comprises 7 grades of severity ranging from zero 
(no symptoms) to five (severe disability) and six (death) 
and is often dichotomized as good versus poor outcome 
[48, 49]. The fact that mRS administration does not 
require any specialized equipment or formal training 
results in a wide range of reported reliability, but is gen-
erally enhanced with training and multiple raters [50, 51]. 
Since its first embodiment over 60 years ago, its validity 
and accuracy in relation to stroke severity or other dis-
ability scales has been assessed in a vast body of literature 
using many different criteria [50, 52].

The progression of mRS across different timepoints 
during the first year after discharge has been another 
important topic of investigation in the literature. It is 
expected that different models of care such as rehabilita-
tion, physical therapy and secondary prevention in gen-
eral can in fact improve both survival and functional 
outcome in the long term despite adverse conditions at 
discharge. Worsening is also possible. In a study with 
ICH patients for example, 34% of patients who survived 
to hospital discharge improved in mRS score in the fol-
lowing 12  months and 22% slightly worsened [53]. In a 
different cohort of ischemic stroke patients, the change in 
mRS between day 90 and 1 year ranged between 36 and 
41% with a counterbalanced number of mRS improve-
ments and declines [54]. For the same cohort of ischemic 
patients, a different study has shown that discharge mRS 
is a good predictor of 90-day mRS [49]. There are more 
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cases and studies to report of course; but, it is fairly uni-
versally accepted that most patients remain at the same 
mRS value from one timepoint to the next [53] and thus 
values at discharge, although not definitive, should be 
treated as one critical and reliable indication of long-
term outcomes. The mRS data in the END-PANIC reg-
istry were all assessed at hospital discharge; and, thus, 
the findings reported in this study should be interpreted 
according to these considerations.

Pre-ganglionic parasympathetic fibers of CN III origi-
nate in two separate nuclei of the EWN complex in the 
midbrain at the level of the superior colliculus. The two 
pathways exit the midbrain and travel separately for 
approximately 15 mm passing along the wall of the cav-
ernous sinus before entering the ipsilateral orbit by way 
of the superior orbital fissure [55]. Intracranial compli-
cations related to mass effects, compression of the brain 
stem, or ischemia could all impact these two parallel 
pathways asymmetrically and thus all generate an NPi 
differential. Unilateral mydriasis or “blown pupil” com-
monly reported as a critical neurological condition in 
the TBI literature [27] could simply represent an extreme 
and delayed expression of an early NPi differential and be 
caused by the same neuroanatomical rationale.

The END-PANIC registry does not contain information 
about clinical intervention (i.e., decompressive craniec-
tomy) or the lateralization of the insult (i.e. presence 
and direction of midline shift, side of the insult etc.) and 
this limited the scope of the present study. It is plausible 
to assume that the presence of a lateralizing pathology 
would augment the occurrence (or even the magnitude) 
of a NPi differential and that, on the contrary, clinical 
intervention would improve the differential. We leave 
these hypotheses open for future investigation.

The assessment and monitoring of the pupil light reflex 
is standard of practice in critical care and it is generally 
widely understood that the reversal of a pupillary abnor-
mality is to be considered as a favorable sign towards a 
better prognosis; see for example the guidelines of the 
Brain Trauma Foundation [22]. We assume that the same 
rationale applies to the NPi differential although this 
might not be always the case. The temporal distribution 
of the differential (or NPis), i.e. number of abnormalities, 
whether it is a refractory or not, duration and magnitude 
of the abnormalities, etc. could all be critical aspects of 
the differential to be considered together with the mere 
observation of a simple reversal. Analysis of time series 
or trending and a new study on this subject is currently 
undergoing.

The length of stay in the neuro-ICU and the frequency 
of pupil assessment was not consistent across the popula-
tion and this could have biased the probability of detect-
ing a differential or an abnormal NPi. This is always the 

case for all those clinical assessments that cannot be 
monitored continually (like ICP for example) since there 
is always the risk to miss significant but temporary events 
which, of course, are more likely to be caught later if 
the stay in the neuro ICU is extended (while the neuro-
logic conditions persist). We checked this aspect in our 
analysis by partitioning the DC mRS by the length of the 
stay and the frequency (or number of measurements per 
patient) and we found the same relationships and statis-
tical significance as reported in Figs.  2 and 3. Increas-
ing the frequency is always good practice in pupillary 
assessment as it likely improves the sensitivity for detect-
ing neuroworsening or prognosticating poor outcome. 
This study shows however that just even one abnormal-
ity (whether in the differential or in the NPi) must war-
rant the clinician’s attention independently of the time 
required or the number of measurements needed for that 
abnormality to be observed.

The population in the END-PANIC registry is very het-
erogenous and different types of injuries might have dif-
ferent effects on the pupillary neuropathway of the pupil 
light reflex and its symmetry. It was beyond the scope of 
the present report to dissect all the neurological condi-
tions in the registry into more homogeneous groups; the 
role and significance of the differential might vary, and 
this is undoubtedly an important area for future research. 
Automated handheld infrared pupillometry and the use 
of the NPi have become a standard of practice in the care 
and management of patients in cardiovascular and neu-
rological intensive care; but, they might be not yet used 
at their full potential. The main purpose of this study 
was to introduce for the first time the notion of NPi dif-
ferential and thus direct clinicians’ attention and stimu-
late discussion on this critical aspect of pupillometry in 
all possible neuropathologies where pupillary assessment 
and the NPi are important.

Conclusion
The presence of an NPi differential is associated with a 
higher mRS at discharge, indicating a higher level of 
patient disability. This association is consistent even in 
those circumstances when both NPi values are always 
normal (≥ 3.0). Therefore, the NPi differential may be a 
prognostic indicator that clinicians should consider in 
decision making when managing patients with neurologi-
cal injury.

Abbreviations
AIP: Automated infrared pupillometry; CI: Confidence interval; CN III: Oculo-
motor cranial nerve; CN II: Optic cranial nerve; DC mRS: Discharge modified 
Rankin Scale; EWN: Edinger-Westphal nucleus; END-PANIC: Establishing 
Normative Data for Pupillometer Assessments in Neuroscience Intensive Care; 
ICU: Intensive care unit; mRS: Modified Rankin Scale; NPi: Neurological Pupil 
index; NSICU: Neuroscience intensive care unit; PLR: Pupillary light reflex; 



Page 9 of 10Privitera et al. BMC Neurology          (2022) 22:273 	

RAPD: Relative afferent pupillary defect; SAH: Subarachnoid hemorrhage; TBI: 
Traumatic brain injury.

Acknowledgements
With gratitude to the ENDPANIC Investigators: Michelle Hill, Jessica DeWitt, 
Folefac Atem, Arianna Barnes, Donglu Xie, Joji Kuramatsu, Julia Koehn, and 
Stefan Swab.

Authors’ contributions
CMP and DMO designed the study, performed statistical analyses, and 
prepared the initial draft. CMP, SVN, VA, NJS, SES, and DMO participated in 
manuscript writing, revising, and preparing for publication. All authors read 
and approved the final manuscript.

Funding
CMP is the Chief Scientist of NeurOptics. All other authors declare no addi-
tional financial nor non-financial competing interests.

Availability of data and materials
Data are available for review by parties covering the cost of data use 
agreement.

Declarations

Ethics approval and consent to participate
Not applicable. University of Texas Southwestern Institutional Review Board 
(#STU 062015–005).

Consent for publication
Not applicable.

Competing interests
The study received partial funding in research grant support from NeurOptics, 
Inc. The design, data collection, and maintenance of the ENDPANIC registry is 
solely guided by the primary investigator and NeurOptics does not participate 
in the registry. One member of the writing group for this analysis (CP) is an 
employee at NeurOptics and did participate in interpretation of the results for 
this paper.

Author details
1 School of Optometry, University of California, Berkeley, CA, USA. 2 School 
of Behavioral and Brain Sciences, University of Texas at Dallas, Richardson, TX, 
USA. 3 Division of Neurocritical Care, University of Texas Southwestern Medical 
Center, Dallas, TX, USA. 4 Departments of Neurological Surgery and Neurology, 
University of Texas Southwestern Medical Center, Dallas, TX, USA. 5 Depart-
ment of Emergency and Critical Care Medicine, Nippon Medical School, Tokyo, 
Japan. 6 Department of Neurological Surgery, University of Pittsburgh Medical 
Center, Pittsburgh, PA, USA. 7 O’Donnell Brain Institute, University of Texas 
Southwestern Medical Center, Dallas, TX, USA. 

Received: 30 September 2021   Accepted: 15 July 2022

References
	1.	 Dance S, Scholefield BR, Morris KP, Kanthimathinathan HK. Characteris-

tics of a Brisk or Sluggish Pupillary Light Reflex: A Nursing Perspective. J 
Neurosci Nurs. 2020;52(3):128–31.

	2.	 Loewenfeld IE, Lowenstein O. The pupil : anatomy, physiology, and 
clinical applications. Detroit: Ames; Iowa State University Press ; Wayne 
State University Press; 1993.

	3.	 McDougal DH, Gamlin PDR. Pupillary control pathways. In: Basbaum 
AI, Masland RH, editors. The senses : a comprehensive reference 1, 1. 
Amsterdam: Elsevier; 2008. p. 521–36.

	4.	 Hall CA, Chilcott RP. Eyeing up the Future of the Pupillary Light Reflex 
in Neurodiagnostics. Diagnostics (Basel). 2018;8(1):19.

	5.	 Schmid R, Wilhelm B, Wilhelm H. Naso-temporal asymmetry and con-
traction anisocoria in the pupillomotor system. Graefes Arch Clin Exp 
Ophthalmol. 2000;238(2):123–8.

	6.	 Privitera CM, Stark LW. A binocular pupil model for simulation of relative 
afferent pupil defects and the swinging flashlight test. Biol Cybern. 
2006;94(3):215–24.

	7.	 Levatin P. Pupillary escape in disease of the retina or optic nerve. Arch 
Ophthalmol. 1959;62:768–79.

	8.	 Meethal NSK, Mazumdar D, Morshchavka S, Robben J, van der Steen J, 
George R, et al. Haploscope based binocular pupillometer system to 
quantify the dynamics of direct and consensual Pupillary Light Reflex. Sci 
Rep. 2021;11:21090.

	9.	 Saliman NH, Belli A, Blanch R. Afferent visual manifestations of traumatic 
brain injury. J Neurotrauma. 2021;38(20):2778–89.

	10.	 Pillai MR, Sinha S, Aggarwal P, Ravindran RD, Privitera CM. Quantification 
of RAPD by an automated pupillometer in asymmetric glaucoma and 
its correlation with manual pupillary assessment. Indian J Opthalmol. 
2019;67(2):227.

	11.	 Gross JR, McClelland CM, Lee MS. An approach to anisocoria. Curr Opin 
Ophthalmol. 2016;27(6):486–92.

	12.	 Zhao W, Stutzman S, Olson D, Saju C, Wilson M, Aiyagari V. Inter-device 
reliability of the NPi-100 pupillometer. J Clin Neurosci. 2016;33:79–82 
ePub.

	13.	 Meeker M, Du R, Bacchetti P, Privitera CM, Larson MD, Holland MC, et al. 
Pupil examination: validity and clinical utility of an automated pupillom-
eter. J Neurosci Nurs. 2005;37(1):34–40.

	14.	 Du R, Meeker M, Bacchetti P, Larson MD, Holland MC, Manley GT. Evalua-
tion of the portable infrared pupillometer. Neurosurgery. 2005;57(1):198–
203; discussion 198-203.

	15.	 Obinata H, Yokobori S, Shibata Y, Takiguchi T, Nakae R, Igarashi Y, et al. 
Early automated infrared pupillometry is superior to auditory brainstem 
response in predicting neurological outcome after cardiac arrest. Resusci-
tation. 2020;154:77–84.

	16.	 Lussier BL, Olson DM, Aiyagari V. Automated Pupillometry in Neurocritical 
Care: Research and Practice. Curr Neurol Neurosci Rep. 2019;19(10):71.

	17.	 Marshall M, Deo R, Childs C, Ali A. Feasibility and Variability of Automated 
Pupillometry Among Stroke Patients and Healthy Participants: Potential 
Implications for Clinical Practice. J Neurosci Nurs. 2019;51(2):84–8.

	18.	 Hasan S, Peluso L, Ferlini L, Legros B, Calabrò L, Oddo M, et al. Correlation 
Between Electroencephalography and Automated Pupillometry in Criti-
cally Ill Patients: A Pilot Study. J Neurosurg Anesthesiol. 2021;33(2):161–6.

	19.	 El Ahmadieh TY, Bedros N, Stutzman SE, Nyancho D, Venkatachalam AM, 
MacAllister M, et al. Automated Pupillometry as a Triage and Assess-
ment Tool in Patients with Traumatic Brain Injury. World Neurosurg. 
2021;145:e163–9.

	20.	 Weerakoon SM, Stutzman SE, Atem FD, Kuchenbecker KS, Olson DM, 
Aiyagari V. Investigation of Pupillary Changes After Carotid Endarterec-
tomy and Carotid Stent Placement Using Automated Pupillometry. J 
Stroke Cerebrovasc Dis. 2020;29(5):104693.

	21.	 Riker RR, Sawyer ME, Fischman VG, May T, Lord C, Eldridge A, et al. Neu-
rological Pupil Index and Pupillary Light Reflex by Pupillometry Predict 
Outcome Early After Cardiac Arrest. Neurocrit Care. 2020;32(1):152–61.

	22.	 Obling L, Hassager C, Illum C, Grand J, Wiberg S, Lindholm MG, et al. 
Prognostic value of automated pupillometry: an unselected cohort 
from a cardiac intensive care unit. Eur Heart J Acute Cardiovasc Care. 
2020;9(7):779–87.

	23.	 Obinata H, Yokobori S, Shibata Y, Takiguchi T, Nakae R, Igarashi Y, et al. 
Early automated infrared pupillometry is superior to auditory brainstem 
response in predicting neurological outcome after cardiac arrest. Resusci-
tation. 2020;154:77–84.

	24.	 Ortega-Perez S, Shoyombo I, Aiyagari V, Atem F, Hill M, Stutzman SE, et al. 
Pupillary Light Reflex Variability as a Predictor of Clinical Outcomes in 
Subarachnoid Hemorrhage. J Neurosci Nurs. 2019;51(4):171–5.

	25.	 Carney N, Totten AM, O’Reilly C, Ullman JS, Hawryluk GW, Bell MJ, et al. 
Guidelines for the Management of Severe Traumatic Brain Injury Fourth 
Edition. Neurosurgery. 2017;80(1):6–15.

	26.	 Panchal AR, Bartos JA, Cabañas JG, Donnino MW, Drennan IR, Hirsch KG, 
et al. Part 3: Adult Basic and Advanced Life Support: 2020 American Heart 
Association Guidelines for Cardiopulmonary Resuscitation and Emer-
gency Cardiovascular Care. Circulation. 2020;142(16_suppl_2):S366-s468.

	27.	 Chen JW, Vakil-Gilani K, Williamson KL, Cecil S. Infrared pupillometry, the 
Neurological Pupil index and unilateral pupillary dilation after trau-
matic brain injury: implications for treatment paradigms. Springerplus. 
2014;3:548.



Page 10 of 10Privitera et al. BMC Neurology          (2022) 22:273 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	28.	 Chen JW, Gombart ZJ, Rogers S, Gardiner SK, Cecil S, Bullock RM. Pupillary 
reactivity as an early indicator of increased intracranial pressure: The 
introduction of the Neurological Pupil index. Surg Neurol Int. 2011;2:82.

	29.	 Olson DM, Fishel M. The Use of Automated Pupillometry in Critical Care. 
Crit Care Nurs Clin North Am. 2016;28(1):101–7.

	30.	 Oddo M, Sandroni C, Citerio G, Miroz JP, Horn J, Rundgren M, et al. Quan-
titative versus standard pupillary light reflex for early prognostication 
in comatose cardiac arrest patients: an international prospective multi-
center double-blinded study. Intensive Care Med. 2018;44(12):2102–11.

	31.	 Kim TJ, Park SH, Jeong HB, Ha EJ, Cho WS, Kang HS, et al. Neurological 
Pupil Index as an Indicator of Neurological Worsening in Large Hemi-
spheric Strokes. Neurocrit Care. 2020;33(2):575–81.

	32.	 Rollins MD, Feiner JR, Lee JM, Shah S, Larson M. Pupillary effects of 
high-dose opioid quantified with infrared pupillometry. Anesthesiology. 
2014;121(5):1037–44.

	33.	 Lussier B, Stutzman S, Atem F, Venkatchalam A, Perera A, Barnes A, et al. 
Distributions and Normal Ranges for Automated Pupillometer Values in 
Neurocritical Care Patients. J Neurosci Nurs. 2019;51(6):335–40.

	34.	 Godau J, Bierwirth C, Rösche J, Bösel J. Quantitative Infrared Pupillometry 
in Nonconvulsive Status Epilepticus. Neurocrit Care. 2020;35(1):113–20.

	35.	 Olson DM, Stutzman SE, Atem F, Kincaide JD, Ho TT, Carlisle BA, et al. 
Establishing Normative Data for Pupillometer Assessment in Neu-
roscience Intensive Care: The “END-PANIC” Registry. J Neurosci Nurs. 
2017;49(4):251–4.

	36.	 Natzeder S, Mack DJ, Maissen G, Strassle C, Keller E, Muroi C. Portable 
Infrared Pupillometer in Patients With Subarachnoid Hemorrhage: Prog-
nostic Value and Circadian Rhythm of the Neurological Pupil Index (NPi). 
J Neurosurg Anesthesiol. 2019;31(4):428-33. https://​doi.​org/​10.​1097/​ANA.​
00000​00000​000553.

	37.	 Unal I. Defining an Optimal Cut-Point Value in ROC Analysis: An Alterna-
tive Approach. Comput Math Methods Med. 2017;2017(D):14.

	38.	 Adachi H, Mikami A, Kumano-go T, Suganuma N, Matsumoto H, Shigedo 
Y, et al. Clinical significance of pulse rate rise during sleep as a screening 
marker for the assessment of sleep fragmentation in sleep-disordered 
breathing. Sleep Med. 2003;4(6):537–42.

	39.	 NINDS ICH workshop participants. Priorities for clinical research in intrac-
erebral hemorrhage: report from a National Institute of Neurological 
Disorders and Stroke workshop. Stroke. 2005;36(3):e23-41.

	40.	 American Heart Association. 2005 American Heart Association (AHA) 
guidelines for cardiopulmonary resuscitation (CPR) and emergency car-
diovascular care (ECC) of pediatric and neonatal patients: pediatric basic 
life support. Pediatrics. 2006;117(5):e989-1004.

	41.	 Al-Mufti F, Mayer SA. Neurocritical Care of Acute Subdural Hemorrhage. 
Neurosurg Clin N Am. 2017;28(2):267–78.

	42.	 Magalhães R, Abreu P, Correia M, Whiteley W, Silva MC, Sandercock P. 
Functional status three months after the first ischemic stroke is associ-
ated with long-term outcome: data from a community-based cohort. 
Cerebrovasc Dis. 2014;38(1):46–54.

	43.	 Rangaraju S, Haussen D, Nogueira RG, Nahab F, Frankel M. Comparison of 
3-Month Stroke Disability and Quality of Life across Modified Rankin Scale 
Categories. Interv Neurol. 2017;6(1–2):36–41.

	44.	 Al-Obaidi SZ, Atem FD, Stutzman SE, Olson DM. Impact of Increased 
Intracranial Pressure on Pupillometry: A Replication Study. Crit Care 
Explor. 2019;1(10):e0054.

	45.	 Miroz JP, Ben-Hamouda N, Bernini A, Romagnosi F, Bongiovanni F, Roumy 
A, et al. Neurological Pupil index for Early Prognostication After Venoarte-
rial Extracorporeal Membrane Oxygenation. Chest. 2020;157(5):1167–74.

	46.	 Ortega-Perez S, Shoyombo I, Aiyagari V, Atem F, Hill M, Stutzman SE, et al. 
Pupillary Light Reflex Variability as a Predictor of Clinical Outcomes in 
Subarachnoid Hemorrhage. J Neurosci Nurs. 2019;51(4):171–5.

	47.	 Pérez A, Tilley B, et al. Conduct of Stroke-Related Clinical Trials. In: Grotta 
JC, Albers G, Broderick JP, Kasner SE, Lo EH, Mendelow AD, et al., editors. 
Stroke : pathophysiology, diagnosis, and management. 6th ed. Amster-
dam: Elsevier; 2016. p. 1030–41.

	48.	 Olson DM. Is It Different if You Are Dead? J Neurosci Nurs. 
2020;52(4):144–5.

	49.	 ElHabr AK, Katz JM, Wang J, Bastani M, Martinez G, Gribko M, et al. Predict-
ing 90-day modified Rankin Scale score with discharge information in 
acute ischaemic stroke patients following treatment. BMJ Neurol Open. 
2021;3(1):e000177.

	50.	 Banks JL, Marotta CA. Outcomes validity and reliability of the modified 
Rankin scale: implications for stroke clinical trials: a literature review and 
synthesis. Stroke. 2007;38(3):1091–6.

	51.	 Quinn TJ, Dawson J, Walters MR, Lees KR. Reliability of the modified 
Rankin Scale: a systematic review. Stroke. 2009;40(10):3393–5.

	52.	 Broderick JP, Adeoye O, Elm J. Evolution of the Modified Rankin Scale and 
Its Use in Future Stroke Trials. Stroke. 2017;48(7):2007–12.

	53.	 Hemphill JC 3rd, Farrant M, Neill TA Jr. Prospective validation of the ICH 
Score for 12-month functional outcome. Neurology. 2009;73(14):1088–94.

	54.	 de Havenon A, Tirschwell DL, Heitsch L, Cramer SC, Braun R, Cole J, et al. 
Variability of the Modified Rankin Scale Score Between Day 90 and 1 Year 
After Ischemic Stroke. Neurol Clin Pract. 2021;11(3):e239–44.

	55.	 Liang C, Du Y, Lin X, Wu L, Wu D, Wang X. Anatomical features of the cis-
ternal segment of the oculomotor nerve: neurovascular relationships and 
abnormal compression on magnetic resonance imaging. J Neurosurg. 
2009;111(6):1193–200.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1097/ANA.0000000000000553
https://doi.org/10.1097/ANA.0000000000000553

	A differential of the left eye and right eye neurological pupil index is associated with discharge modified Rankin scores in neurologically injured patients
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 
	Trial registration: 

	Background
	Methods
	Ethics approval and consent to participate
	Data collection

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


