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Abstract

Background: in clinical practice pupillary changes are often correlated to increased intracranial pressure (ICP); nevertheless,
qualitative assessment of pupils is subjective and often inaccurate, regardless of examiner’s experience. In this context, automated
pupillometry may be helpful in identifying pupillary changes earlier than clinical assessment. Objectives: We aimed to discuss
the feasibility of automated pupillometry monitoring as a predictor of increased ICP in critically ill patients at risk of developing
intracranial hypertension.

Methods: A review of the available literature was performed; 3 prospective and 2 retrospective observational studies were
selected.

Results: Data from the included studies show that variations in different automated pupillometry parameters are associated with
changes in ICP.

Conclusion: Automated pupillometry may represent a useful tool to predict intracranial hypertension and may be included
within a multimodal approach using other non-invasive tools such as cerebral ultrasound. Further studies are needed to explore the
potential usefulness of this tool.
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pressure (CPP).

Resumen

Antecedentes: En la practica clinica, los cambios pupilares
a menudo se correlacionan con un aumento de la presion in-
tracraneal (PIC); sin embargo, la evaluacién cualitativa de las
pupilas es subjetiva y, a menudo, inexacta, independientemente
de la experiencia del examinador. En este contexto, la pupi-
lometria automatizada puede ser (til para identificar cambios
pupilares antes que la evaluacién clinica. Objetivos: Nuestro
objetivo fue discutir la viabilidad de la monitorizacién de la
pupilometria automatizada como predictor del aumento de la
PIC en pacientes criticamente enfermos con riesgo de desarrol-
lar hipertensién intracraneal.

Métodos: Se realiz6 una revision de la literatura disponible;
se seleccionaron 3 estudios prospectivos y 2 estudios observa-
cionales retrospectivos.

Resultados: Los datos de los estudios incluidos muestran
que las variaciones en diferentes pardmetros de la pupilometria
automatizada se asocian con cambios en la PIC.

Conclusion: La pupilometria automatizada puede repre-
sentar una herramienta util para predecir la hipertensién in-
tracraneal y puede ser incluida dentro de un enfoque multi-
modal utilizando otras herramientas no invasivas, como el ul-
trasonido cerebral. Se necesitan mds estudios para explorar la

posible utilidad de esta herramienta.

Resumo

Antecedentes: Na pratica clinica, mudangas pupilares sdo
frequentemente correlacionadas com aumento da pressdo in-
tracraniana (PIC); no entanto, a avaliagdo qualitativa das pupi-
las € subjetiva e frequentemente imprecisa, independentemente
da experiéncia do examinador. Nesse contexto, a pupilometria
automatizada pode ser ttil para identificar mudangas pupilares
mais cedo do que a avaliacdo clinica.

Objetivos: Nosso objetivo foi discutir a viabilidade do mon-
itoramento da pupilometria automatizada como preditor de au-
mento da PIC em pacientes criticamente enfermos em risco de
desenvolver hipertensdo intracraniana. Métodos: Foi realizada
uma revisdo da literatura disponivel; 3 estudos prospectivos e 2
estudos observacionais retrospectivos foram selecionados.

Resultados: Os dados dos estudos incluidos mostram que
variagdes em diferentes pardmetros da pupilometria automati-
zada estdo associadas a mudancas na PIC.

Conclusdo: A pupilometria automatizada pode represen-
tar uma ferramenta util para prever hipertensio intracraniana
e pode ser incluida dentro de uma abordagem multimodal us-
ando outras ferramentas nao invasivas, como o ultrassom cere-
bral. Mais estudos sdo necessarios para explorar a utilidade
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potencial dessa ferramenta.

1. Introduction

1.1. Rationale

Clinical pupillary evaluation, through measurement of the
pupillary diameter, may be used to detect anisocoria or to as-
sess the presence and the strength of the pupillary reflex to light
stimulus. Multiple studies in the literature show a direct cor-
relation between pupillary changes and increased ICP [Chen
et al. (2011)]. However, qualitative assessment of pupils is sub-
jective and often inaccurate regardless of the examiner’s expe-
rience [Olson and Fishel (2016); Shoyombo et al. (2018)].

The consequences of increased ICP can be grouped into two
categories: mechanical and vascular. When a space-occupying
mass develops, a pressure gradient from this area causes a dis-
tortion of the brain tissue with displacement of the midline (her-
niation). Herniation of the brain parenchyma represents a med-
ical emergency that requires prompt treatment to prevent irre-
versible and fatal brainstem damage. In contrast, the vascular
effects of increased ICP cause a reduction in cerebral perfu-
sion pressure (CPP), which is the driving force behind cerebral
blood flow (CBF), which may become insufficient for adequate
perfusion and oxygenation of brain tissue. Thus, ICP moni-
toring is essential in neurologic patients at risk of intracranial
hypertension. In fact, Balestreri M. et al. showed that ICP
values > 20 mmHg are associated with a marked increase in
mortality, from 17% to 47% [Balestreri et al. (2006)]. The
same result occurs with the reduction of CPP below 55 mmHg,
with 81% mortality compared to 23% [Balestreri et al. (2006)].
Traumatic brain injury (TBI) is a leading cause of death and
disability worldwide and accounts for approximately 30% of
all injury-related deaths [Maas et al. (2017)]. Following the
injury caused by the event, treatments are aimed at prevent-
ing secondary injury. In this context, early recognition of in-
creased ICP is of paramount importance, as it can lead to trans-
tentorial hernia and brainstem compression, worsening any al-
ready present neurological deficit, and, as a result, the overall
outcome and mortality rate [Dostovic et al. (2016)]. In the man-
agement and prognosis of severe TBI, abnormalities of pupil-
lary response or anisocoria (pupil size asymmetries) are often
associated with neurological deteriorations and are correlated
with poor neurological outcome [Choi et al. (1988); Braakman
et al. (1980)]. Due to peculiar anatomic nerve fibers dispo-
sition, pupillary light reflex (PLR) allows to assess brainstem
dysfunction. After a unilateral or bilateral light stimulus, neu-
ral impulse is conducted through the optic nerve (cranial nerve
— CN II) and across both optic tracts via the optic chiasm down
to the pretectal nucleus in the midbrain. Hence, the cells of
the parasympathetic Edinger-Westphal nucleus in the midbrain
are stimulated bilaterally by axons arising from the pretectal
area. From here, preganglionic fibers leave bilaterally to reach
the ciliary ganglia via the oculomotor nerve (cranial nerve —
CNIID); finally, postganglionic fibers stimulate the iris sphinc-
ter muscle causing consensual bilateral myosis. Parasympa-
thetic fibers that control pupillary function travel superficially
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in CNIII, while somatic efferent fibers directed towards ele-
vator palpebrae and extraocular motor nerves (except for the
superior oblique muscle and the lateral rectus) are in the inner
portion. Therefore, parasympathetic fibers are more susceptible
to extrinsic compression, as in case of intracranial hypertension
and transtentorial herniation. Unreflective anisocoria, or more
broadly PLR abnormalities are a sensitive marker for neurolog-
ical status deterioration. Given these data, in critically ill pa-
tients PLR is commonly used to assess early midbrain function
deterioration [Sandroni et al. (2022)]. Standard PLR assess-
ment by penlight, although simple and inexpensive, is prone to
errors and interrater variability; moreover, it relies on subjec-
tive and imprecise description, while automated pupillometry
provides reproducible data, standardizing the intensity, the dis-
tance, and the duration of the light stimulus [Sandroni et al.
(2022); Lussier et al. (2019); Bower et al. (2021)]. Measured
parameters include maximum and minimum pupil size, con-
striction latency (Lat), velocity (CV), and percentage (CH), and
dilation velocity (DV) (Table 1) [Taylor et al. (2003); Oshorov
et al. (2021)]. The NeurOptics®pupillometer, using a propri-
etary algorithm, combines all these variables in the neurolog-
ical pupil index (NPi®), whose values range from O to 5, the
norm being > 3 (Table 1) [Oshorov et al. (2021)] (Figure 1).

Figure 1: Study selection process flow-chart

Note

Algorithm that takes all variables above as inputs and

>3 to ive model to give a ite score
of pupillary response.

Variable (unit of measure) _|Normal value

Npi® (Scalar Value)

The minimum pupil size is the pupil size at the peak of

Maximum pupil size (mm 4
pup (mm) the constriction

Maximum pupil size is the initial resting pupil size and
is defined by the mean pupil size during the latent
period.

Minimum pupil size (mm) 25

Maximum size minus minimum size divided by the
maximum size.

Contraction percentage (%) 30-35

The amount of the constriction divided by the duration

Contraction velocity (mm/s -
v ( ) of the constriction

Latency time from light stimulus and onset of
constriction
Difference in diameter of the two pupils

Contraction latency (s)

Asymmetry (mm)

Table 1: Reference pupillometry parameters — modified from [Oshorov et al.
(2021)]

NPi values are not influenced by external factors. While the
remaining parameters are dependent on several factors: ambi-
ent light, temperature, pharmacological agents (especially opi-
oids and sedatives) and pre-existing pathological conditions
(cataract surgery, ocular trauma). In the intensive care unit
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(ICU), it is the only one that is not influenced by medication,
although it is also dependent on ambient light (Table 2).

Drug

Propofol Reduction PLR

Ketamina Reduction PLR

Benzodiazepines |Reduction CV

Dexmetomidine Increase PLR
Reduction pupil

Opioids diameter, CV
and PRD

Curare No effect

Beta blockers No effect

Table 2: Classes of drugs that modify pupillometer values.

Automated pupillometry seems to be most promising within the
context of neuroprognostication in comatose patients following
cardiocirculatory arrest. The presence of an NPI < 2 from day 1
to 3 is associated with poor outcome (false positives 0 CI 95%
0-2) [Oddo et al. (2018)]. Furthermore, an abrupt change of
these parameters on serial measurements may herald the occur-
rence of intracranial hypertension, prompting additional inves-
tigations or treatment. Within this context, automated pupil-
lometry may be equivalent to other non-invasive tools for diag-
nosing intracranial hypertension, such as transcranial Doppler
or optical nerve sheath diameter.

1.2. Objectives

With this narrative review, our aim is to assess the feasi-
bility of automated pupillometry monitoring in the context of
intracranial hypertension through an analysis of the available
data. Although increasingly used in the ICU settings, the pre-
dictive value of automated pupillometry in detecting elevated
ICP and its subsequent clinical implications are not well estab-
lished. Worthy of note, is that a Systematic Review could not
be performed due to the lack of published studies.

2. Methods

2.1. Search strategy and selection criteria

Literature search was performed on May 15, 2023, with
MEDLINE via PubMed, and EMBASE databases. No re-
strictions were placed on date, language, or country of study
publication. We developed a draft search strategy for MED-
LINE via PubMed using the following medical subject head-
ing terms: “Intracranial Hypertension”[Mesh] AND ”Reflex,
Pupillary”[Mesh] We used this as the basis for the search strate-
gies in the other databases listed (Appendix 1). We included
studies conducted on adult and pediatric populations with ICP
monitoring, where automated pupillometry was employed to
assess ICP trend. We excluded case report studies, and ani-
mal studies. We searched additional studies by cross-checking

the reference list of all included studies identified by our elec-
tronic search. ER screened all studies for eligibility based on
title and abstract and performed a full-text assessment for final
inclusion. AB and NZ intervened if questions were raised. FR
supervised the process.

3. Results

Records identified through
database searching (n = 172)
+ PubMed (n=18)

+ EMBASE (n = 154)

Identification

Records after duplicates
removal (n = 127)

!

Records screened for
eligibility (n = 127)

Full-text articles not meeting
inclusion criteria

= Relevance to the topic (n = 118)
* Letter, editorials, review (n=4)

Studies included in qualitative
synthesis (n = 5)

| Inclusion || Eigibility ||

Figure 2: Study selection process flow-chart.

The selection process of the studies is presented in Figure 2, which details from
the initial search to the articles finally included, according to the inclusion and
exclusion criteria.

From the initial 172 results, after duplicate removal, 127
records were screened for eligibility, according to exclusion and
inclusion criteria. This process led to the inclusion of 5 full text
articles, enrolling an overall amount of 304 patients, as sum-
marized in (Table 3). Articles included were published from
2011 to 2022; 4 out of 5 were conducted in an adult popula-
tion [Chen et al. (2011); Jahns et al. (2019); Giede-Jeppe et al.
(2021); Pansell et al. (2022)], while 1 was conducted in pedi-
atric patients [Freeman et al. (2020)].

Table 3: Overview of published papers. SDH: Subdural hematoma; SAH, sub-
arachnoid hemorrhage; EDH: epidural hematoma; ICH: spontaneous intracere-
bral hemorrhage; ICU: intensive care Unit; PICU: pediatric intensive care unit;
n: number.

Intracranial pressure was invasively monitored in all patients,
while automated pupillometry variables were collected through
use of the NPi®(described elsewhere [Chen et al. (2011); Jahns
et al. (2019); Freeman et al. (2020); Giede-Jeppe et al. (2021);
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Pansell et al. (2022)]. In all cases, (described elsewhere) in-
creased ICP correlated with alteration in automated pupillome-
try variables. NPi®was considered in 4 out of 5 articles [Chen
et al. (2011); Jahns et al. (2019); Freeman et al. (2020); Giede-
Jeppe et al. (2021); Pansell et al. (2022)], whilst Giede-Jeppe et
al. (2019) only considered constriction velocity, percent change
in pupillary size, dilation velocity and latency [Giede-Jeppe
et al. (2021)]. The first study evaluating the correlation between
NPi®and increased ICP was that of Jeff W. Chen et al, where
they enrolled 134 patients with: subdural hematoma (SDH),
subarachnoid hemorrhage (SAH), epidural hematoma (EDH)
induced from TBI, aneurysmal SAH, or spontaneous intracere-
bral hemorrhage (ICH) [Chen et al. (2011)]. Patients with nor-
mal NPi®values had lower ICP values than patients with ab-
normal NPi®values (NPi®<3) (19.6 mmHg vs. 30.5 mmHg,
p = 0.0014). They also found how NPi values changed earlier
than ICP values (average 15.9 hours) [citel]. More recently,
Fritz-Patrick Jahns et al. [citel5] studied 54 patients with se-
vere TBI (defined as a Glasgow Coma Scale — GCS < 9) find-
ing a progressive reduction in NPi®values as ICP increased.
Administration of osmotic therapy to treat increased ICP val-
ues is associated with improved NPi®values. NPi®values also
seem to be associated with neurological outcome at 6 months:
patients with abnormal NPi®were higher in patients with Glas-
gow Outcome Scale (GOS) 1 and GOS 3 than in patients with
GOS 4 and 5. Lack of NPi®normalization after decompres-
sive craniectomy was consistently associated with a poor out-
come [cite19]. In the study by Jakob Pansell et al. [citel8],
linear regression yielded a significant negative correlation be-
tween mean NPi®and ICP. ROC analysis for elevated ICP with
mean NPi®as classification variable yielded an area under the
ROC curve (AUROC) of 0.72. The Youden analysis generated
an optimal mean NPi cutoff at 3.85 (sensitivity 70%, specificity
66%, positive predictive value 13.4%, negative predictive value
96.7%) [cite18]. Giede-Jeppe et al. [citel7] did not evalu-
ate NPi®, but other parameters. Best discriminative thresh-
olds for ICP elevation were constriction velocity (CV) < 0.8
mmy/s (AUC 0.740), percent change in pupillary size < 10%
(AUC 0.743), dilation velocity (DV) < 0.2 mm/s (AUC 0.703),
and latency (Lat) > 0.3 s (AUC 0.616). Thay found high nega-
tive predictive values of pupillary parameters [CV: 99.2% (95%
CI 98.3-99.6), per-change: 98.7% (95% CI 97.8-99.2), DV:
98.0% (95% CI 97.0-98.7), Lat: 97.0% (95% CI 96.0-97.7)],
while positive predictive value of all four parameters to indicate
ICP elevation ranged between 7.2 and 8.3% only and was sim-
ilarly low for CT abnormalities (9.1%) [cite17]. Only the study
by Ashley D. Freeman et al. [16] included the pediatric popula-
tion. When intracranial pressure was elevated, the Neurologic
Pupil index, percent change in pupillary size, constriction ve-
locity, and dilation velocity were significantly lower than when
intracranial pressure was within normal range [cite16].

4. Discussion

The assessment of pupil size and its reflex mechanism to
light is an integral part of the protocol for the treatment and
management of patients with severe brain injuries in intensive

care units around the world. As a matter of fact, guidelines
of the American Association of Neurological Surgeons and the
Brain Trauma Foundation recommend assessing asymmetry of
pupil size or reactivity to light, as well as the presence of fixed
and/or dilated pupils. Literature data agree in identifying how
the absence of light reactivity and anisocoria correlate with pa-
tient outcome, as the appearance of anisocoria and the absence
of light reflex are late and often non-reversible event [[Tien
et al. (2006)]]. Pupillary light reactivity is a validated pre-
dictor in both the CRASH (Corticosteroid Randomization af-
ter Significant Head Injury) and IMPACT (International Mis-
sion for Prognosis and Analysis of Clinical Trials) TBI prog-
nostic models [[Chen et al. (2011)]]. Pupillary assessment in
the clinical setting is often performed very subjectively, with a
pen torch for reactivity and a caliber for pupil size. On the op-
posite, automated pupillometry is based on a portable infrared
device, allowing reliable, reproducible, and objective measure-
ments of pupillary reflexes and pupil size. Furthermore, the
numerical scale of the NPi®introduced for the first time in this
report, allows for an automatic and rigorous interpretation and
classification of pupil dynamics. The notion of normal or ab-
normal pupillary reflex is derived automatically by comparing
the reflex with an NPi®model, which defines the behavior of
the pupillary reflex mechanism in light. This reduces the sub-
jectivity of the measurement. Altered NPi®values are asso-
ciated with increased ICP values [1], [15-18]. This parame-
ter appears to have an excellent negative predictive value, pro-
viding a possible screening tool for estimating ICP [[Giede-
Jeppe et al. (2021); Pansell et al. (2022)]]. Furthermore, altered
NPi®values can predict the occurrence of intracranial hyper-
tension by several hours, allowing for a more careful clinical
assessment [[Chen et al. (2011)]], [[Jahns et al. (2019); Free-
man et al. (2020)]]. If confirmed, NPi®alteration could help
identify patients with ischemic stroke who are candidates for
early decompressive craniectomy. Moreover, The NPi®value
can monitor the benefit of osmotic therapy in normalizing ICP
values [Chen et al. (2011)]. Finally, the NPi®value appears
to be a prognostic tool (neurological outcome at 6 months) in
traumatic brain injured patients [Chen et al. (2011)]. Failure to
normalize NPi®values is associated with unfavorable progno-
sis.

5. Conclusion

Automated pupillometry may be helpful in identifying pa-
tients with intracranial hypertension and assessing response to
osmotic therapy. In addition, the pupillometer might be a prog-
nostic indicator in traumatic brain injured patients. Further
studies are needed to explore the potential usefulness of this
tool.
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