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ABSTRACT

Background: The presence or absence of the pupillary light reflex following cardiopulmonary resuscita-
tion has been shown to have prognostic value. We asked whether the light reflex could be objectively
measured during cardiopulmonary resuscitation in humans and whether the quality of the reflex was
associated with outcome.

Methods: Sixty-seven in-hospital code blue alerts were attended of which 30 met our inclusion criteria.
Portable infrared pupillometry was used to measure the light reflex during each code. The reliability of
the presence of the light reflex during each code as a predictor of survival and neurological outcome was
analyzed statistically using the Barnard’s Exact test.

Results: In 25 patients (83%) the pupillary light reflex was detectable throughout or during a part of the
resuscitation. Continuous presence of the light reflex or absence for less than 5 min during resuscitation
was associated with early survival of the code and a good neurological outcome. In contrast, no patients
without a light reflex or with a gradually deteriorating light reflex survived the code and absence of a
pupillary light reflex for more than 5 min was associated with an unfavorable outcome.

Conclusion: Portable infrared pupillary measurements can reliably demonstrate the presence and qual-
ity of the pupillary light reflex after cardiac arrest and during resuscitation. In our limited case series,
the presence of the pupillary light reflexes obtained in serial measurements during resuscitation was

associated with early survival and a favorable neurological status in the recovery period.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

One priority for research in cardiopulmonary resuscitation
(CPR) is to develop methods for real time physiological monitor-
ing of the circulation and neurologic function, enabling feedback
for corrective actions to the resuscitation team.! End tidal CO,,2
diastolic arterial pressures, palpation of the pulse, analysis of the
fibrillation waveform, respiratory movements, gagging, swallow-
ing, and the EEG3# have all been used to gauge the effectiveness
of the resuscitation effort but none have been shown to directly
measure the adequacy of the central nervous circulation. However,
accurate assessment of brain function during resuscitation would

% A Spanish translated version of the abstract of this article appears as Appendix
in the final online version at http://dx.doi.org/10.1016/j.resuscitation.2012.05.013.
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be valuable, as corrective action based on measurements of cir-
culation or brain function might decrease the presence of severe
neurological deficits in patients who survive.

Pupil size has been studied in this regard but concerns about the
effects of drugs on the size of the pupil have curtailed interest in this
modality of monitoring the brain stem.> Whereas pupil size might
be altered by the administration of vasoactive drugs, the pupillary
light reflex is likely to be resistant to the effects of intravenously
administered drugsS but still vulnerable to the depression of cere-
bral blood flow that accompanies CPR. Previous studies have shown
the pupillary light reflex (PLR) to be a robust indicator of neuro-
logical outcome in the post-resuscitation period but there are no
patient studies on the use of electronically measured light reflexes
during CPR.7-11

A study in pigs concluded that visual estimates of the PLR dur-
ing cardiac arrest and resuscitation predicted the likelihood of
restoration of cerebral function.” Recent improvements in portable
infrared pupillometry have enabled light reflexes to be objectively
measured in human subjects.!? The technology can measure light
reflexes even when the reflex cannot be seen with the traditional
pen light examination.512 We hypothesized that the PLR could be
objectively measured during CPR and that the presence of the PLR
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would serve as a predictor for return of spontaneous circulation
(ROSC) and neurological outcome.

2. Methods

The Committee on Human Research at the University of Califor-
nia, San Francisco approved this study that allowed the authors to
attend 30 cardiopulmonary resuscitations within the UCSF Medical
Center and take pupillary measurements as described below. The
data was derived from codes attended between July 2009 through
July 2011.

Measurements were performed by the same investigators who
had no clinical responsibilities during the time of attendance at the
code. All arrests were communicated by the hospital-wide code
blue pager system and answered within 2 min. Inclusion criteria
included unresponsiveness, absent pulses without chest compres-
sions, and apnea. Resuscitation protocols were determined by the
resuscitation team and were not modified by the study.

Pupillary measurements were taken when there was a pause in
chest compressions (pulse check, listen for breath sounds, place-
ment of electrodes, EKG check). Investigators did not ask for chest
compressions to be stopped at any time in order to take measure-
ments, nor was there a request for prolongation of the pauses in
chest compressions. Information obtained from pupillary measure-
ments was not communicated to the resuscitation team.

Pupil measurements ended either when the code terminated
or at ROSC. One final measurement was taken following ROSC. If
the patient survived the code for three days, additional pupillary
measurements were taken. If possible, verbal consent was obtained
from the patient at this time and they were given an information
sheet that explained the purpose of the study. No patients were
excluded from the study because of pre-existing medical condi-
tions.

Pupil diameter and the amplitude of the pupillary light reflex
was measured with an infrared pupillometer (Neuroptics, Inc.,
Irvine, CA).13 The pupillometer delivers a flash of visible white light
of 800 ms duration at the start of each 3.2-s scan. The important
features of the PLR are calculated by the instrument from the first
1.5 of the scan. A time-stamped light reflex is then displayed on
a small screen along with numerical data for pupil size and reflex
amplitude. Absence of a light reflex was determined by previously
described criteria.® An algorithm embedded in the software of the
instrument has been programmed to consistently record absent
light reflexes on artificial pupils that lack a reflex. Brain dead sub-
jects express no light reflexes with infrared pupillometry.14

2.1. Statistical analysis

The patients were divided into four groups depending on their
conditions post-arrest:

Group 1. Patient survived the code followed by Cerebral Per-
formance Category Scale'® of 1, 2, or 3 on post arrest day 3.
Psychological tests that would evaluate cognitive function and
memory were not performed.

Group 2. Patient survived the code with Cerebral Performance
Category of 4, or 5 on the third post-arrest day 3. The primary dif-
ference between these patients and those in Group 1 is that they
had no meaningful interaction with the environment. Examination
was performed without pharmacological sedation.

Group 3. Patient survived the code but died within three days post-
arrest. No neurological testing was performed.

Group 4. The patient did not survive the code. No return of spon-
taneous circulation during resuscitation.

Previous studies of in-hospital cardiac arrest have reported that
approximately 1/3 survive the code to hospital discharge.!® By
studying 30 codes we calculated that approximately 10 of these
patients would survive with favorable outcomes and form a cohort
to compare light reflexes to those patients with unfavorable out-
comes.

We separated patients into two categories based upon absence
of a light reflex less than or more than 5min. Our rationale for
this time was based upon previous reports showing that ischemic
times of 5 min leads to depletion of high-energy phosphate levels,!”
increases in intracellular calcium,!® and profound disturbances
in neuronal electrochemical gradients.!® Accordingly we created
two 2 x 2 contingency tables to test for the following two specific
hypotheses:

Hypothesis 1 (:). PLR (present throughout or absent less than
5 min) during resuscitation predicts early survival of CPR (ROSC).

Hypothesis 2 (:). PLR (present throughout or absent less than
5 min) during resuscitation predicts differences in CPC scores 72-h
after cardiac arrest.

To determine if there were nonrandom associations between
the two categorical variables (outcome and duration of absent
reflexes), we performed Barnard’s exact probability tests. The
Barnard’s test uses 2 x 2 contingency tables and calculates the exact
p-value of the null hypothesis.20 All statistical calculations were
performed with Matlab.?!

3. Results

The authors attended 67 codes to complete the study. Thirty-
seven of the codes were not appropriate because they did not
meet our inclusion criteria. The excluded cases included respira-
tory depression (13), fainting (10), seizures (2), and obtundation
from drug overdose (12). The remaining thirty cases were included
in our analysis and their vital information is summarized in Table 1.
Retrospective review of physical examinations performed by the
admitting physician prior to the arrests documented the pres-
ence of a PLR on all patients. Pre-existing medical conditions that
potentially might alter pupillary reflexes in these 30 patients were
antihypertensive medications (43%), end stage renal disease (40%),
diabetes (30%), previous eye surgery (10%), status post craniotomy
(10%), intraocular lenses (7%), and legal blindness from retinal or
optic nerve disease (7%).

Duration of the codes from arrival to ROSC or termination of
the code varied from 1 min to 60 min with a median of 11 min and
interquartile range of 4-17.5 min. The average interval between
measurements for all patients was 1.9min=+ 1.3 min; both the
mode and median were 1 min.

3.1. Pupillary light reflex measurements

A pupillary light reflex was detectable during CPR in 25 of 30
cases (83%); only five patients were without a pupillary light reflex
at any time during CPR. Of those 25 patients with pupillary light
reflexes, 9 patients had a PLR at all times during CPR and 4 patients
had an intact PLR at the beginning that was subsequently lost. In 8
patients there was no initial PLR but it recovered in less than 5 min,
whereas 4 patients with a recovered PLR had missing light reflexes
for more than 5 min (range: 12-60 min).

The average pupil size in patients with a PLR was 4.3 £ 1.2 mm,
whereas the average PLR was 0.44 4+ 0.3 mm in amplitude. Average
pupil size in patients with no PLR at any time was 4.7 + 0.6 mm.
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Table 1
Summary of demographics, probable causes for cardiac arrest, and treatment during resuscitation.
Patient # Monitored Age Sex Rhythm Shock Vasoactive NMB Prob. cause Cooled Group 1 Group 2 Group 3 Group 4
drugs for arrest
Light reflex present
13 + 61 M VF 1x A, Epi + PE + +
2 - 79 M PEA - Epi - PT - +
3 - 20 F PEA - Epi - DR - +
4 + 58 M VF 6x Epi - AMI - +
5 + 47 F PEA - Epi - MOF - +
6 + 42 F As - - - AMI + +
7 + 42 F PEA - Epi, NE, V - MOF - +
8 - 78 M PEA - - - EH - +
9 + 41 M PEA, As - NE, D, NS - MOF - +
Light reflex present to absent
10 + 57 M VF 5x Epi, A, Am - ? PE - +
11 + 48 F PEA - Epi - MOF - +
12 — 43 F PEA - Epi — AMI — +
13 + 60 M VF 4x NA, V, NS - AMI - +
Light reflex absent 5 min or less, then present
14 + 54 M VF 4x Epi, A - AMI + +
15 + 68 M PEA - Epi, A + MOF - +
16 + 79 M VF 6x Epi - MMI - +
17 + 36 M As - Epi, NE, V, NS - MOF - +
182 + 47 F PEA - Epi, V + MIH - +
19 + 67 M PEA - Epi, A + AMI — +
20 + 47 F PEA - Epi + CIA - +
21 + 68 M VT 2x Epi, A - AMI - +
Light reflex absent more than 5 min, then present
22 + 78 M VF 2x Epi - AMI - +
23 - 66 M VF 1x Epi, A, tPA — PE + +
243 + 28 M As - Epi, A + DR + +
25 - 27 M PEA - Epi AMI - +
Light reflex absent
26 + 83 M As - A - AMI - +
27 - 28 F VF 4x A, Epi, V, - RAA - +
28 + 60 M PEA - Epi, A — AMI — +
29 + 56 M PEA - NE, Epi, D, NS — MOF — +
30 - 82 F As - Epi - AMI - +

Abbreviations: NMB: neuromuscular blockade, As: asystole, PEA: pulseless electrical activity, VF: ventricular fibrillation, VT: ventricular tachycardia, A: atropine (over 10 mg is
bold), Epi: adrenaline (over 5 mg is in bold, large type), NE: noradrenaline (norepinephrine), D: dopamine, V: vasopressin, tPA: tissue plasminogen activator, Am: amiodarone,
NS: neosynephrine, AMI: acute myocardial infarction, MOF: multiple organ failure, PE: pulmonary embolus, CIA: catheter induced arrhythmia, MIH: massive intraoperative
hemorrhage, EH: epidural hematoma, DR: drug reaction, PT: pneumothorax, RAA: ruptured aortic aneurysm.

2 Patient anaesthetized, no expired CO; prior to chest compressions.

3.1.1. Interaction between PLR and drugs administered during
CPR

In 6 of 8 cases adrenaline was administered in excess of 5 mg, but
the light reflex was not blocked. The two patients given high dose
adrenaline with no light reflex both died. In one case (#1) atropine
was given in a total dose of 12 mg together with an excess of 5 mg
of adrenaline, and the light reflex was not blocked (amplitude of
PLR = 0.3 mm), although the pupil was dilated to 6 mm. In this case,
as well as with several others in this case series, the resuscitation
team considered the light reflex to be absent with the traditional
pen light examination. Muscle relaxants did not block the light
reflex (Fig. 1 and Table 1).

3.1.2. Resuscitation outcome

Return of spontaneous circulation was achieved in 20 patients
(Groups 1-3; 63%); the remaining 10 patients were categorized as
Group 4 (37%). Of the 20 early survivors, ten patients were still alive
after 72 h. Seven (23%) of these patients had no neurological deficits
on the third post arrest day (CPC scores of 1, Group 1), and three
patients had new neurological deficits on post arrest day three,
that included failure to follow verbal commands (CPC scores of 4,
Group 2). Ten initial survivors of the code died within 72 h due to
cardiopulmonary complications (Group 3). Group 3 patients were
commonly sedated and on ventilatory support thus preventing an
accurate assessment of neurological status.

3.2. Association between PLR and outcome

Patients with more favorable neurological outcomes after 72 h
(Group 1) typically had increasing amplitude of the light reflex
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Fig. 1. Cardiac arrhythmia with absent pulses and loss of consciousness (Patient
#20). At the start of the code there was no pupillary light reflex. Following chest
compressions, neuromuscular paralysis, and subsequent endotracheal intubation,
sinus rhythm was re-established and the pupillary light reflex returned into the
normal range.
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Z Our study demonstrates that the pupillary light reflex can be
€ & measured with infrared pupillometry in humans during CPR, and
E its presence was associated with a favorable neurological outcome.
8 5 Prolonged absence of the light reflex predicted an unfavorable
z outcome even if ROSC was achieved. Our findings in patients under-
54 going cardiopulmonary resuscitation differ dramatically from those
observed in brain dead human subjects®22 as the primate pupil-
3 lary light reflex requires a path through the brain, a conclusion
reached over 250 years ago by the Scottish physician Robert
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Fig. 2. Repeated measurements in a patient who collapsed when getting out of
bed (Patient #10). Selected pupillary measurements are shown, starting 1 min after
the code started (times after start of the code are shown on the right side of the
graph). The pupillary light reflex deteriorated over the course of the resuscitation.
This patient died without return of spontaneous circulation (Group 4).

during CPR. The PLR was either present throughout the code or
absent for less than 5 min. Median code durations in these Group
1 patients was 7 min (inner quartile - 9.5 min, range: 4-42 min).
Patients who did not survive the code (Group 4) either had absent
light reflexes throughout the code (N=5) or a trend of decreasing
amplitude in the light reflexes until the reflex was absent (Table 1).
Fig. 1 shows the light reflex changes in a Group 1 patient whereas
Fig. 2 shows the light reflex changes in a Group 4 patient.

Thirteen patients survived the code (ROSC achieved) but had
undesirable outcomes (Groups 2 and 3). The three patients with
new neurological deficits on day three (Group 2, #22, 24, 25) had
missing light reflexes for more than 5 min. The other patient with
a missing light reflex for more than 5min (#23, see Table 1 and
Fig. 3) had missing light reflexes for 40 min and died on the 2nd
post arrest day without regaining consciousness. Complete data on
light reflexes, drugs administered, and outcome are provided in
Table 1.

To test whether the PLR predicted survival and a favorable neu-
rological outcome, two-tailed Barnard’s Exact tests were performed
on 2 x 2 contingency tables shown in Table 2. Presence of the
pupillary light reflex predicted early survival from resuscitation
(Hypothesis 1; p=0.0002). In those patients who survived resus-
citation for 3 days, the presence of the pupillary light reflex during
resuscitation was an excellent predictor for a favorable neurological
outcome (Hypothesis 2; p=0.002, using Barnard’s Exact Test).

Pupil Size (mm)

Time (Sec)

Fig. 3. Ventricular fibrillation (Patient #23). The thin lines represent absent light
reflexes measured during 39 min of unsuccessful resuscitation. Following admin-
istration of tissue plasminogen activator spontaneous circulation was established.
The measurements represented by the black thick lines were taken minutes after
ROSC. Patient died on 2nd post arrest day without regaining consciousness.

Previous studies that have examined the relationship between
the PLR and recovery from cardiac arrest have used the tradi-
tional pen light examination,242> which often will miss reflexes
with amplitudes below 0.3 mm.5 Small sluggish reflexes can be
detected with infrared pupillometry that are impossible to appre-
ciate with simple visual inspection of the eye. Our average reflexes
were 0.44 mm, amplitude that is readily detected with infrared
pupillometry (see Figs. 1 and 3).

We were surprised to find such a high percentage of intact
(83%) light reflexes in the low cardiac output state that accom-
panies CPR. Vision is impaired early as cerebral blood flow drops
into the critical range. For example, “blackout” is often used as a
lay term for syncope. None of our patients that survived intact
were conscious during CPR and none had visual experiences to
relate; yet with several cases the light reflexes were remarkably
robust (Figs. 1 and 2). The light reflex is one of the most sensitive
reflexes in the human body; under the proper lighting conditions
a light reflex can be observed at light intensities near the visual
threshold.26 Two patients in this series were legally blind but both
had detectable light reflexes at some time during the resuscita-
tion.

It has recently been demonstrated that humans have intrinsi-
cally photoreceptive ganglion cells that contribute significantly to
the light reflex.2’-29 This is in contrast to the primary visual recep-
tors (rods and cones) that require additional synaptic connections
(amacrine, horizontal, bipolar cells) prior to the excitation of gan-
glion cells that leave the retina via the optic nerve. These additional
synaptic events in the retina that are necessary for vision may
account for the differential effect of reduced cerebral perfusion on
vision and the light reflex.

Investigations on use of the PLR to assess brainstem func-
tion during CPR cannot be performed with the commonly used
mammalian laboratory animals (cat, dog, rat) because their iris
musculature is intrinsically light sensitive and this peripheral effect
accounts for a small portion of the complete reflex.30 In addition,
the cat iris is exquisitely sensitive to circulating epinephrine.3!
These shortcomings of animal models highlight the need for human
data on the PLR as a measure of midbrain function during low
cardiac output states.

Some investigators who used traditional pen light examina-
tions of the light reflex have attributed pupillary areflexia during or
after cardiac arrest to the administration of vasoactive drugs such
as atropine or adrenaline, or to the use of neuromuscular block-
ing agents. We did not observe a depressant effect of high-dose
adrenaline on the PLR, nor did we observe a depressant effect of
neuromuscular blocking agents thus lending support to reports
that show no effect of neuromuscular blocking agents on the PLR.32
Although recent American Heart Association (AHA) guidelines for
ACLS do not recommend atropine or other anticholinergics for
resuscitation from cardiac arrest,33 these agents have often been
implicated in pupillary areflexia when they have been administered
for bradycardia. Topical anticholinergic agents such as atropine can
block the light reflex but the intravenous dose that totally blocks
the light reflex measured with infrared pupillometry is unknown.
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Table 2
2 x 2 contingency tables. Numbers refer to patients listed in Table 1.

Hypothesis 1: The pupillary light reflex during resuscitation predicts early survival of CPR (ROSC)

ROSC - Groups 1-3

No ROSC - Group 4

PLR present or only missing for less than 5 min
PLR missing, deteriorating or absent for more than 5 min

1,2,3,4,5,6,7,8,14, 15,16, 17, 18, 19, 20, 21?2 9
22,23,24,25

10,11, 12, 13, 26, 27, 28, 29, 30

Hypothesis 2: The pupillary light reflex during resuscitation predicts neurological outcome in 3-day survivors of CPR. Groups 3 and 4 (20 patients) have been
removed from analysis because they did not survive to post arrest day 3. Group 1 patients were all Cerebral Performance Category 1

Group 1 - no deficit Group 2 - deficit

PLR present or only missing for less than 5 min
PLR missing, deteriorating or absent for more than 5 min

1,3,8,14,18,19,20°
22,24,25

2 PLR present or missing for less than five min predicts ROSC, P=0.0002.

b PLR present or missing for less than 5 min predicts favorable outcome on post arrest day 3, P=0.002.

In one of our cases, 12 mg of intravenous atropine was unable
to block the reflex, although the pupil was dilated. One other
report noted that atropine does not block the light reflex during
CPR.34

The correlation of the presence of a light reflex and the ability
to follow verbal commands in the post-resuscitation period might
have an explanation based upon the proximity of the pupillocon-
strictor nucleus to vital centers of the brainstem. The reflex center
for the PLR lies embedded within the periaqueductal gray mat-
ter (PAG) of the rostral mesencephalon. The integrity of the PAG
is essential for the maintenance of consciousness so an extended
loss of blood flow to this area of the brain would be expected to
interfere with the ability to maintain a state of awareness and also
to damage the reflex center for the PLR.

From our data we are unable to define a time beyond which
absence of a light reflex during CPR would portend an unfavor-
able neurological outcome. We confirm the report by Steen-Hansen
et al. who showed that absence of a light reflex on the initial
examination does not preclude a full neurological recovery.® The
limitation of this study is that we were unable to associate the
return of pupillary light reflexes during resuscitation with other
measures that are sometimes used to gauge the effectiveness of
the resuscitation effort. End tidal CO, was not measured on all of
our cases and often the measures were confounded by inability
to secure a closed system and by large differences in minute ven-
tilation. Other measures such as gagging, breathing, swallowing,
and eye movements were obscured by the use of muscle relaxants
in 20% of our cases. Electronic pupillometry is the first tool that
enables a qualitative and quantitative measure of midbrain func-
tion in patients undergoing cardiopulmonary resuscitation. Other
measures used to assess the quality of the resuscitation effort such
as gasping, coughing, eye movements, calorics, and the pulse check
cannot be given numerical values.

Absence of the light reflex cannot be used as an indication to
stop resuscitation. In most cases pupillary areflexia indicates severe
depression of midbrain function and measures should be under-
taken to correct the resuscitation plan. Although absence of the
light reflex predicted a bad outcome in our study group, there are
rare patients who have no light reflex and are awake and have no
other neurological deficits.3> On the other hand, the presence of
light reflex indicates that the patient is not brain dead and if the
reflex rapidly improves as the resuscitation proceeds, in our small
sample of patients, this finding predicts a favorable neurological
outcome, if ROSC can be achieved.

In conclusion, we were able to measure the light reflex objec-
tively during CPR with a portable infrared pupillometer. Serial
measurements of the light reflex were useful in predicting early
survival from resuscitation and the neurological outcome in this
series of 30 patients.
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