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Introduction

Many patients admitted to a cardiac intensive care unit 
(ICU) experience cardiac arrest (CA), including out-of-
hospital cardiac arrest (OHCA), or episodes of cerebral 
hypoperfusion or hypoxia because of their underlying con-
dition. These conditions often lead to anoxic brain injury 
and coma and early prognostication of these patients 
remains difficult.1–4 Approximately 50% of OHCA patients 
die before hospital discharge following severe anoxic brain 
injury, and survivors often have neurological deficits.5–7 
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with lower 30-day mortality. The univariable model for 30-day mortality had an area under the curve of 0.87 and the 
multivariable model achieved an area under the curve of 0.94. The Youden index identified a neurological pupil index cut-
off in out-of-hospital cardiac arrest patients of 2.40 for a specificity of 100%. For patients with in-hospital cardiac arrest 
and other cardiac diagnoses, we found no association between neurological pupil index values and 30-day mortality, and 
the univariable models showed poor predictive values.
Conclusion: Automated infrared pupillometry has promising predictive value after out-of-hospital cardiac arrest, but 
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OHCA patients are different in baseline characteristics and 
outcome compared to patients with in-hospital cardiac 
arrest (IHCA) and other cardiac diagnoses.8,9

Electroencephalography (EEG) and somatosensory 
evoked potentials (SSEPs) are used for neurological prog-
nostication in the ICU, but there is an unmet demand for 
simple, fast and non-invasive tools in the critical care set-
ting.10–12 Furthermore, assessment of pupil size and pupil-
lary reactivity are believed to be associated with outcome.13–15 
Pupil measurements are currently usually performed man-
ually by physicians and nurses, and each measurement is 
evaluated and described with varying consistency.16,17 To 
overcome interobserver variability, handheld automated 
video-based quantitative pupillometry has become availa-
ble at the bedside. With this technology, new parameters 
have emerged, among which is the neurological pupil index 
(NPi). This index was developed by NeurOptics (Laguna 
Hills, CA, USA), and allows objective and quantifiable 
assessment of the pupillary reflex in comatose patients.15,18–20 
However, there is a lack of evidence concerning the prog-
nostic value of the NPi in critical care, and studies are 
needed to clarify if the NPi provides reliable prognostic 
information in the acute phase in the ICU.

Therefore, the primary aim of this report was to investi-
gate the independent predictive value of automated infrared 
pupillary measurements on 30-day mortality and neurolog-
ical outcome at hospital discharge in unselected patients 
admitted to a cardiac ICU.

Methods

The study was a retrospective, observational study 
including comatose patients admitted to the cardiac ICU 
at Rigshospitalet, Copenhagen University Hospital, 
Copenhagen, Denmark. Comatose patients admitted from 
April 2015 to June 2017 were assessed with the NPi-200 
pupillometer from the start of admission until they regained 
consciousness, were discharged or died. Pupil measure-
ments were performed as part of daily clinical practice and 
data were handled anonymised according to the data pro-
tection law. The ethics committee of the capital region of 
Denmark approved the study concept and the hospital 
administration waived the need for written consent from 
patients included as part of a quality assurance effort.

Study population

We performed pupil measurements in 248 unconscious 
patients. Data from 27 patients were excluded from fur-
ther analysis due to erroneous social security numbers or 
inclusion in an ongoing clinical trial. A total of 221 
patients were included in the present study. Patients expe-
rienced OHCA (n=135, 62%), IHCA (n=28, 12%) or other 
cardiac diagnoses (total n=58, 26%), with the latter group 
consisting primarily of patients with cardiogenic shock 

(n=25), ischaemic heart disease (n=14), valvulopathy 
(n=10) and arrhythmias (n=5). Automated pupillometry 
was performed by the physician and nursing staff, with at 
least one successful measurement during the first 24 hours 
of admission. The measurements were performed in 
unconscious or sedated patients, as prognostication is not 
relevant in awake patients. Patients had serial daily pupil 
measurements performed during admission depending on 
their clinical status.

Treatment of OHCA

All patients were treated in accordance with international 
guidelines and received standardised intensive care 
throughout the admission.

OHCA patients were primarily sedated with propofol 
and fentanyl to a Richmond agitation sedation scale of 4 
or less and received targeted temperature management at 
36°C. After 24 hours, patients were re-warmed (maxi-
mum 0.5°C per hour). Sedation was tapered at 37°C, and 
patients were weaned from the ventilator, if possible. 
Mean arterial pressure was maintained at over 65 mmHg 
with norepinephrine and dopamine as the primary vaso-
pressors used.

Withdrawal of life-sustaining therapy (WLST) was 
decided at the earliest 3 days after sedation termination in 
accordance with international guidelines applying serial 
EEG, SSEPs and clinical examination.21 The NPi meas-
ures or other quantitative measures of pupillary function 
were available in the patient chart but were not used for 
prognostication.

NPi measurements

Pupil measurements were made using the NPi-200 pupil-
lometer from NeurOptics, a hand-held portable device 
which assesses pupil dynamics in patients.

A pupil measurement begins with the device placed at a 
fixed distance from the eye and the pupil targeted on an 
LCD screen. The distance is ensured by application of an 
individual ‘chin guard’ (SmartGuard) prior to each meas-
urement. A fixed intensity burst of light with a duration of 
0.8 seconds and a pulse intensity of 121 µW induces a 
pupillary reflex, and images are stored with more than 30 
frames taken per second for 3.2 seconds, with numeric 
measurements deriving from these images. The pupillome-
ter is calibrated by the manufacturer and re-calibration is 
not required.

Each pupil measurement provides the examiner with 
minimum and maximum pupil size, constriction percent-
age, constriction velocity, latency and NPi value. The NPi 
algorithm is derived from a normative model with pupil 
measurements made on healthy volunteers.15 A pupil meas-
urement is graded on the NPi scale from 0 to 5 with one 
decimal point. A NPi score below 3 is considered abnormal 
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(a sluggish response) and a score greater than 3 is consid-
ered normal (a brisk response). The lower the NPi value, 
the more sluggish is the pupillary light reflex and vice 
versa. Hence, the NPi algorithm helps the examiner to track 
the pupillary response of each single patient over time in an 
objective and quantifiable manner.

Outcomes

The primary outcome of the study was 30-day mortality. 
The secondary outcome was neurological outcome at dis-
charge from hospital assessed by the cerebral performance 
category (CPC)22,23 scale. Patients were dichotomised into 
‘good neurological outcome’ with CPC scores of 1–2 and 
‘poor neurological outcome’ with CPC scores of 3–5. A 
CPC score of 5 indicates death. The individual CPC score 
was evaluated through chart review of patient journals.

Statistical analysis

We sought to analyse differences in baseline characteristics 
and clinical parameters between the three patient groups, 
‘OHCA’, ‘IHCA’ and ‘other’. The chi-square test was used 
for categorical data, the one-way analysis of variance 
(ANOVA) for continuous data and the Kruskal–Wallis test 
for non-parametric ANOVA tests between the three groups. 
We used the R package ‘TableOne’24 for these analyses.

Furthermore, we used the R packages ‘pROC’25 and 
‘Deducer’26 to produce receiver operating characteristic 
(ROC) curves, and area under the curve (AUC) values were 
used for analysing the predictive value of NPi in the three 
groups in univariable and multivariable models. The multi-
variable models were adjusted for age, sex, ST-segment 

elevation myocardial infarction, shockable primary rhythm 
and time to return of spontaneous circulation that all are 
factors known to influence mortality in OHCA. Odds ratios 
(ORs), including 95% confidence intervals (CIs), were 
extracted from these models per 1.0 increase in NPi value. 
A Youden index27,28 for the univariable model predicting 
30-day mortality was made. We chose to optimise the 
Youden index for a specificity of 90–100% (i.e. false-posi-
tive rate of 0–10%) in increments of 1%. Positive predic-
tive values (PPVs) and negative predictive values (NPVs) 
were calculated.

Finally, a sensitivity analysis was performed by identify-
ing the lowest NPi on either eye and the lowest mean NPi 
value (calculated from the two lowest measures from each 
eye for each patient). This statistical analysis was applied 
for all three patient groups.

A P value below 0.05 was considered statistically sig-
nificant, CIs are presented for outcome data. Adjustment 
for multiple testing using Bonferroni correction was per-
formed as necessary.

R software, 3.2.2, was used for data analyses.

Results

A total of 221 patients were included in the study and 
divided into three groups (OHCA, IHCA, Other) (Figure 
1). Baseline characteristics are shown in Table 1. Available 
NPi measurements were performed a median of 4.8 days 
after CA (interquartile range (IQR) 5.1 days) and the 
median number of pupil measurements performed was six 
(IQR nine). The median time from arrest to the minimal 
mean NPi was 3.2 days (IQR 4.4 days). In patients dying, 
the median time from the minimal mean NPi performed to 

Figure 1. Study flowchart.
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Table 1. Baseline characteristics.

OHCA IHCA Other P value

 n=135 n=28 n=58

Demographics  
Male sex, n (%) 109 (80.7) 18 (64.3) 41 (70.7) 0.19
Age (mean±SD) 60.68 (11.71) 64.61 (12.37) 68.48 (10.18) <0.001

Clinical characteristics at admission  
Serum lactate (mean±SD) 5.71 (4.83) 6.80 (0.42) 2.64 (1.06) 0.34
Serum blood glucose (mean±SD) 12.27 (5.84) 12.45 (5.81) 10.01 (4.72) 0.28
Serum creatinine (median (IQR)) 106 (40) 147 (91) 125 (65) <0.04
Serum pH (mean±SD) 7.22 (0.13) 7.10 (NA) 7.35 (0.09) NA
LVEF (mean±SD) 36.49 (13.81) 33.25 (18.44) 24.86 (15.28) <0.001
GCS (median (IQR)) 3 (0) 3 (3) 4 (12) <0.001
Cardiogenic shock* 43 (31.9) 14 (50.0) 24 (41.4) 0.13
ST-segment elevation myocardial infarction 57 (42.2) 14 (50.0) 12 (20.7) 0.006

Medical history, n (%)  
Arterial hypertension 69 (51.1) 13 (46.4) 35 (60.3) 0.50
Hypercholesterolemia 38 (28.1) 9 (32.1) 23 (39.7) 0.63
Diabetes mellitus type 1 1 (0.7) 0 (0.0) 1 (1.7) 0.87
Diabetes mellitus type 2 18 (13.3) 5 (17.9) 14 (24.1) 0.48
Active malignancy 9 (6.7) 3 (10.7) 6 (10.3) 0.82
Asthma or COPD 13 (9.6) 5 (17.9) 12 (20.7) 0.21
Nefropathy 8 (5.9) 5 (17.9) 4 (6.9) 0.22
Peripheral artery disease 9 (6.7) 3 (10.7) 7 (12.1) 0.72
Smoking** 75 (55.6) 12 (42.9) 35 (60.3) 0.10
Alcohol abuse** 16 (11.9) 4 (14.3) 5 (8.6) 0.92
Drug abuse** 2 (1.5) 1 (3.6) 1 (1.7) 0.60
Congestive heart failure 13 (9.6) 1 (3.6) 12 (20.7) 0.11
Atrial fibrillation 15 (11.1) 6 (21.4) 12 (20.7) 0.39
Ischaemic heart disease 22 (16.3) 5 (17.9) 11 (19.0) 0.93
Previous TIA or stroke 10 (7.4) 4 (14.3) 6 (10.3) 0.68
Previous acute myocardial infarction 12 (8.9) 5 (17.9) 11 (19.0) 0.22
Previous percutaneous coronary intervention 9 (6.7) 4 (14.3) 9 (15.5) 0.33
Previous coronary artery bypass grafting 6 (4.4) 1 (3.6) 1 (1.7) 0.82
Previous valve surgery 4 (3.0) 1 (3.6) 2 (3.4) 0.96
Implantable cardioverter-defibrillator 2 (1.5) 0 (0.0) 2 (3.4) 0.69
Pacemaker 3 (2.2) 0 (0.0) 1 (1.7) 0.89

OHCA characteristics  
TTM at admission 113 (83.7) 4 (14.3) − <0.001
Shockable primary rhythm 117 (86.7) 14 (50.0) − <0.001
Witnessed cardiac arrest 119 (88.1) 26 (92.9) − <0.001
Location of cardiac arrest (home) 67 (49.6) − − −
Bystander CPR 106 (78.5) − − −
AED used for resuscitation 20 (14.8) − − −

Time to treatment, min, median (IQR)  
Time to basic life support 1 (1) − − −
Time to advanced life support 5 (4) 1 (1) − <0.001
Time to return of spontaneuos circulation 15 (15) 10 (10) − 0.008

* Cardiogenic shock at any time point during admission.
** Former or current user.
OHCA: out-of-hospital cardiac arrest; IHCA: in-hospital cardiac arrest; CPR: cardiopulmonary resuscitation; AED: automatic external defibrillator; 
IQR: interquartile range; LVEF: left ventricular ejection fraction; GCS: Glasgow coma scale; COPD: chronic obstructive pulmonary disease; TIA: 
transient ischaemic attack; TTM: targeted temperature management.
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death was 4.7 days (IQR 7.8 days) with less than 10% in 
this group having their minimal mean NPi measured less 
than 8 hours before dying.

Mortality

Information about 30-day mortality was available in all 
patients in the three patient groups.

OHCA. A total of 135 patients experienced OHCA. Fifty-one 
(38%) patients died within 30 days. The median NPi values 

were 4.10 (IQR 0.60) in survivors compared to 2.80 (IQR 
3.43) in non-survivors (P<0.0001). Higher NPi values were 
independently associated with a lower 30-day mortality (OR 
0.15, 95% CI 0.06–0.29, P<0.0001), and the univariable 
model had an AUC of 0.87 (Figure 2(a)), with a maximal 
AUC area cut-off level for NPi being 3.30 (sensitivity 69% 
and specificity 93%, PPV 85% and NPV 83%). In the multi-
variable analysis adjusting for risk factors, higher NPi values 
remained significantly associated with 30-day mortality (OR 
0.05, 95% CI 0.01–0.18, P<0.0001) (Table 2), and the mul-
tivariable model achieved an AUC of 0.94 (Figure 2(b)).

Figure 2. Predictive value of the neurological pupil index for 30-day mortality.
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IHCA. Twenty-eight patients experienced IHCA. Twelve 
(44%) patients died within 30 days. The median NPi values 
were 3.85 (IQR 1.44) in survivors compared to 3.40 (IQR 
2.90) in non-survivors (P=0.14). Higher NPi values were 
not independently associated with a lower 30-day mortality 
(OR 0.53, 95% CI 0.24–0.98, P=0.07), and the univariable 
model had a poor AUC of 0.67 (Figure 2(c)).

Other. Fifty-eight patients had diagnoses other than CA, 
with a total of 19 (28%) patients dying within 30 days. The 
median NPi values were 4.20 (IQR 0.85) in survivors com-
pared to 4.25 (IQR 0.95) in non-survivors (P=0.42). Higher 
NPi values were not independently associated with a lower 
30-day mortality (OR 0.98, 95% CI 0.65–1.59, P=0.95), 
and the univariable model had a very poor AUC of 0.57 
(Figure 2(d)).

Neurological outcome

CPC scores at discharge were obtained through chart 
review and were available in 127 OHCA patients, 27 IHCA 
patients and 58 patients without CA.

OHCA. Seventy (55%) patients had a good neurological 
outcome, i.e. CPC 1–2, and 57 (45%) patients had a poor 
neurological outcome, i.e. CPC 3–5, with only six (5%) 
patients surviving with severe neurological sequelae, i.e. 
CPC 3–4. Higher NPi values were individually associated 
with good neurological outcome (OR 0.11, 95% CI 0.04–
0.26, P<0.0001) and the univariable model had an AUC of 
0.86. In the multivariable model higher NPi values remained 
significantly associated with neurological outcome (OR 
0.012, 95% CI 0.001–0.08, P<0.0001), and the model 
achieved an AUC of 0.96 (0.83 without NPi values).

IHCA. Ten (37%) patients had a good neurological out-
come and 17 (63%) had a poor neurological outcome, with 
four (15%) patients surviving with severe neurological dis-
orders. No association was found between higher NPi 

values and good neurological outcome in the IHCA group 
(OR 0.49, 95% CI 0.17–1.01, P=0.15), and the univariable 
model had an AUC of 0.66.

Other. Thirty (52%) patients had a good neurological out-
come and 28 (48%) had a poor neurological outcome, with 
nine (16%) patients surviving with severe neurological dis-
orders. No association was found between higher NPi val-
ues and good neurological outcome (OR 0.80, 95% CI 
0.50–1.18, P=0.32), and the univariable model had a very 
poor AUC of 0.58.

Predictive value

NPi measurements had a good predictive value for mortal-
ity in OHCA patients, while the predictive value was poor 
in IHCA patients and cardiac patients without CA.

To demonstrate the predictive accuracy of NPi measure-
ments for mortality in OHCA patients at specificities of 
90% or greater, we calculated a Youden index (Table 2). 
The Youden index, defined by sensitivity + specificity − 
100%, is used to summarise ROC curves and identify the 
optimal threshold/cut-off for a predictive variable, in this 
case the NPi, at different sensitivities and specificities 
along with the calculated PPV and NPV. The NPi cut-offs 
at the highest specificities found were 2.40 (specificity 
100%, Youden 0.43), 2.45 (specificity 99%, Youden 0.42), 
2.60 (specificity 98%, Youden 0.41), 2.70 (specificity 97%, 
Youden 0.44), 2.80 (specificity 96%, Youden 0.45) and 
3.10 (specificity 95%, Youden 0.52). Due to the relatively 
small sample size of our cohort and the small proportion of 
patients with low NPi values, it was impossible to obtain 
threshold values at every specificity between 0.90 and 1.00.

Sensitivity analysis

We found no statistically significant difference when using 
the lowest NPi measurement made on one eye (AUC 0.86) 
and the calculated lowest mean of both eyes (AUC 0.86) in 

Table 2. Youden index.

NPi threshold Sensitivity (%) PPV (%) NPV (%) Youden index

Specificity 90 (%) 3.40 69 81 83 0.59
Specificity 91 (%) − − − − −
Specificity 92 (%) − − − − −
Specificity 93 (%) 3.30 69 85 83 0.62
Specificity 94 (%) 3.25 63 86 81 0.57
Specificity 95 (%) 3.10 57 88 78 0.52
Specificity 96 (%) 2.80 49 89 76 0.45
Specificity 97 (%) 2.70 47 89 75 0.44
Specificity 98 (%) 2.60 43 92 74 0.41
Specificity 99 (%) 2.45 43 96 74 0.42
Specificity 100 (%) 2.40 43 100 74 0.43

NPi: neurological pupil index; PPV: positive predictive value; NPV: negative predictive value.
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the univariable model for OHCA patients compared with 
the main model (AUC 0.87). For IHCA and ‘other’ patients 
the results remained unchanged.

Adjustment for multiple testing

All significant results of the primary analyses, as shown 
above, remained statistically significant following 
Bonferroni correction (i.e. P<0.05).

Discussion

The present study shows that automated pupillometry and 
the NPi have good predictive value for 30-day mortality in 
OHCA patients in the cardiac ICU. In contrast, in IHCA 
patients and patients with other cardiac diagnoses, the pupil 
measurements do not seem to have predictive value for 
30-day mortality. Through calculation of a Youden index, 
we identified a relevant cut-off for NPi in OHCA patients 
of 2.40. Further studies should aim to validate this cut-off 
so that automated pupillometry and NPi can be imple-
mented as an accessible prognostic tool in the future.

Assessment of pupillary status is important in ICU 
patients and influences therapeutic management and prog-
nosis.13,15 The pupillary light reflex and anisocoria are of 
interest when examining critically ill patients at risk of 
developing neurological damage, and need to be monitored 
continuously.29 CA causes primary non-reversible anoxic 
damage to the brain during the first few minutes of arrest 
and secondary possibly reversible damage during reperfu-
sion of the brain after resuscitation.30 Increased intracranial 
pressure and incarceration with affected pupillary light 
reflexes can be seen in OHCA patients,31 but often a return 
of the pupillary light reflex in resuscitated OHCA patients 
is found. This has been proved to be a prognostic indicator 
of good neurological outcome,32 albeit the brain stem 
reflexes are often present in patients with significant 
hypoxic brain injury. However, manual pupil measure-
ments using a handheld flashlight is subject to significant 
inter-examiner variability.16

Automated pupillometry, including the NPi algorithm, 
has been introduced in the critical care setting to quantify 
and plot changes in pupil measurements through compari-
son with a normative pupil response.14 In this study we per-
formed a retrospective analysis of the predictive value of 
NPi measurements in patients admitted to the cardiac ICU 
of a large tertiary centre during a period of 2 years. We 
found that NPi measurements had a good predictive value 
of 30-day mortality and neurological outcome (CPC) for 
OHCA patients, but not for IHCA patients and cardiac 
patients without CA. A possible explanation of this finding 
could be that OHCA patients primarily die from severe 
neurological injury leading to WLST, and thereby have 
affected NPi values, whereas IHCA patients and patients 
with other diagnoses than cardiac arrest also die from 

non-neurological complications, for example cardiogenic 
shock and sepsis not likely to affect the pupillary light 
reflex.30,33,34

In accordance with previous studies made in OHCA 
patients we found that automated pupillometry has a high 
predictive value, complementing clinical tools such as 
EEG, SSEPs and neuron-specific enolase.35,36 One major 
advantage of pupillometry is the simplicity of the proce-
dure. In contrast to the aforementioned techniques, auto-
mated pupillometry is a fast and non-invasive manoeuvre 
that can be performed by any staff member with a consist-
ent high inter-device and interrater reliability, which avoids 
the subjectivity of traditional pupil examination.37 It is 
therefore likely that automated pupillometry will increas-
ingly be implemented in critical care procedures in the 
future.

We chose to optimise the Youden index for a specificity 
of 90–100%, because the clinical perspective of any prog-
nostic tool used in critically ill patients is only relevant at 
high specificities. Thus for clinicians to consider WLST the 
tests used for prognostication must have very high specifi-
cities to avoid WLST in patients with plausible chances of 
survival.34

Finally, in the present cohort the number of patients 
alive at follow-up with a poor neurological outcome was 
low, and therefore the results of the analyses of NPi and 
survival with good neurological outcome are virtually simi-
lar. Therefore, the data on neurological outcome are sum-
marised in the results section. We emphasise that predicting 
neurological outcome in OHCA patients is highly associ-
ated and correlates to the prediction of mortality, but we 
still believe that our results help strengthen the possible 
role of automated pupillometry as a forceful predictive tool 
after OHCA.

Limitations

As this was a retrospective analysis and pupil measurements 
were applied in different patient groups as part of different 
treatment protocols, measurements were not made on all 
patients admitted to the cardiac ICU or at similar time 
points, leading to a potential selection bias. Furthermore, the 
number of included IHCA patients was limited to 28, and 
the lack of predictive value in this patient group may be 
related to the small sample size. The retrospective nature of 
the study also implicated that precise information about lev-
els of sedation were not always available. However, although 
recent studies have shown that some pupillary function in 
highly sedated patients may be altered, the pupillary light 
reflex remains intact and therefore useful even in sedated 
patients.38–41 Yet neither fentanyl nor propofol, the drugs of 
choice at our facility, significantly alter the pupillary light 
reflex when used in above-minimum alveolar concentration 
anaesthetic levels.42 Besides this, the NPi algorithm is 
reportedly calculated through pupillary assessments not 
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involving pupil size, and may therefore be relatively less 
biased by this factor.42 The chin guards were collected when 
feasible; hence the present series constitutes a convenience 
sample of cardiac ICU patients. We decided to use the NPi 
mean value of the right and the left eye separately and did 
not assess anisocoria in this study. However, our sensitivity 
analysis showed no difference in results when applying the 
lowest NPi measurement made on one eye or the calculated 
lowest mean of both eyes.

Conclusion

Automated infrared pupillometry may be a useful tool in 
the acute critical care setting. Our data suggest that an NPi 
value below 2.40 is a strong predictor of poor outcome in 
OHCA patients. If this finding can be confirmed in other 
OHCA cohorts, automated pupillometry and the NPi may 
be useful in the multimodality approach to prognostication 
in cardiac patients who are unconscious after OHCA.

Acknowledgements

The authors would like to acknowledge the great work of the nurs-
ing staff in the cardiac ICU at Rigshospitalet without whom this 
work could not have been possible.

Conflict of interest

The authors declare that there is no conflict of interest.

Funding

Jesper Kjaergaard was supported by Novo Nordisk Foundation, 
grant NNF17OC0028706.

References

 1. Nielsen N, Wetterslev J, Cronberg T, et al. Targeted tempera-
ture management at 33°C versus 36°C after cardiac arrest. 
N Engl J Med 2013; 15: 171–172.

 2. Sasson C, Rogers MAM, Dahl J, et al. Predictors of survival from 
out-of-hospital cardiac arrest a systematic review and meta-
analysis. Circ Cardiovasc Qual Outcomes 2010; 3: 63–81.

 3. Wiberg S, Hassager C, Schmidt H, et al. Neuroprotective 
effects of the glucagon-like peptide-1 analog exenatide after 
out-of-hospital cardiac arrest: a randomized controlled trial. 
Circulation 2016; 134: 2115–2124.

 4. Sandroni C, Cariou A, et al. Prognostication in comatose 
survivors of cardiac arrest: an advisory statement from the 
European Resuscitation Council and the European Society of 
Intensive Care Medicine. Resuscitation [Internet] 2014; 85: 
1779–1789.

 5. Søholm H, Wachtell K, Nielsen SL, et al. Tertiary centres 
have improved survival compared to other hospitals in 
the Copenhagen area after out-of-hospital cardiac arrest. 
Resuscitation [Internet] 2013; 84: 162–167.

 6. Bro-Jeppesen J, Kjaergaard J, Horsted TI, et al. The impact 
of therapeutic hypothermia on neurological function and 
quality of life after cardiac arrest. Resuscitation 2009; 80: 
171–176.

 7. Steinbusch CVM, van Heugten CM, Rasquin SMC, et al. 
Cognitive impairments and subjective cognitive complaints 
after survival of cardiac arrest: a prospective longitudinal 
cohort study. Resuscitation [Internet] 2017; 120: 132–137.

 8. Buanes EA and Heltne JK. Comparison of in-hospital and 
out-of-hospital cardiac arrest outcomes in a Scandinavian 
community. Acta Anaesthesiol Scand 2014; 58: 316–322

 9. Fredriksson, et al. Cardiac arrest outside and inside hospital 
in a community: Mechanisms behind the differences in out-
come and outcome in relation to time of arrest. Am Heart J 
2010; 159: 749–756.

 10. Rossetti AO, Rabinstein AA and Oddo M. Neurological 
prognostication of outcome in patients in coma after cardiac 
arrest. Lancet Neurol [Internet] 2016; 15: 597–609.

 11. Oddo M and Friberg H. Neuroprognostication after cardiac 
arrest in the light of targeted temperature management. Curr 
Opin Crit Care 2017; 23: 244–250.

 12. Youn CS, Callaway CW and Rittenberger JC. Combination 
of initial neurologic examination, quantitative brain imaging 
and electroencephalography to predict outcome after cardiac 
arrest. Resuscitation [Internet] 2017; 110: 120–125.

 13. Zafar SF and Suarez JI. Automated pupillometer for moni-
toring the critically ill patient: a critical appraisal. J Crit Care 
[Internet] 2014; 29: 599–603

 14. Olson DWM and Fishel M. The use of automated pupillom-
etry in critical care. Crit Care Nurs Clin North Am 2016; 28: 
101–107.

 15. Chen J, Gombart Z, Rogers S, et al. Pupillary reactivity as 
an early indicator of increased intracranial pressure: the 
introduction of the neurological pupil index. Surg Neurol Int 
[Internet] 2011; 2: 82.

 16. Olson DWM, Stutzman S, Saju C, et al. Interrater reliability 
of pupillary assessments. Neurocrit Care 2016; 24: 251–257.

 17. Kerr BRG, Bacon AM, Baker LL, et al. Underestimation of 
pupil size by critical care and neurosurgical nurses. Am J Crit 
Care 2016; 25: 213–219.

 18. Sawyer ME, Lucas L, May T, et al. Neurological pupil index 
predicts neurological outcome early after cardiac arrest: an 
observational study. Neurocrit Care [Internet] 2017; 27: S47.

 19. NeurOptics. The Neurological Pupil index. ©2017 
NeurOptics, Inc. NeurOptics, 23041 Avenida de la Carlota, 
Suite 100. Laguna Hills, CA 92653, USA. Email: info@
NeurOptics.com

 20. Du R, Meeker M, Bacchetti P, et al. Evaluation of the port-
able infrared pupillometer. Neurosurgery 2005; 57: 198–202.

 21. Soar J, Nolan JP, Böttiger BW, et al. European Resuscitation 
Council Guidelines for resuscitation 2015. Section 3. Adult 
advanced life support. Resuscitation 2015; 95: 100–147.

 22. Jennett B and Bond M. Assessment of outcome after severe 
brain damage. Lancet 1975; 305: 480–484.

 23. Brain Resuscitation Clinical Trial I Study Group. Randomized 
clinical study of thiopental loading in comatose survivors of 
cardiac arrest. N Engl J Med [Internet] 1986; 314: 397–403.

 24. Yoshida K and Bohn J. Tableone: Create “Table 1” to 
Describe Baseline Characteristics. R package version 0.9.3. 
https://cran.r-project.org/web/packages/tableone/index.html  
(2018, accessed 28 March 2019).

 25. Robin X, Turck N, Hainard A, et al. pROC: an open-source 
package for R and S+ to analyze and compare ROC curves. 
BMC Bioinformatics [Internet] 2011; 12: 77.

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjacc/article/9/7/779/6125628 by guest on 26 June 2023

https://cran.r-project.org/web/packages/tableone/index.html


Obling et al. 787

 26. Fellows I. Deducer: A Data Analysis GUI for R. J Stat 
Software [Internet] 2012; 49: 1–15.

 27. Youden W. Index for rating diagnostic tests. Cancer 1950; 3: 
32–35.

 28. Šimundić A-M. Measures of diagnostic accuracy: basic defi-
nitions. J Int Fed Clin Chem Lab Med 2009; 19: 203–211.

 29. Portran P, Cour M, et al. Pupillary abnormalities in non-
selected critically ill patients: an observational study. J 
Thorac Dis 2017; 9: 2528–2533.

 30. Temple A and Porter R. Predicting neurological outcome and 
survival after cardiac arrest. Contin Educ Anaesthesia, Crit 
Care Pain [Internet] 2012; 12: 283–287.

 31. Sinha N and Parnia S. Monitoring the brain after cardiac 
arrest: a new era. Curr Neurol Neurosci Rep 2017; 8: 62.

 32. Longstreth W, Diehr P and Inui T. Prediction of awakening 
after out-of-hospital cardiac arrest. N Engl J Med 1983; 308: 
1378–1382.

 33. Engsig M, Soholm H, et al. Similar long-term survival of 
consecutive in-hospital and out-of-hospital cardiac arrest 
patients treated with targeted temperature management. Clin 
Epidemiol 2016; 8: 761–768.

 34. Young GB. Neurologic prognosis after cardiac arrest. N Engl 
J Med [Internet] 2009; 361: 605–611.

 35. Solari D, Rossetti AO, et al. Early prediction of coma recov-
ery after cardiac arrest with blinded pupillometry. Ann 
Neurol 2017; 81: 804–810.

 36. Suys T, Bouzat P, et al. Automated quantitative pupillometry 
for the prognostication of coma after cardiac arrest. Neurocrit 
Care 2014; 21: 300–308.

 37. Zhao W, Stutzman S, DaiWai O, et al. Inter-device reliability 
of the NPi-100 pupillometer. J Clin Neurosci [Internet] 2016; 
33: 79–82.

 38. Larson MD. Mechanism of opioid-induced pupillary effects. 
Clin Neurophysiol 2008; 119: 1358–1364.

 39. Rollins M, Feiner JR, Lee JM, et al. Pupillary effects of 
high-dose opioid quantified with infrared pupillometry. 
Anesthesiology 2014; 121: 1037–1044.

 40. Eilers H and Larson MD. Autonomic neuroscience: the effect 
of ketamine and nitrous oxide on the human pupillary light 
reflex during general anesthesia. Auton Neurosci Basic Clin 
[Internet] 2018; 152: 108–114.

 41. Larson MD, Tayefeh F, Sessler D, et al. Sympathetic nerv-
ous system does not mediate reflex pupillary dilation during 
desflurane anesthesia. Anesthesiology 1996; 85: 748–754.

 42. Larson MD and Behrends M. Portable infrared pupillometry: 
a review. Anesth Analg 2015; 120: 1242–1253.

D
ow

nloaded from
 https://academ

ic.oup.com
/ehjacc/article/9/7/779/6125628 by guest on 26 June 2023


