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IMPORTANCE Prognostication of neurologic outcome after cardiac arrest is an important but
challenging aspect of patient therapy management in critical care units.

OBJECTIVE To determine whether Séflifnetrofilamentlightehain (NEL) levels can be used

for prognostication of neurologic outcome after cardiac arrest.

DESIGN, SETTING AND PARTICIPANTS Prospective clinical biobank study of data from the
randomized Target Temperature Management After Cardiac Arrest trial, an international,
multicenter study with 29 participating sites. Patients were included between November 11,
2010, and January 10, 2013. Serum NFL levels were analyzed between August 1and August
23, 2017, after trial completion. A total of Z82/UiRconsciouspatients withoUtof-Aospital
[cardiad arrest of presumed cardiac origin were eligible.

EXPOSURES Serum NFL concentrations analyzed at 24748} and 72 hiotirsafter cardiac arrest
with an ultrasensitive immunoassay.

MAIN OUTCOMES AND MEASURES [PooFnedrologicoutcome at6=monthfollowsup, defined
according to the|CérebrallPerformance Category Scale as cerebral performance category 3

(severe cerebral disability), 4 (coma), or 5 (brain death).

RESULTS Of 782 eligible patients, 65 patients (8.3%) were excluded because of issues with
aliquoting, missing sampling, missing outcome, or transport problems of samples. Of the
[717patientsincluded (91.7%), 580 were men (80.9%) and median (interquartile range [IQR])
age was 65 (56-73) years. A total of 360 patients (5012%)| had [pooE netirologicotteome at
[eimonthsiViedian (IQR)SertimNFL level was significantly ificieased|in the patients with poor
outcome vs good outcome ati24H6UrS (1426 [299-3577] vs 37 [20-70] pg/mL), 48 hours
(3240 [623-8271] vs 46 [26-101] pg/mL), and[72 hours (3344 [845-7838] vs 54 [30-122]
pg/mL) (P < .001 at all time points), with high'overall performance (areaunder the curve]
|0i920:195) and high sensitivities at high specificities (eg, 69% sensitivity with 98%
specificity at 24 hours) JSefimNEEIeVelsthad significantly gfeater performance than the
[6ther biochemical serum |MaFKers (e, tau, neuron-specific enolase, and S100). At comparable
specificities, serum NFL levels had [gi€ater Semsitivity for poor outcome compared with
routine electroencephalogram, somatosensory-evoked potentials, head computed
[tomography, and both [pupillary and Eorneal Feflexes| (ranging from 29.2% to 49.0% greater

for serum NFL level).

CONCLUSIONS AND RELEVANCE Findings from this study suggest that the SefimNELIIevelis
ahighly predictive marker of long:term poor neurologic outcome at 24 hours after cardiac

arrest and may be a useful complement to currently available neurologic prognostication
methods.
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rognostication of neurologic outcome after cardiac ar-

rest (CA) should be multimodal and typically include

several of the following: clinical neurologic examina-
tion, electroencephalogram (EEG), somatosensory-evoked po-
tentials (SSEP), neuroradiologic examination, and biochemi-
cal markers."? Objective and robust methods that combine very
high specificity with high sensitivity would be valuable to pro-
vide safe and ethical care of patients. Biochemical markers have
the potential to be objective measures of neuronal injury. The
2 most commonly studied blood-based biomarkers of brain in-
jury after CA areS100 and neuron-specific enolase (NSE),>"
and NSE is the only blood biomarker currently recommended
by guidelines for post CA care.'?

A new potential biomarker is meurofilament light chain
(NFL), in which elevated levels in|cerebrospinal fluid or blood
indicateaxonal injury in several neurologic diseases.®!! One
small pilot study found elevated levels of NFL in cerebrospi-
nal fluid,'? but performing lumbar punctures in patients fol-
lowing CA is impractical, while blood samples are easily col-
lected. Two small pilot studies found that elevated blood levels
of neurofilaments corresponded with poor neurologic out-
come after CA, when samples were analyzed with standard
immunoassays.!>4

In this study, we used a novel, ultrasensitive assay with an
automated method for quantifying serum NFL levels on the
single molecule array (Simoa) platform'® to test prognostica-
tion of neurologic outcome after CA in a large cohort of pa-
tients. We compared serum NFL levels with other biomarkers
and methods used in clinical practice and recommended in
guidelines.

Methods

The Target Temperature Management After Cardiac Arrest
(TTM) trial prospectively included unconscious patients
after jout-of-hospital CA and randomized them to [targeted
body temperature management of either 33°C or 36°C.'® The
trial design and main outcomes have been published.!”-!®
Twenty-nine sites participated in the biobank part of the
TTM trial, with 819 patients included between November 11,
2010, and January 10, 2013. The NFL data were available for
717 patients (eFigure 1 in the Supplement). Formal neuro-
logic prognostication was performed, according to
protocol,'®!° for patients still comatose at a minimum of 108
hours after CA by a physician outside the critical care unit
team who was blinded for group allocation as published.2°
This assessment included a clinical neurologic examination.
Routine EEG was also part of the study protocol, whereas
other investigations, such as computed tomography (CT) or
SSEP, were performed on clinical indication typically before
formal prognostication.

Written informed consent was waived or obtained from all
patients or relatives in line with the Declaration of Helsinki?!
and according to each participating site’s national legislation.
The trial protocols were approved by ethical committees in each
participating country. The Standards for Reporting of Diag-
nostic Accuracy Studies guidelines were followed.??
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Key Points

Question What is the value of serum neurofilament light chain
measurement for prognosis of outcome after cardiac arrest?

Findings In this analysis of biobank data from 717 patients at

29 sites, serum neurofilament light chain levels measured at 24 to
72 hours after cardiac arrest were a highly sensitive and specific
marker for poor neurologic outcome 6 months later. The
prognostic performance of serum neurofilament light is greater
than for established serum biomarkers, head computed
tomography, somatosensory-evoked potentials,
electroencephalogram, and bedside clinical tests.

Meaning Measurement of serum neurofilament light levels may
improve management of care for patients with cardiac arrest.

Exposure

The main exposure was serum NFL level measured in samples
collected at 24, 48, and 72 hours after return of spontaneous
circulation (ROSC). All samples were preanalytically pro-
cessed at the site, aliquoted, and frozen to —-80°C before ship-
ment to the Integrated BioBank of Luxembourg for batch analy-
sis after trial completion.

Serum NFL level was measured using the NFL assay
(Simoa HD-1 analyzer with a Homebrew Kit, Quanterix). De-
tails on the methods have been published.!® The lower limit
of quantification was 2.9 pg/mL, determined as 10 SDs above
the mean of the blank signal. Samples were measured at a di-
lution of one-fourth or, for samples with a very high NFL level,
at a dilution of 1/40. The intermediate precision values for 2
quality control samples were 11.8% for a 104-pg/mL quality con-
trol sample and 14.1% for a 31-pg/mL quality control sample.

Alternative biochemical markers included NSE and S100,
both measured using a Cobas e601 instrument with electro-
chemiluminescent immunoassays (Roche Diagnostics),*>and
tau,?* measured by the Human Total Tau kit (Quanterix), using
the Simoa HD-1analyzer."® Hemolysis was determined with the
Cobas system. Board-certified laboratory technicians blinded
toall clinical data analyzed all samples using single batches of
reagents. All biochemical analyses were carried out after trial
completion.

Other examinations included in this study and previ-
ously validated in this cohort were bedside clinical tests, in-
cluding pupillary and corneal reflexes at the time point of prog-
nostication (for each of these, pathologic finding was defined
asbilateral absence of the reflex),?° neurophysiologic tests, in-
cluding median nerve SSEP2° (pathologic finding defined as
bilaterally absent cortical N20 responses), and routine EEG
(pathologic finding defined as highly malignant EEG, with sup-
pression with or without superimposed periodic discharges or
burst suppression with or without superimposed discharges,
as described previously'®), and CT (pathologic finding de-
fined as generalized edema?*).

Outcomes

Neurologic outcome was determined by a face-to-face fol-
low-up at 6 months after CA using the Cerebral Performance
Category (CPC) scale.?® The primary outcome of the study was
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good outcome (good cerebral performance [CPC1] or moder-
ate cerebral disability [CPC2]) vs poor outcome (severe cere-
bral disability [CPC3], coma [CPC4], or brain death [CPC5]). The
modified Rankin Scale (mRS), ranging from mRS O (asymp-
tomatic) to mRS 6 (death), was used as a secondary outcome.

Statistical Analysis

Bivariate associations were evaluated by Mann-Whitney test
and Spearman correlation. Associations between NFL levels
and neurologic outcome were tested by logistic regression ad-
justed for age, sex, and temperature arm. Diagnostic perfor-
mance for poor outcome was tested with receiver-operating
characteristic analysis by calculating the area under the re-
ceiver-operating curve (AUROC). Comparisons between paired
receiver-operating curves (for comparisons of NFL levels with
other biochemical markers) were done by a bootstrap proce-
dure (n = 2000 iterations).

Because high specificity is the most critical metric for use
in CA, in which false-positive predictions may lead to the death
of the patient, we determined cutoffs at specificities of 100%
to 95%. Cutoff points were also defined by the Youden index,
which maximizes the sum of sensitivity and specificity.?® Sen-
sitivities and specificities at all cutoff points were deter-
mined by an out-of-sample cross-validation procedure. In each
iteration (total n = 2000), we selected participants from 70%
of the study sites (randomly chosen) as a training set and the
remaining participants from the other sites as a test set. We de-
termined cutoff points in the training set and evaluated them
for sensitivity and specificity in the test set. None of the sites
and patients used to train the models were therefore used to
test the models. The reported sensitivities and specificities are
the mean results among the 2000 test sets (with 95% CIs, based
on 2.5th and 97.5th quantiles of all iterations).

We compared serum NFL levels with results of neuro-
physiologic, neuroimaging, and brain stem reflex tests. These
comparisons were restricted to patients having data for 24-
hour serum NFLlevel and the alternative method. For each al-
ternative prognostication method, all of which had dichoto-
mous data, we calculated the sensitivity and specificity for poor
neurologic outcome. We then defined the serum NFL cutoff
level that had a matching specificity and calculated the sen-
sitivity for NFL at that cutoff level.

We compared regression models with 1 or several NFL. mea-
surements (24, 48, and 72 hours) as predictors of poor out-
come. We compared models with and without NFL level added
to clinical information (age, sex, time to ROSC, bystander car-
diopulmonary resuscitation [CPR] [yes/no], and serum lac-
tate level at admission) and models with or without neuro-
logic examination, using bilaterally absent corneal reflexes,
because this finding has demonstrated the best ability to pre-
dict poor outcome among clinical tests.2° We used the Akaike
information criterion (AIC) as a measure of overall model fit
for model comparisons.?” A lower AIC indicates a better model
fit. A difference of 2 or more in AIC favors the model with the
smallest AIC.

Longitudinal changes in NFL levels within CPC groups were
tested in linear mixed-effects models with CPClevel as the pre-
dictor, adjusted for age and sex (Ime4 package, version 1.1-12).28
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Table 1. Demographic Characteristics of 717 Patients

Characteristic No. (%)
Age, median (IQR), y 65 (56-73)
Sex
Men 580 (80.9)
Women 137 (19.1)
Time to ROSC, median (IQR), min 25 (17-39)
Bystander CPR?
Yes 511 (71.3)
No 197 (27.5)
CPCat6 mo
1 313 (44.0)
2 44 (6.1)
3 28 (3.9)
4 8(1.1)
5 324 (45.2)
mRS at 6 mo
0 143 (19.9)
1 119 (16.6)
2 73 (10.2)
3 27 (3.8)
4 17 (2.4)
5 14 (2.0)
6 324 (45.2)

Abbreviations: CPC, Cerebral Performance Category scale;
CPR, cardiopulmonary resuscitation; IQR, interquartile range; mRS, modified
Rankin scale; ROSC, return of spontaneous circulation.

2 Data missing on 9 patients.

Because there were only 8 patients with CPC4 status, we
merged the CPC4 and CPC5 groups in this analysis to allow
more reliable longitudinal estimates.

Toreduce the skewness of the NFL measurements, we used
log,o-transformed data. However, for clarity, we present me-
dians and interquartile ranges (IQRs) on the original scale when
describing the results. Diagnostics of regression models in-
cluded standard inspection of residuals, q-q plots, and corre-
lations between residuals and predicted and observed data. Sig-
nificance was set at 2-tailed P < .05. P values were adjusted for
multiple comparisons by Hochberg correction.

Statistical analyses were done with SPSS, version 24.0 (IBM
Corp) and R, version 3.3.2 (The R Foundation for Statistical
Computing).

. |
Results

A total of 717 patients with at least 1 NFL measurement were
included (Table 1; eFigure 1in the Supplement), of whom 360
(50.2%) had poor neurologic outcome at 6 months after CA.
We found no systematic differences between patients with
missing and observed NFL data (eTable 1A in the Supple-
ment). The number of missing samples from patients who had
atleast 1 NFLlevel measurement and were alive at missing time
points was low (eTable 1B in the Supplement). Of the in-
cluded patients, 693 had serum NFL levels at 24 hours (96.7%
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Figure 1. Serum Neurofilament Light Chain (NFL) Measures
by Neurologic Outcome
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Medians with interquartile ranges of serum NFL levels in patients with good
outcome (Cerebral Performance Category Scale [CPC1-2]) vs poor outcome
(CPC3-5) at 6 months for samples taken at 24, 48, and 72 hours. There were no
significant differences in serum NFL levels between temperature arms for
patients with good outcome.

of all patients), 659 at 48 hours (94.8% of 695 patients alive at
48 hours), and 609 patients at 72 hours (92.3% of 660 pa-
tients alive at 72 hours).

Higher serum NFL levels were associated with older age
(p = 0.28, P < .001), longer time to ROSC (p = 0.39, P < .001),
and absence of bystander CPR (median, 82 [IQR, 29-884] pg/mL
with bystander CPR vs 356 [57-2406] pg/mL without by-
stander CPR, P < .001), but not with sex (P = .13) (eTable 1B in
the Supplement). Age, sex, time to ROSC, bystander CPR, or
CPC or mRS status at 6 months did not differ significantly be-
tween patient groups included in NFL analysis at 24, 48, or 72
hours (eTable 1B in the Supplement) or between the 2 tem-
perature groups (eTable 1C in the Supplement). In patients with
poor outcome, serum NFL levels at 72 hours were signifi-
cantly higher in the 33°C arm (4205 [959-10193] pg/mL) com-
pared with the 36°C arm (2693 [683-6660] pg/mL, P = 0.02),
but there were no differences at 24 to 48 hours.

There was no significant association between hemolysis
and NFL levels sampled at 24 hours or 48 hours, but NFL lev-
els were lower at 72 hours in patients with hemolysis. We there-
fore performed a sensitivity analysis with all hemolytic samples
removed, and all main results remained stable (eFigure 2 in the
Supplement).

Serum NFL Levels and Neurologic Outcome

Median (IQR) serum NFL levels were higher in patients with
poor outcome compared with patients with/good outcome (24
hours: 1426 [299-3577] vs 37 [20-70] pg/mL; 48 hours: 3240
[623-8271] vs 46 [26-101] pg/mL; 72 hours: 3344 [845-7838] vs
54 [30-122] pg/mL) (P < [001/at all time points) (Figure 1). The
associations between serum NFL level and neurologic out-
come remained significant when adjusted for age, sex, and tem-
perature arm (eTable 2 in the Supplement). Older age pre-
dicted poor neurologic outcome in these multivariable
analyses.
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We also evaluated each level of the CPC scale individu-
ally. The highest serum NFL levels were seen in the CPC4 and
CPC5 groups. There were no statistically significant differ-
ences between CPC4 and CPC5, but otherwise, each CPC level
had a higher NFL concentration than the previous CPC level.
Similarly, more advanced levels of the alternative clinical scor-
ing system (ie, mRS) were associated with higher concentra-
tions of NFL (eFigure 3 in the Supplement).

Twenty-nine patients had [poor neurologic loutcome de-
spite low or only moderately elevatedNFL (100 pg/mL at 48
hours; the lcutoff point 100 pg/mL corresponds to_the upper
IOR in patients with [good loutcome) (eTable 6 in the Supple-
ment). Of these patients, 24 died (CPC5). The presumed cause
of death was nonneurologic in 17 patients (10 [41.7%] cardiac,
4 [16.7%] multiorgan failure, and 3 [12.5%] other).

Prognostic Performance, Sensitivity,

and Specificity of NFL

Serum NFL level had high performance for poor outcome at
all time points (AUROG, 0.94) (Figure 2A-C). The AUROCs were
greater than for the other biochemical markers (tau, NSE, and
S100) at all time points (P < .001). We found no/significantfin-
creases in performance when combining NFL level measure-
ments at several time points (eTable 3 in the Supplement). Cut-
off levels could be defined with high specificity and still
produce relative high sensitivity. For example, the 98% speci-
ficity cutoff level for NFL concentration at 24 hours had sen-
sitivity of 69% (95% CI, 57%-79%) (Table 2 and Figure 2D-F).
Youden index cutofflevels had sensitivities of 81% to 82% and
specificities of 91% to 93% at the different time points.

Comparing Serum NFL Levels With Other

Prognostication Methods

We compared serum NFL levels with [CT, [SSEP, routine [EEG,
and clinical examination of brain stem/reflexes (Table 3). At a
matched specificity, the sensitivity for serum NFL level was
always greater than for the competing method (ranging from
29.2% t0 49.0% greater for serum NFL level). We used serum
NFL level at 24 hours for all of these comparisons.

Adding Serum NFL Level to Clinical Information

Clinicalinformation (age, sex, time to ROSC, bystander CPR
[yes/nol, and serum lactate level at admission) had moderate
performance for poor outcome (AUROC, 0.760.78) (eTable 4
in the Supplement). The AUROC increased to 0.96 when the
NEL level wasfadded. The effect of adding the NFL level was
significant at all time points (P < .001). The coefficient for the
NFL level changed only marginally when the NFL level was
used alone or together with clinical information. The AICs fa-
vored models that included both NFL level and clinical infor-
mation (eTable 4 in the Supplement). We also evaluated the
combination of clinical information, bedside neurologic ex-
amination (represented by corneal reflexes), and NFL level
(eTable 5 in the Supplement). The combination of clinical in-
formation and bedside testing had an AUROC value of 0.87,
which was improved to 0.98 when NFLlevel wasadded. Both
NFL level and neurologic examination were significant pre-
dictors of poor outcome in the combined model. The AICs fa-
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Figure 2. Accuracy of Biomarkers to Predict Poor Neurologic Outcome

[A] ROC for CP3-5at 24 h ROC for CP3-5 at 48 h

[c] RoC for CP3-5at 72 h

1.0 1.0 1.0
0.8+ 0.8+ 0.8
2 0.6 2 064 2 0.6+
Z Z Z
3 3 3
v 0.4 v 0.4 v 044
AUROC (95% Cl) i’ AUROC (95% Cl) H AUROC (95% Cl)
— NFL=0.94 (0.92-0.95) — NFL=0.94 (0.92-0.96) : — NFL=0.94 (0.93-0.96)
0.2 tau=0.80(0.77-0.84) 0.2 tau=0.91(0.88-0.93) 0.24! tau=0.91(0.88-0.93)
—— NSE=0.75 (0.72-0.79) —— NSE=0.84 (0.81-0.87) ' —— NSE=0.85 (0.82-0.88)
------ $100=0.81(0.77-0.84) ------5100=0.79 (0.75-0.82) ------5100=0.77 (0.73-0.81)
0 T T : : T 0 T T : : T 0 T T : : 1
1.0 0.8 0.6 0.4 0.2 0 1.0 0.8 0.6 0.4 0.2 0 1.0 0.8 0.6 0.4 0.2 0

Specificity

@ Serum NFL level at 24 h E Serum NFL level at 48 h

Specificity

Specificity

E Serum NFL levelat 72 h

286.1 641.4 499.2 1139.7 589.5 1122
50- Specificity 95%  Specificity 99% 50- Specificity 95%  Specificity 99% 50- Specificity 95%  Specificity 99%
~ : [Jcpci-2

401 1 40+ i i 407 i [ cpc3-s
> 301 " | > 301 . ! > 301 1l
c l c m H c o
@ = @ H ] o
> HIlH > H > alh
o o M 1 o
L o Hk i o Al
w204 w204 E w20+

104 10+ i ! 10+ i

[ E— [ E——L 0+

1 10 100 1000 10000 1e+05 1 10 100 1000 10000 1e+05 1 10 100 1000 10000 1e+05

Serum NFL Level, pg/mL

Serum NFL Level, pg/mL

Serum NFL Level, pg/mL

A-C

(CPO)1-2 vs CPC3-5 status 6 months after cardiac arrest for

serum samples obtained at 24, 48, and 72 hours. Serum neurofilament light chain (NFL) level always had significantly greater area under the ROC (AUROC) than the
other biomarkers (P < .001). D-F, CPC1-2 vs CPC3-5 cutoff specificity. These tests were done on participants for whom data were available for all markers (24 hours,
n = 641; 48 hours, n = 608; 72 hours, n = 573). NSE indicates neuron-specific enolase.

vored the model that included both NFL level and bedside neu-
rologic examination (eTable 5 in the Supplement).

Longitudinal Serum NFL Level and Neurologic Outcome
Serum NFLlevel was correlated across the different time points

(p = 0.94-0.98, P < .001). There were o Significantchangesin
NFLlevel over time in the different CPC groups, except for an

increase in NFL level between 24 and 48 hours in the CPC4-
CPC5 group (effect of interaction between CPC4-CPC5 and the
48-hour time point: 3, 4636; SE, 294; P < .001); concentra-
tions at different time points in different CPC groups are seen
in eFigure 3 in the Supplement.

|
Discussion

Serum NFL level measured by an ultrasensitive Simoa assay
was a reliable and jhighly Sensitive predictor of poot neuro-
logic GUECOE at BIFNONERSIaFrer CA with a STHAIITSK of i
[classifying patients with|geod prognosis. Compared withfou-

jamaneurology.com

i€ 688 for prognostication, SeFFINFIIEVENadgreater
[sensitivity for poor outcome: The NFL level also differenti-

ated between various degrees of neurologic function accord-
ing to the CPC and mRS scales, offering unique opportunities
to amore nuanced assessment. Taken together, our results in-

dicate that the SerumNFLIevelisagoodnovel marker for prog:
nosticating long-term neurologic outcome after CA.

The diagnostic performance of the serum NFL level was
stable from 24 to 72 hours (AUROG, 0.94) and was slightly fur-
ther increased when combined with clinical examination
(AUROC, [0196) or bedside eurologic examination (AUROC,
[0:98). The performance did 6t fictease significantly when
combining serum NFL levels at different time points, which
suggests that thetrend mightnot be important for predicting
outcome.

When comparing NFL levels with the serum biomarkers
NSE, S100, and tau, NFL level was the only marker that pre-
dicted poor outcome with high performance at 24 hours post
CA, and NFL level remained superior to the other biomarkers
at 48 and 72 hours. Currently, NSE is the only blood-based bio-
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Table 2. Serum Neurofilament Light Chain (NFL) Specificity, Cutoff Levels, and Sensitivity

Time, Specificity E:\ngf Sensitivity L e ()

h (95% CI)? pg/mL® (95% CI)? True-Positive False-Negative False-Positive True-Negative Total

24 1.00 (0.98-1.00) 12317 0.53 (0.41-0.64) 178 (25.7) 164 (23.7) 0 351 (50.6) 693
0.99 (0.96-1.00) 641 0.64 (0.53-0.74) 216 (31.2) 126 (18.2) 4 (0.6) 347 (50.0) 693
0.98 (0.95-1.00) 478 0.69 (0.57-0.79) 237 (34.2) 105 (15.2) 7 (1.0) 344 (49.6) 693
0.97 (0.94-1.00) 365 0.73 (0.62-0.81) 250 (36.1) 92 (13.3) 11 (1.6) 340 (49.1) 693
0.96 (0.92-1.00) 300 0.74 (0.63-0.84) 256 (36.9) 86 (12.4) 14 (2.0) 337 (48.6) 693
0.95 (0.78-0.96) 154 0.75 (0.65-0.85) 257 (37.1) 85 (12.3) 18 (2.6) 333 (48.1) 693
0.88 (0.90-0.98) 286 0.82 (0.67-0.93) 281 (40.5) 61 (8.8) 34 (4.9) 317 (45.7) 693

48 1.00 (0.98-1.00) 1539 0.65 (0.55-0.74) 208 (31.6) 114 (17.3) 0 337 (51.1) 659
0.99 (0.95-1.00) 1140 0.67 (0.57-0.75) 214 (32.5) 108 (16.4) 4(0.6) 333 (50.5) 659
0.98 (0.93-1.00) 943 0.69 (0.59-0.79) 225 (34.1) 97 (14.7) 7(1.1) 330 (50.1) 659
0.97 (0.92-1.00) 808 0.72 (0.61-0.82) 229 (34.7) 93 (14.1) 11 (1.7) 326 (49.5) 659
0.96 (0.90-1.00) 614 0.75 (0.63-0.85) 242 (36.7) 80 (12.1) 14 (2.1) 323 (49.0) 659
0.95 (0.89-0.99) 499 0.77 (0.67-0.86) 250 (37.9) 72 (10.9) 17 (2.6) 320 (48.6) 659
0.91 (0.85-0.97) 269 0.81 (0.70-0.89) 267 (40.5) 55(8.3) 30 (4.6) 307 (46.6) 659

72 1.00 (0.97-1.00) 1756 0.64 (0.53-0.74) 178 (29.2) 108 (17.7) 0 323 (53.0) 609
0.99 (0.95-1.00) 1122 0.70 (0.59-0.79) 195 (32.0) 91 (14.9) 4(0.7) 319 (52.4) 609
0.98 (0.94-1.00) 963 0.73 (0.62-0.83) 207 (34.0) 79 (13.0) 7(1.1) 316 (51.9) 609
0.97 (0.92-1.00) 768 0.76 (0.65-0.85) 218 (35.8) 68 (11.2) 10 (1.6) 313 (51.4) 609
0.96 (0.91-1.00) 668 0.79 (0.69-0.88) 226 (37.1) 60 (9.9) 13 (2.1) 310 (50.9) 609
0.95 (0.90-1.00) 590 0.80 (0.71-0.89) 227 (37.3) 59 (9.7) 17 (2.8) 306 (50.2) 609
0.93 (0.88-0.98) 493 0.81 (0.72-0.90) 234 (38.4) 52 (8.5) 19 (3.1) 304 (50.0) 609

Abbreviation: CPC, Cerebral Performance Category.

@ Sensitivity and specificity for serum NFL levels (measured at 24, 48, or 72 h) to
separate poor outcomes (CPC3-5) from good outcomes (CPC1-2) at 6-mo
follow-up. Sensitivities, specificities, and 95% Cls were generated by an

out-of-sample cross-validation procedure, which preserved independence of
study sites between training and test sets (n = 2000 iterations).

b Cutoff levels were identified by the Youden index, which maximizes the
combination of sensitivity and specificity and at specificities of 100% to 95%.

chemical marker recommended by European and American
guidelines for prognostication,"? but our results indicate that
NSE is inferior to NFL. One of the reasons for this difference
might be that NFL level is less sensitive to hemolysis than NSE.

The NFL level predicted poor neurologic outcome with
higher sensitivity at identical specificities/compared with other
routine methods of prognostication, including head CT, EEG,
SSEP, and absence of pupillary or corneal reflexes. Head CT and
SSEP were not part of the TTM trial protocol, but they were per-
formed at the responsible physicians’ discretion.?%-2* It is there-
fore possible that patients with poor prognosis were selected
for these tests, which may have inflated the sensitivity of CT and
SSEP to detect poor outcome. Despite this possible bias, which
would lead to an apparent disadvantage for NFL, NFL testing
had superior performance. Furthermore, in those previous prog-
nostication studies, the possibility of a self-fulfilling prophecy
of poor outcome cannot be excluded because results of the in-
vestigations were available to the treating physicians.'?-2%-2% In
contrast, measurements of NFL were not done selectively and
were performed after trial completion, whichexcludesboth the
risk ofselection bias and self-fulfilling prophecy.

Little is known about the development of serum NFL lev-
els after CA, especially before 24 hours and after 72 hours. In
patients with poor outcome, the median NFL levels nearly
doubled from 24 to 48 hours after CA in our cohort, and be-
tween 48 and 72 hours, the NFL level seems to have reached
steady state. Further research is required to examine the ki-

JAMA Neurology Published online October 29, 2018

netics of NFL beyond the first days after CA. One study in box-
ers suggests that it may take several weeks or months after a
traumatic brain injury before NFL levels are normalized,?®
which should be taken into consideration when evaluating pa-
tients with such previous injuries.

Comparisons of NFL levels measured in different studies
must be done with caution because studies may differ in pre-
analytical factors and there is no certified reference standard
for the method; therefore, levels may differ between studies,
especially if they did not include common samples for cali-
bration. However, in arecent study of parkinsonian diseases,”
the control group had median NFLlevels of 9 pg/mL and, ina
study on/Alzheimer disease,® the control group had amean NFL
level of 35 pg/mL, which is close to the least-impaired pa-
tients in the present study (CPCI or mRSO) (eFigure 3 in the
Supplement). Serum or plasma NFL levels in parkinsonian dis-
orders, Alzheimer disease, and cerebral infarctions are rela-
tively low and are therefore unlikely to influence prognosti-
cation in patients with CA.”° The only conditions where
markedly elevated NFL serum levels have been described pre-
viously are amyotrophic lateral sclerosis,!! extensive trau-
maticbrain injury,® and HIV-associated dementia,'® which may
influence the prognostication performance in CA.

Strengths and Limitations
The main strengths of this study include the multicenter de-

sign, [large sample size, prospective and blinded design, de-

jamaneurology.com
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Table 3. Comparing Serum Neurofilament Light Chain (NFL) Levels With Other Prognostication Methods®

Serum NFL Level at 24 h
(No. of Patients), %¢

Poor

Outcome, Cutoff

No. of Time From CA,  Specificity, % Sensitivity, % Level, A Sensitivity,
Method® No. of Patients Patients (%)  Median (IQR), h  (No. of Patients)  (No. of Patients) pg/mL  Sensitivity %
CT, generalized 261 (Positive, 65; 169 (64.8) 23 (2-91) 97.8 (negative, 37.3 (positive, 674 68.6 (positive, +31.3
edema negative, 196) 90 of 92) 63 of 169) 116 of 169)
SSEP, bilaterally 170 (Positive, 65; 137 (80.6) 93 (65-117) 97.0 (negative, 46.7 (positive, 618 75.9 (positive, +29.2
absent negative, 105) 32 of 33) 64 of 137) 104 of 137)
N20-response
Routine EEG, highly 81 (Positive, 30; 63 (77.8) 67 (51-97) 100 (negative, 47.6 (positive, 295 81.0 (positive, +33.4
malignant pattern negative, 51) 18 of 18) 30 0f 63) 51 of 63)
Pupillary reflex, 245 (Positive, 52; 210 (85.7) 119 (96-140) 97.1 (negative, 24.3 (positive, 634 73.3 (positive, +49.0
bilaterally absent negative,193) 34 of 35) 51 of 210) 154 of 210)
Corneal reflex, 245 (Positive, 79; 210 (85.7) 119 (96-140) 97.1 (negative, 37.1 (positive, 634 73.3 (positive, +36.2
bilaterally absent negative, 166) 34 of 35) 78 of 210) 154 of 210)

Abbreviations: CA, cardiac arrest; CT, computed tomography;
EEG, electroencephalogram; IQR, interquartile range; SSEP, somatosensory-
evoked potentials.

<Serum NFL level at 24 h vs alternative methods for prognostication of poor
outcome (Cerebral Performance Category 3-5) at 6 mo. Serum NFL cutoff
levels were determined for matching specificities with each alternative
method. For example, 261 patients had both CT data and 24-h serum NFL
data, and 65 of these patients had edema on CT, a finding with 97.8%
specificity (90 negative CT scans in 92 patients with good outcome) and
37.3% sensitivity (63 positive CT scans in 169 patients with poor outcome).
In the same patients, the cutoff level for serum NFL with the same specificity
(97.8%) was 674 pg/mL, and that cutoff level had 68.6% sensitivity,
representing a difference in sensitivity of 31.3% in favor of serum NFL levels
compared with CT.

2 For each comparison, the analysis was restricted to people who had both data
for the 24-h serum NFL level and the alternative method (the exact sample
therefore differs between each row). Because the number of patient samples
for each test differed, the NFL cutoff level for a given specificity varies for each
comparison.

®Each alternative method had a dichotomous outcome. Positive indicates a
result associated with worse outcome (ie, generalized edema on CT, bilaterally
absent SSEP N20-response, highly malignant EEG pattern, or bilaterally
absent corneal reflexes), and negative indicates results associated with a
better outcome.

tailed face-to-face long-term follow-up, and inclusion of sev-
eral different validated methods of prognostication for
comparison with NFL level. Potentially/a measurement of NFL
level 24 hours after CA may become an important tool to de-
tect severe hypoxic ischemic brain injury with high perfor-
mance. The NFL level may therefore be an important comple-
ment to existing prognostic methods, which potentially allows
for earlier neurologic prognostication in select patients com-
pared with current guidelines.

The study also has|limitations. The Simoa instrument has
limited [availability in routine laboratories. External valida-

tion of the specific cutofflevels presented here and establish-
ment of robust laboratory reference ranges are necessary be-
fore serum NFL levels can be used for decision making in the
care of patients who have undergone CA.

.|
Conclusions

Serum NFLlevel is an early and highly specific indicator of neu-
rologic outcome in CA. It performs better than other biochemi-
cal, clinical, neuroimaging, and electrophysiologic methods.
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