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Abstract

Objective Editorial
To examine the prognostic ability of the combination of EEG and MRI in identifying patients MRI and EEG accurately

with good outcome in postanoxic myoclonus (PAM) after cardiac arrest (CA). ElaSSifZ fa:oraie prcignos%s
or patients with postanoxic

Methods myoclonus: Paradigm shift

Adults with PAM who had an MRI within 20 days after CA were identified in 4 prospective CA Page 149
registries. The primary outcome measure was coma recovery to command following by hospital

discharge. Clinical examination included brainstem reflexes and motor activity. EEG was assessed

for best background continuity, reactivity, presence of epileptiform activity, and burst suppression

with identical bursts (BSIB). MRI was examined for presence of diffusion restriction or fluid-

attenuated inversion recovery changes consistent with anoxic brain injury. A prediction model

was developed using optimal combination of variables.

Results

Among 78 patients, 11 (14.1%) recovered at discharge and 6 (7.7%) had good outcome (Cerebral
Performance Category < 3) at 3 months. Patients who followed commands were more likely to
have pupillary and corneal reflexes, flexion or better motor response, EEG continuity and re-
activity, no BSIB, and no anoxic injury on MRI. The combined EEG/MRI variable of continuous
background and no anoxic changes on MRI was associated with coma recovery at hospital
discharge with sensitivity 91% (95% confidence interval [CI], 0.59-1.00), specificity 99% (95%
CI, 0.92-1.00), positive predictive value 91% (95% CI, 0.59-1.00), and negative predictive value
99% (95% CI, 0.92-1.00).

Conclusions

EEG and MRI are complementary and identify both good and poor outcome in patients with
PAM with high accuracy. An MRI should be considered in patients with myoclonus showing
continuous or reactive EEGs.
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Glossary

ADC = apparent diffusion coeflicient; AUC = area under the receiver operating characteristic curve; BSIB = burst suppression
with identical bursts; CA = cardiac arrest; CI = confidence interval; CPC = Cerebral Performance Category; PAM = postanoxic
myoclonus; TTM = targeted temperature management; WLST = withdrawal of life-sustaining treatment.

Postanoxic myoclonus (PAM) occurs in approximately 20% of
patients surviving after cardiac arrest (CA) and is considered
a strong predictor of poor prognosis." Recent studies, especially
after widespread adoption of targeted temperature management
(TTM), revealed that a subset of patients may achieve good
outcome.”® The combination of clinical and EEG features re-
liably identifies patients with poor outcome, but has limited
positive predictive value of 50%-66% in identifying good
outcome.”> MRI is a promising tool in CA coma prognostica-
tion,* but its use in PAM has not been formally assessed. We
examine the prognostic ability of EEG and MRI to identify

patients with good outcome in a multicenter retrospective study.

Methods

Standard protocol approvals, registrations,
and patient consents

All local institutional review boards approved this study and
granted waiver of informed consent.

Patients

Adult patients with PAM who had an MRI within 20 days after
CA were retrospectively identified in 4 prospective CA regis-
tries. Details on patient management have been described
elsewhere.>>® Collected variables included demographics, ad-
ministration of TTM, and neurologic examination off sedation
at 72 hours. Primary outcome was assessed through coma re-
covery to command following at discharge; secondary outcome
was Cerebral Performance Category7 (CPC; 1-2, good; 3-5,
poor) at 3 months. Withdrawal of life-sustaining treatment
(WLST) occurred after reaching an interdisciplinary consensus
and close involvement with the patient’s family."

EEG analysis

All patients underwent video-EEG recording according to the
international 10-20 system, with continuous EEG monitoring
(US centers) or repeated routine 20-minute recordings (Lau-
sanne). EEGs were prospectively interpreted by local certified
neurophysiologists using the American Clinical Neurophysiol-
ogy Society terminology.® EEGs were defined as epileptiform in
the presence of periodic or rhythmic spikes, sharp waves, or spike
and waves. Burst suppression with identical bursts (BSIB) were
identified. Best EEG background was categorized as reactive vs
unreactive, defined as reproducible change in amplitude or fre-
quency with exclusion of muscle artifacts,"® and as continuous vs
>50% discontinuous.® Due to the retrospective character of this
study with different EEG assessment times, and to minimize
potential effects of sedation, we chose to record best EEG
background rather than distinguishing early vs late background.
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MRI analysis

MRIs were interpreted by senior neuroradiologists and classi-
fied as anoxic in the presence of restricted diffusion-weighted
imaging with associated apparent diffusion coefficient (ADC)
decrease or T2/fluid-attenuated inversion recovery changes. If
anoxic brain injury was present, it was further categorized as
cortical, subcortical, or diffuse. Other major abnormalities not
associated with anoxic brain injury were noted.

Statistical analysis

Data were analyzed using Fisher exact and Student f tests as
appropriate. The Benjamini-Hochberg procedure was ap-
plied to control the false discovery rate, using a g value of
0.0S. Logistic regression was implemented using the Firth
method to account for separation of data. Backward stepwise
selection with criteria for variable removal set to p = 0.10 and
penalized regression (Elastic Net) were evaluated to model
predictors of outcome. Model performance was assessed
with the area under the receiver operating characteristic
curve (AUC) and validated using leave-one-out cross-
validation.

Data availability

Data will be shared at the request of other investigators.
Supplemental data, including samples of EEG and MRI scans,
are available at doi.org/10.5061/dryad.nk98s{7pt.

Results

A total of 78 patients were included, of whom 74 underwent
TTM; 189 patients with PAM were excluded because no
MRIs were performed. Patients had a cardiac etiology in the
majority of our cohort (48/78, 61.5%); 26 (33.3%) pre-
sented with shockable rhythm, 44 (56.4%) with PEA, and 8
(10.3%) with asystole. Return of spontaneous circulation
was achieved after a mean of 19.2 + 9.0 minutes (data not
available for 11 patients). At discharge, 11 (14.1%) patients
recovered to follow commands: 61 (78.2%) died, 3 (3.8%)
were in vegetative state (CPC 4), 10 (12.8%) had severe
disability (CPC 3), 3 (3.8%) had moderate disability (CPC
2), and 1 (1.3%) had a complete recovery (CPC 1). At 3
months, 61 (78.2%) had CPC S (death), 1 (1.3%) CPC 4, 8
(10.3%) CPC 3, 3 (3.8%) CPC 2, 3 (3.8%) CPC 1, and 2
were lost to follow-up.

Patient characteristics stratified by coma recovery are presented
in table 1. MRI changes consistent with anoxic brain injury
were found in 61 (78%), 14 had no MRI lesions, and 3 had
other lesions (stroke, subarachnoid hemorrhage). When
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Table 1 Clinical, electrophysiologic, and MRI characteristics of the patients stratified for their ability to follow commands

at discharge

Does not follow

Follows commands

commands at discharge at discharge Effect estimates (95% Cl) Test
Total patients 67 11
Age,y 54.9+£16.3 52.8+9.9 t=0.61(-5.29 t0 9.66), p = 0.55 Student ¢ test
Female, n (%) 26 (38.8) 3(27.3) OR 1.68(0.36 to 10.73), p = 0.52 Fisher exact test
Time to ROSC 19.2(8.0)° 19.5(13.5) t=-0.87 (-9.59 to 8.85), p = 0.93 Student ¢ test
Pulseless rhythm
Shockable (VT/VF) 22 4 OR 0.86 (0.19 to 4.43), p = 1.00 Fisher exact test
Nonshockable 45 7
Etiology
Cardiac 40 8 OR 0.56 (0.88 to 2.61), p = 0.52 Fisher exact test
Pulmonary 27 3
Neurologic examination/laboratory studies
Present pupillary reflex, n (%) 44 (65.7) 11 (100) OR 0.00 (0.00 to 0.85), p = 0.028° Fisher exact test
Present corneal reflex, n (%) 30 (46.2)° 11 (100) OR 0.00 (0.00 to 0.38), p = 0.00062° Fisher exact test
Motor response better than flexion, n (%) 5(7.6)° 9(81.8) OR 0.02 (0.00 t0 0.13), p < 0.00001" Fisher exact test
Early myoclonus, n (%) 47 (85.5)¢ 6 (60.0)° OR 3.81 (0.64 to 20.83), p = 0.078 Fisher exact test
Highest lactate, 72 h 4.31(2.80) 3.28 (2.99)° t=1.02(-1.20to 3.24), p=0.33 Student t test
Lowest pH, 72 h 7.25(0.13) 7.26 (0.17)° t=-0.09 (-0.14 t0 0.13), p = 0.93 Student ¢ test
EEG
Continuous, n (%) 12(17.9) 11 (100) OR0.00(0.00t0 0.11), p < 0.00001" Fisher exact test
Median days to achieve continuity 2 1 W =67top=0.16% Wilcoxon
Reactive, n (%) 10 (19.6)¢ 8 (80.0)° OR 0.06 (0.01t0 0.39), p = 0.00046 Fisher exact test
Epileptiform, n (%) 65 (95.5) 9(81.8) OR 4.60 (0.34 to 46.26), p = 0.14 Fisher exact test
Burst with identical burst, n (%) 38 (57.6)° 0 (0)° OR Inf (2.71 to Inf), p = 0.00099 Fisher exact test
MRI
Median days to MRI 4 6 W =265,p=0.13 Wilcoxon
Anoxic lesion, n (%) 60 (89.6) 1(9.1) OR 76.78 (8.92 to 3,677.02), p < 0.00001"  Fisher exact test
Cortical, n (%) 56 (83.6) 1(9.1) —
Subcortical, n (%) 49 (73.1) 1(9.1) —
Diffuse, n (%) 27 (40.3) 1(9.1) —
Other lesions, n (%) 1.5(1) 2(18.2) —

Abbreviations: Cl = confidence interval; OR = odds ratio; ROSC = return of spontaneous circulation; VF = ventricular fibrillation; VT = ventricular tachycardia.

2 Eleven patients with missing data.
b Two patients with missing data.
€One patient with missing data.

9 Twelve patients with missing data.
¢ Sixteen patients with missing data.

fSignificant after false discovery rate correction (p < 0.0318).
& After exclusion of 2 patients with EEG recording started after more than 5 days.

present, anoxic brain injury affected the cortical (83.6%) or
subcortical (73.1%) region in most patients, and diffusely

in 40.3%.

Neurology.org/N

An example of a malignant EEG with nonlesional MRI is shown
in figure e-1 (doi.org/ 10.5061/ dryad.nk985f7pt). Anoxic MRI

was present in 1 of 11 patients who recovered and in 60 of 67
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patients who did not. Best background continuity was assessed
after a median of 2 days (range 1-13 days), with 16 of 23
patients achieving continuity on the first day the EEG was
applied; 2 patients whose EEGs were started 6 and 13 days after
CA were eliminated from further calculations. Initial complete
suppression, burst suppression, or myoclonic status evolved
into continuous backgrounds in 3 patients. Among the 23
patients with continuous EEG background, all patients who did
not have anoxic MRI had coma recovery (n = 11), whereas only
1 of 12 with anoxic MRI recovered. Three of 11 patients who
recovered had CPC improvement at 3 months; none of them
had anoxic injury on MRI. The single patient who recovered
with anoxic MRI was discharged from hospital with CPC 3, and
remained unchanged at 3 months.

Backwards elimination resulted in a model of combined varia-
bles of EEG continuity and absence of anoxic MRI changes that
had highest accuracy for coma recovery (0.97; cross-correlation
accuracy 0.97, AUC 0.98) with sensitivity of 91% (95% confi-
dence interval [CI], 0.59-1.0), specificity of 99% (95% CI,
0.92-1.0), positive predictive value of 91% (95% CI, 0.59-1.0),
and a negative predictive value of 99% (95% CI, 0.92-1.0) in
determining coma recovery (table 2 and figure e-2, doi.org/10.
5061/ dryad.nk985f7pt). Other models were discarded for

overfitting. Similar univariate results were obtained for analysis

of 3-month outcome, but the combined variables of EEG re-
activity and absence of anoxic MRI change achieved the highest
AUC (095, table 2 and table e-1, doiorg/10.5061/dryad.
nk98sf7pt).

Characteristics of patients with and without anoxic brain injury
on MRI were examined further (table 3). MRIs with anoxic
injury were obtained sooner than MRIs without (p = 0.045);
early MRIs were also more likely to reveal anoxic injury (p =
0.042). Five patients without anoxic brain injury on MRI died.
All of them had discontinuous and epileptiform EEG, early
myoclonus (within 48 hours from CA), and no motor reaction
better than flexion, but all had preserved pupillary reflexes. One
patient sustained a second CA in the hospital leading to WLST.
One had abnormal MRI with subarachnoid hemorrhage and
BSIB. One presented with superrefractory status epilepticus
leading to WLST due to failing to wean general anesthetics after
10 days. The 2 remaining patients had absent cortical somato-
sensory evoked potentials and BSIB.

Discussion

In this multicenter cohort, the combination of EEG and
anoxic MRI changes resulted in very high accuracy in

Table 2 Significant univariate and multimodal prediction models for good outcome

Model Sensitivity (95% CI)

Specificity (95% CI)

PPV (95% CI) NPV (95% CI) Accuracy

Recovery to follow
commands at discharge

Continuous EEG

1.00 (0.72-1.00)

0.82(0.71-0.90)

0.48 (0.27-0.69)

1.00 (0.94-1.00)

0.85(0.75-0.92)

Reactive EEG

0.80 (0.44-0.97)

0.80 (0.67-0.90)

0.44 (0.22-0.69)

0.95 (0.84-0.99)

0.80 (0.67-0.90)

BSIB—

1.00 (0.69-1.00)

0.58 (0.45-0.70)

0.26 (0.13-0.43)

1.00 (0.91-1.00)

0.63(0.51-0.74)

MRI?

0.91 (0.59-1.00)

0.90 (0.80-0.96)

0.59 (0.33-0.82)

0.98 (0.91-1.00)

0.90 (0.81-0.95)

Pupil reflex

1.00 (0.72-1.00)

0.34(0.23-0.47)

0.20(0.10-0.33)

1.00 (0.85-1.00)

0.44 (0.32-0.55)

Corneal reflex

1.00 (0.72-1.00)

0.54 (0.41-0.66)

0.27 (0.14-0.43)

1.00 (0.90-1.00)

0.61(0.49-0.72)

Motor examination flexor or better

0.92 (0.83-097)

0.92 (0.83-0.97)

0.64 (0.35-0.87)

0.97 (0.89-1.00)

0.91 (0.82-0.96)

Continuous EEG and MRI?

0.91 (0.59-1.00)

0.99 (0.92-1.00)

0.91 (0.59-1.00)

0.99 (0.92-1.00)

0.97 (0.91-1.00)

3-month good outcome (CPC < 3)

Continuous EEG

0.83(0.36-1.00)

0.74 (0.62-0.84)

0.22 (0.07-0.44)

0.98 (0.90-1.00)

0.75 (0.64-0.84)

Reactive EEG

1.00 (0.48-1.00)

0.76 (0.62-0.87)

0.28 (0.10-0.53)

1.00 (0.91-1.00)

0.78 (0.65-0.88)

BSIB—

1.00 (0.54-1.00)

0.54 (0.42-0.67)

0.16 (0.06-0.32)

1.00 (0.91-1.00)

0.58 (0.46-0.69)

MRI?

1.00 (0.54-1.00)

0.84(0.74-0.92)

0.35(0.14-0.62)

1.00 (0.94-1.00)

0.86 (0.76-0.93)

Motor examination flexor or better

0.67 (0.22-0.96)

0.86 (0.75-0.93)

0.29 (0.08-0.58)

0.97 (0.89-1.00)

0.84 (0.74-0.91)

Reactive EEG and MRI?

1.00 (0.48-1.00)

0.91 (0.80-0.97)

0.50 (0.19-0.81)

1.00 (0.93-1.00)

0.92 (0.81-0.97)

Abbreviations: BSIB- = absence of burst suppression with identical bursts; Cl = confidence interval; CPC = Cerebral Performance Category; NPV = negative
predictive value; PPV = positive predictive value.

?No anoxic injury on diffusion-weighted imaging or fluid-attenuated inversion recovery.
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Table 3 Characteristics of the patients stratified according to MRI

Anoxic MRI Non-anoxic MRI Effect estimates (95% Cl) Test
Total patients 61 17
Age 54.1£16.1 56.4+13.4 t=0.58 (-5.62 to 10.10), p = 0.57 Student t test
Female, n (%) 24 (39.3) 5(29.4) OR 1.55 (0.44 to 6.34), p = 0.57 Fisher exact test
Time to ROSC 19.6 (8.4) 18.3(10.8)° t=-0.47 (-7.27 t0 4.58), p = 0.64 Student t test
Median days to MRI 4 6 W =682.5, p=0.04 Wilcoxon
Pulseless rhythm
Shockable (VT/VF) 18 8 OR 2.10 (0.60 to 7.30), p = 0.25 Fisher exact test
Nonshockable 43 9
Etiology
Cardiac 35 13 OR 0.42 (0.09 to 1.56), p = 0.17 Fisher exact test
Pulmonary 26 4
Neurologic examination/laboratory studies
Present pupillary reflex, n (%) 39 (63.9) 16 (94.1) OR0.11 (0.00 to 0.83), p = 0.01 6" Fisher exact test
Present corneal reflex, n (%) 27 (45.8)° 14 (82.4) OR 0.18 (0.03 t0 0.76), p = 0.012° Fisher exact test
Motor response better than flexion, n (%) 4(6.6)° 10 (58.8) OR 0.05 (0.01 to 0.24), p = 0.00001 1f Fisher exact test
Early myoclonus, n (%) 41 (83.7)¢ 12 (75.0) OR 1.70 (0.32 t0 7.78), p = 0.47 Fisher exact test
Highest lactate, 72 h 4.44 (3.09)° 3.24(2.33)° OR 2.39 (0.64 to 11.23), p =0.17 Student t test
Lowest pH, 72 h 7.25 (0.13)° 7.27 (0.15)° t=0.46 (0.67 to 0.11), p = 0.65 Student ¢ test
EEG
Continuous, n (%) 12(19.7) 11 (64.7) OR 0.14 (0.03 to 0.50), p = 0.00071° Fisher exact test
Median days to achieve continuity 2 1 W =27.5, p = 0.068% Wilcoxon
Reactive, n (%) 8(17.9)¢ 10 (66.7)° OR 0.11 (0.02 to 0.47), p = 0.00065" Fisher exact test
Epileptiform, n (%) 58 (95.1) 15(88.2) OR 2.54 (0.20 to 24.33), p = 0.30 Fisher exact test
Burst with identical burst, n (%) 35 (58.3)° 3(18.8)° OR 5.93 (1.42 to 35.81), p = 0.0098" Fisher exact test
Outcome
Death 57 (93.4) 5(29.4) OR 31.29 (6.68 to 190.90), p < 0.00001° Fisher exact test
Follow commands at discharge 1(1.6) 10 (58.8) OR0.01 (0.00t0 0.11), p < 0.00001" Fisher exact test
CPC 1 at discharge 0(0) 1(5.9)
CPC 2 at discharge 1(1.6) 2(11.8)
CPC 3 at discharge 1(1.6) 9(52.9)
CPC 4 at discharge 3(4.9) 0(0)
Good outcome at 3 months (CPC 1-2) 0(0)° 6(35.3) OR 0.00 (0.00 t0 0.19), p < 0.00001" Fisher exact test
CPC 1 at 3 months 0() 3(17.6)
CPC 2 at 3 months 0(0) 3(17.6)
CPC 3 at 3 months 2(3) 6(35)
CPC 4 at 3 months 1(2) 0(0)

Abbreviations: Cl = confidence interval; CPC = Cerebral Performance Category; ROSC = return of spontaneous circulation; VF = ventricular fibrillation; VT =

ventricular tachycardia.

2 Eleven patients with missing data.

®Two patients with missing data.
€One patient with missing data.

9 Twelve patients with missing data.
¢ Fourteen patients with missing data.
fSignificant after false discovery rate correction (p < 0.0375).

& After exclusion of 2 patients with EEG recording started after more than 5 days.
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predicting neurologic recovery to follow commands in co-
matose patients with PAM after CA. Whereas identifying
favorable clinical and EEG features could predict good
outcome in 50% to 67% in previous series of PAM,>> ad-
dition of MRI increases identification rate to >90%. In
agreement with recent data,™ our results demonstrate that
PAM is not universally associated with poor outcome, with
14% of our patients improving to command following at
discharge, and 9% achieving good long-term outcome (CPC
1 or 2 at 3 months).

MRI is one of the latest tools added to the multimodal pre-
diction after CA. However, the absence of anoxic lesions alone
forecasts good outcome with only 73% to 75% positive pre-
dictive value." A recent retrospective analysis not limited to
patients with PAM found that a model combining non-
malignant EEG, flexor or better motor response, and MRI
(quantitative ADC signal) was associated with good outcome
with 100% sensitivity and 91.1% specificity.

Our data reveal that MRI scans provide substantial prognostic
information in addition to EEG and especially to clinical
examinations, particularly in patients with intact brainstem
reflexes; we utilized best available examination and it is un-
clear whether serial examinations would have been more in-
formative. MRI studies may be particularly helpful in
prognostication in these patients, as clinical examination may
be limited due to the medications that may be administered
for control of myoclonic status.

This study has several limitations. Our primary outcome of
coma recovery (following commands) may indicate only
a partial recovery. This was chosen to control for patients
with neurologic recovery who may have unfavorable CPC
scores for other reasons. Although this is a retrospective
analysis, the vast majority of data come from prospective
registries. As this was a multicenter study, treatment pro-
tocols, EEG recording length, and WLST policies differed;
however, this increases the generalizability of results. MRI
scans were analyzed qualitatively and may be subject to
interrater variability; however, all studies were specifically
reanalyzed by trained local neuroradiologists to mitigate this
possibility. The best EEG background was recorded, rather
than distinguishing early vs late scoring. Due to resource
limitations, particularly during nights and weekends, best
EEG background may prove more reflective of real-world
clinical variability. As clinicians had access to EEG and MRI
data, bias due to self-fulfilling prophecy cannot be excluded.
Although MRI scans obtained sooner after CA were more
likely to reveal anoxia, this observational study was not
designed to determine optimal timing to obtain MRIs, but it
is possible that clinical indication was more acute in patients
with suspected poor prognosis. In this cohort, MRI validity
was independent of its timing. Due to the retrospective
design of the study with diagnostic studies ordered at the
clinician’s discretion, only 30% of our PAM population un-
derwent MRI scans. As 95% of patients who did not have an

Neurology | Volume 95, Number 4 | July 28,2020
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MRI died in-hospital, this examination was likely omitted
due to presumed poor prognosis. As such, these results do
not reflect the proportion of anoxic brain injury with po-
tentially favorable prognosis in the greater population of
PAM. However, even within our selected population, the
combination of EEG and MRI showed high correlation with
outcome.

The combination of EEG and MRI achieved identification of
both good and poor outcome in patients with PAM with high
accuracy. Although most existing measures excel in identify-
ing patients with poor outcome, absence of anoxic lesion on
MR, in conjunction with other clinical and EEG prognostic
predictors, identifies patients with good prognosis and may
decrease premature WLST." Our study suggests that an MRI
should be considered in all patients with PAM who have
continuous or reactive EEGs.
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