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Abstract

Aim: Postresuscitation hemodynamics are associated with hospital mortality/functional outcome. We sought to determine whether low-dose ster-
oids started during and continued after cardiopulmonary resuscitation (CPR) affect postresuscitation hemodynamics and other physiological vari-
ables in vasopressor-requiring, in-hospital cardiac arrest.

Methods: We conducted a two-center, randomized, double-blind trial of patients with adrenaline (epinephrine)-requiring cardiac arrest. Patients
were randomized to receive either methylprednisolone 40 mg (steroids group) or normal saline-placebo (control group) during the first CPR cycle
post-enrollment. Postresuscitation shock was treated with hydrocortisone 240 mg daily for 7 days maximum and gradual taper (steroids group),
or saline-placebo (control group). Primary outcomes were arterial pressure and central-venous oxygen saturation (ScvO,) within 72 hours post-
ROSC.

Results: Eighty nine of 98 controls and 80 of 86 steroids group patients with ROSC were treated as randomized. Primary outcome data were col-
lected from 100 patients with ROSC (control, n = 54; steroids, n = 46). In intention-to-treat mixed-model analyses, there was no significant effect of
group on arterial pressure, marginal mean (95% confidence interval) for mean arterial pressure, steroids vs. control: 74 (68—80) vs. 72 (66—79)
mmHg] and ScvO, [71 (68-75)% vs. 69 (65-73)%], cardiac index [2.8 (2.5-3.1) vs. 2.9 (2.5-3.2) L/min/m?], and serum cytokine concentrations
[e.g. interleukin-6, 89.1 (42.8-133.9) vs. 75.7 (52.1-152.3) pg/mL] determined within 72 hours post-ROSC (P = 0.12—0.86). There was no
between-group difference in body temperature, echocardiographic variables, prefrontal blood flow index/cerebral autoregulation, organ failure-
free days, and hazard for poor in-hospital/functional outcome, and adverse events (P = 0.08—>0.99).

Conclusions: Our results do not support the use of low-dose corticosteroids in in-hospital cardiac arrest.

Trial Registration: ClinicalTrials.gov number: NCT02790788 (https://www.clinicaltrials.gov).
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Introduction

Post-cardiac arrest syndrome is characterized by myocardial dys-
function and vasodilatory shock.'? Underlying mechanisms include
ischemia/reperfusion (I/R) injury, myocardial contracture/interstitial
edema, activation of leukocytes/platelets, microvascular plugging,
and a “sepsis-like” cytokine storm.’? The associated severe
endothelial injury® and nitric oxide overproduction result in increased
microvascular permeability and intravascular volume depletion.’?
Brain injury may comprise disruption of the blood—brain barrier, neu-
ronal apoptosis, cytotoxic edema, and impaired cerebral
autoregulation.*®.

Postresuscitation cortisol synthesis may be compromised by I/R
destruction of adrenal tissue."® Lower postresuscitation levels of
corticosteroids and higher levels of interleukin (IL)-6 are associated
with increased in-hospital mortality.”'° In vasodilatory shock
states,'"'? steroids may attenuate pro-inflammatory [e.g. tumor
necrosis factor alpha (TNFa) and IL-6 levels, and endothelial/neu-
trophil activation] and anti-inflammatory (e.g. IL-10 levels)
responses.>'%'* Steroids may also restore vascular responsiveness
to catecholamines,'®° and attenuate postresuscitation myocardial
dysfunction.'®?" Regarding neuroprotection, steroids may enhance
blood-brain barrier integrity’®?? and thereby mitigate cerebral
edema and the associated axonal changes.*

Current evidence supports further study of steroids in cardiac
arrest.® Two prior randomized trials suggested that the
vasopressin-steroids-epinephrine  (VSE) combination improves
short-term and long-term outcomes of patients with in-hospital car-
diac arrest.'®?° However, the combined intervention prevented an
assessment of the contribution of steroids to the positive results.'®*°
In this study, we tested the hypothesis that treatment with stress-
dose steroids might result in improved early postresuscitation hemo-
dynamics, which are associated with mortality and functional out-
come.?* The effect of steroids on systemic inflammation, cerebral
blood flow/autoregulation, and longer-term outcomes were also
determined.

Methods

Additional methodological details and definitions are provided in the
Supplement. We conducted our study in the intensive/coronary care
units (ICUs/CCUs), general wards, emergency departments, and
operating rooms of 2 Greek tertiary care teaching centers, i.e.
Evaggelismos General Hospital, Athens (1200 beds), and Larissa
University Hospital, Larissa (700 beds). Eligible patients had
vasopressor-requiring in-hospital cardiac arrest according to resusci-
tation guidelines 2015,°?® and return of spontaneous circulation
(ROSC) for >20 min. Exclusion criteria were age < 18 years;
“end-stage” disease with life expectancy < 6 weeks [e.g. metastatic
cancer with concurrent organ failure(s); prearrest Sequential Organ
Dysfunction Assessment score > 15;° immunosuppression with
new sepsis-associated organ failure(s)]; uncontrollable hemorrhage
(e.g. aortic aneurysm rupture); cardiac arrest before hospital admis-
sion; prearrest treatment with intravenous corticosteroids; any his-
tory of allergic reaction; prearrest evidence of ST segment

elevation myocardial infarction; any prior inclusion in or exclusion
from the present study; do not-attempt-cardiopulmonary resuscita-
tion (CPR) order; ROSC before adrenaline (epinephrine) administra-
tion;?° active peptic ulcer; projected inability for ICU admission within
48 hours of ROSC; and any deviation from the hospital’s standard
resuscitation procedure. The last 3 exclusion criteria were added
by protocol amendment (see Supplement).

The study was conducted according to the European Union Clin-
ical Trials Regulation No. 536/2014 and the Helsinki Declaration.
Details about the obtained institutional review board approvals and
the requested and obtained next-of-kin deferred consent'®2° are pro-
vided in the Supplement.

Study design and randomization

We conducted a prospective, randomized, double-blind, placebo-
controlled, parallel-group clinical trial. Research Randomizer version
4 (https://www.randomizer.org/) was used for patient group alloca-
tion. Two series of 100 unique random numbers were generated
before study start. Each number was corresponded to 1 of the con-
secutively enrolled patients as their study code number. Subgroups
with a median number of 7 patients (range: 4—10) and an odd or even
first code number were assigned to the control or steroids group,
respectively.

CPR and postresuscitation interventions

We enrolled adult in-patients with cardiac arrest due to ventricular
fibrillation/pulseless tachycardia (VF/VT) not responsive to 3
shocks,?®26 or asystole, or pulseless electrical activity (PEA). Study
treatments were administered during the first CPR cycle post-
enroliment. Patients were randomized to receive either methylpred-
nisolone hydrogen succinate 40 mg (steroids group) or normal saline
placebo (control group). Otherwise, resuscitation was performed
according to the 2015 Guidelines.?>?° Following ROSC, patients with
postresuscitation shock received either hydrocortisone sodium succi-
nate 240 mg daily for 7 days maximum (steroids group), or saline
placebo (control group).'®2°

Documentation and patient follow-up
CPR attempts were documented according to the Utstein
style.’®?%28 Hemodynamics, gas-exchange, electrolytes, glucose,
lactate, administered fluids, and vasopressor/inotropic support were
determined/recorded during CPR, and at 20 min and 4 hours post-
ROSC. At these time points, central-venous blood gas analysis
was also performed and blood samples were obtained for the deter-
mination of cytokines. Postresuscitation cardiac output monitoring
(started in the absence of attending physician objection) was to be
continued for >72 hours post-ROSC. Postresuscitation cardiac func-
tion was assessed by transthoracic echocardiography within the first
12 hours and at 72 hours post-ROSC. Blood flow index (BFI) and tis-
sue oxygenation index (TOI) of the prefrontal cortex and vastus lat-
eralis (as lower-extremity BFI/TOI reference) were to be assessed by
Near-Infrared Spectroscopy (NIRS) and intravenous Indocyanine
Green dye® at 4 and 72 hours post-ROSC. Core body temperature
was recorded hourly for the first 48 hours post-ROSC.

Follow-up at 24, 48, and 72 hours post-ROSC, and then, at 9 a.m.
of days 4-10 postrandomization included (1) Determination/record-
ing of hemodynamics/hemodynamic support, gas-exchange, fluid
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Table 1 - Patient characteristics before cardiac arrest and causes of cardiac arrest.

Characteristic Control group (n = 98) Steroids group (n = 86)
Age — yr? 76.0 (67.0-83.0) 76.0 (63.8-83.3)
Male sex — no. (%) 54 (55.1) 49 (57.0)
Body-mass index — kg/m? @ 26.0 (23.5-28.1) 25.8 (22.8-29.5)
Pre-arrest hospital stay — days® 1.0 (0.5-1.0) 1.0 (0.0-3.0)
Comorbidity— no. (%)
Cardiovascular— no. (%)
Hypertension 64 (65.3) 62 (72.1)
Diabetes 31 (31.6) 28 (32.6)
Coronary artery disease 39 (39.8) 25 (29.1)
Cardiac arrhythmia 26 (26.5) 18 (20.9)
Peripheral vascular disease 26 (26.5) 17 (19.8)
Valvular heart disease 12(12.2) 9 (10.5)
Cardiac conduction disturbances 12 (12.2) 11(12.8)
Non-cardiovascular-no. (%)° 77 (78.6) 71 (82.6)
Hospital Admission Cause — no. (%)°
Acute digestive disease 17 (17.3) 20 (23.3)
Acute respiratory disease 22 (22.4) 16 (18.6)
Acute cardiovascular disease 36 (36.7) 23 (26.7)
Acute neurologic disease 12 (12.2) 12 (14.0)
Trauma 7 (7.1) 2 (2.3)
Malignancy 2 (2.0) 7 (8.1)
Acute renal disease 8 (8.2) 12 (14.0)
Other 4 (4.1) 8 (9.3)
Cause(s) of cardiac arrest-no.(%)®
Hypotension 38 (38.8) 43 (50.0)
Respiratory depression® or failure’ 46 (46.9) 40 (46.5)
Myocardial ischemia/infarction 26 (26.5) 13 (15.1)
Metabolic 26 (26.5) 29 (33.7)
Arrhythmia 14 (14.3) 12 (14.0)
Other? 8 (8.2) 5 (5.8)

2 Data presented as median (interquartile range).

® Includes chronic respiratory, neurologic, digestive, renal, endocrine, psychiatric, ocular, musculoskeletal, and autoimmune disease, malignancy, morbid
obesity, substance abuse, and immunosuppression; 1 control patient (1.0%) had prior treatment with oral prednisone (15 mg/day), and 1 control patient (1.0%)
and 1 Steroids group patient (1.2%) had prior treatment with inhaled corticosteroids.

¢ Some patients had more than one cause of hospital admission; “other” causes included 2 cases of hyponatremia, 2 cases of drug-related QT prolongation,
and 1 case of erysipelothrix infection, substance abuse-related respiratory depression, acute hypothyroidism, food refusal, lower extremity gangrene, elective
coronary artery bypass grafting, immunosuppression-associated sepsis, and septic shock caused by Panton-Valentine-positive methicillin-resistant Staphylo-
coccus aureus.

9 In some patients, there were more than 1 major disturbances precipitating the cardiac arrest.

¢ Occurring during spontaneous breathing.

f Occurring after endotracheal intubation and initiation of mechanical ventilation.

9 Includes 2 cases of drug-related polymorphic ventricular tachycardia (torsades des pointes), 2 cases of central venous catheterization-related hemothorax, 2
cases of bradycardia/asystole due to an acute rise in intracranial pressure, and 1 case of abdominal compartment syndrome, massive unilateral pleural effusion,
upper airway obstruction during feeding, drug-related hyperkalemia, acute myocarditis-associated arrhythmia, drug-associated hypomagnesemia, and vagotonic
arrest.

balance (of the preceding 24 hours), arterial blood lactate, and cen- Secondary: [1] Cardiac output at 4, 24, 48 and 72 hours post-

tral venous oxygen saturation (ScvO,); (2) Blood sampling for deter-
mination of serum cytokines (at 24, 48, 72, and 168 hours post-
ROSC); and (3) Recording of laboratory data, and prescribed medi-
cation. Results of >4 determinations/24 hours of blood glucose were
recorded to determine the daily incidence of hyperglycemia (i.e.
blood glucose > 200 mg/dL). Follow-up to day 60 post-ROSC
included organ failure-free days,'®?° and ventilator-free days."'®?°
Morbidity/complications throughout ICU/CCU and hospital stay,
and times to ICU/CCU and hospital discharge were also recorded.

Outcome Measures Primary:

[1] Arterial blood pressure; and [2] ScvO, at 20 min and at 4, 24,
48, and 72 hours post-ROSC.

ROSC (changed by protocol amendment from primary to secondary
outcome - see Supplement); [2] Left and right ventricular end-
diastolic areas (LVEDA and RVEDA, respectively), left and right ven-
tricular ejection fraction, and eccentricity index within the first 12
hours, and at 72 hours post-ROSC; [3] prefrontal cortex BFI at 4
and 72 hours post-ROSC; [4] Body temperature over the first 48
hours post-ROSC;**~*? [5] Serum concentrations of TNFa, IL-1 beta,
IL-6, IL-8, IL-10, at 4, 24, 48, and 72 hours post-ROSC; [6] Number
of organ failure-free days'®° within days 1-60 post-ROSC; [7] Sur-
vival to hospital discharge with good neurological outcome, defined
as Cerebral Performance Category Score of 1 or 2;'92° and [8]
Potentially corticosteroid-associated complications such as hyper-
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glycemia (during days 1-10 post-ROSC), infections, bleeding peptic
ulcers, and paresis throughout hospital stay.

Statistical analysis
Based on hemodynamic data collected within 24 hours postresusci-
tation,'®?° we predicted that the day-1 mean (SD) of mean arterial
pressure (MAP) would be 71.0 (19.1) and 88.0 (25.1) mmHg in the
control and steroids group, respectively. These predictions were con-
sistent with day-1 estimates of mixed model analyses of pooled VSE
study data.’®?° These VSE hemodynamic data probably reflected
only the effect of steroids,’®*® because plasma half-life of vaso-
pressin is 21 min.>* For the current study, a total of 78 patients (39
in each group) with available day-1 MAP data was required to detect
an effect size d of 0.761 with o = 0.015 and power = 0.80. Target
enrollment was set at 100 patients with ROSC for >20 min to com-
pensate for possible dropouts or missing data due to patient death
within the first 24 hours post-ROSC."*2° For an expected ROSC rate
of >50%,'%*° a maximum of 200 patients would need to be random-
ized to the study treatments.

A primary intention-to-treat (ITT) and a secondary per-protocol
analysis were performed. Distribution normality was tested by the
Kolmogorov-Smirnov test. Data are reported as mean (95% confi-

365 patients assessed

dence interval (Cl)), mean (SD), median (IQR), and number (per-
centage), unless otherwise specified. Continuous variables were
compared by a two-tailed, independent samples t-test or the Mann-
Whitney exact U test. Dichotomous and categorical variables were
compared by two-sided Fisher’s exact test. Linear mixed-model anal-
yses (fixed factors: group, time, group * time, study center, and insu-
lin infusion rate;?>*° random factor: “patients”?°°) were used to
analyze variable data obtained at multiple, consecutive time points
of follow-up; dependent variables with skewed distributions (e.g.
cytokines) were log-transformed. P-values of >2 consecutive com-
parisons were subjected to the Bonferroni correction (i.e. multiplied
by the number of the consecutive comparisons).

Multivariable Cox regression was used to analyze survival data
and determine hazard ratios (HRs) and their 95% Cls for potential
predictors of poor outcome (i.e. death or survival with CPC score
of 3 or 4°°); tested predictors were study center (Evaggelismos vs.
Larissa); group (steroids vs. control); cardiac arrest cause (cardiac
vs. noncardiac), area (monitored vs. non-monitored), and rhythm
(VF/VT vs. asystole/PEA); bicarbonate and adrenaline dose during
CPR; and cardiac arrest occurrence on working day vs. holiday,
and during the morning-to-late-evening (07:00-23:00) shift or the
night (23:00-07:00) shift.?°

al 181 excluded:

for eligibility

184 randomized

/

- 51 had out-of-hospital cardiac arrest

- 46 were already on intravenous steroids

- 26 had end-stage disease

- 18 received ALS with a confirmed algorithm deviation*
- 7 had ST-segment elevation acute myocardial infarction
- 7 refused consent

- 6 had active peptic ulcer

98 randomized to receive
placebo (Control group)

86 randomized to receive
stress-dose Steroids during and
after CPR (Steroids group)

- 5 had uncontrollable hemorrhage
- 4 had projected ICU admission time of > 48 h after ROSC
- 4 had ROSC before epinephrine administration

- 3 had immunosuppression and new sepsis / organ failure

\ 4 v

- 3 had recorded wishes against CPR
- 1 had attending physician objection to steroid use

54 had ROSC for =20 min
5 did not have PRS

3 did not have PRS

46 had ROSC for = 20 min

v v

| 40 alive at 24 h of ROSC |

[ 35 alive at 24 h of ROSC |

v v

| 35 alive at 48 h of ROSC |

[ 29 alive at 48 h of ROSC |

v v

| 35 alive at 72 h of ROSC |

[ 27 alive at 72h of ROSC |

v v

5 with CPC score <2 at
b| Hospital Discharge
98 included in ITT analysis

89 treated as

randomized§ Hospital Discharge

2 with CPC score <2 at

86 included in ITT analysis

80 treated as
randomized §

Fig. 1 - The study flow chart. ROSC, return of spontaneous circulation; ALS, advance life support; ICU, intensive care
unit; CPR, cardiopulmonary resuscitation; PRS, postresuscitation shock. *, Pertains to any confirmed deviation from

the ALS algorithms presented in references 25 and 26; two patients (control, n =

1) were excluded after

randomization. t, Consent was refused within 48 hours of ROSC in all cases; four of these patients were initially
randomized to the control group. }, Four patients were started on open label, stress-dose hydrocortisone within 24
hours post-ROSC; in 3 of these patients, the prescribed hydrocortisone dose differed from the dose specified by the
study protocol; study treatment was withheld in another 3 patients within 24 hours post-ROSC; consequently, a total
of 6 patients were not treated as randomized. §, Nine patients were started on open label stress-dose
hydrocortisone within 24 hours post-ROSC; consequently, these patients were not treated as randomized.



Table 2 - Summary results on study outcomes (besides functional in-hospital outcome, which is presented in Fig. 3).

ITT analyses, first 72 hours post-ROSC

Exploratory ITT analyses, 10-day follow-up

Additional presentation #

Primary outcomes ° Control group Steroids group P-value Control group Steroids group P-value
Systolic arterial pressure, EMM (95% CI), mmHg 109 (100-120) 111 (102-120) 0.64 119 (110-128) 118 (110-127) 0.97 Figure S1
Diastolic arterial pressure, EMM (95% CI), mmHg 54 (49-60) 55 (50-60) 0.71 55 (51-61) 54 (50-59) 0.44 Figure S2
Mean arterial pressure, EMM (95% Cl), mmHg 72 (66-79) 74 (68-80) 0.61 77 (71-83) 75 (70-81) 0.78 Figure 2A
Central venous oxygen saturation, EMM (95% ClI), (%) 69 (65-73) 71 (68-75) 0.17 70 (65-74) 72 (68-77) 0.18 Figure S3
Secondary outcomes Control group Steroids group P-value Control group Steroids group P-value
Cardiac index, EMM (95% Cl), L/min/m? BSA ° 2.9 (2.5-3.2) 2.8 (2.5-3.1) 0.79 2.9 (2.5-3.2) 3.1 (2.7-3.5) 0.33 Figure S4
ITT analyses, at 12 hours post-ROSC ITT analyses, at 72 hours post-ROSC
Echocardiographic variables ° Control group Steroids group P-value Control group Steroids group P-value
LVEDA, median (IQR) at 12 hours, mean (SD) at 72 hours, cm? 19.4 (15.9-29.2) 24.0 (17.8-30.6) >0.99 18.5(2.9) 23.6 (7.9) 0.051 ¢ Table S3
RVEDA, mean (SD), cm? 13.0 (4.0) 12,1 (4.2) 0.98 12.6 (4.1) 14.3 (3.7) 0.48 Table S3
LVEF, median (IQR), (%) 50.0 (37.5-50.0) 45.0 (30.0-55.0) 0.62 55.0 (45.0-55.0) 45.0 (32.5-55.0) 0.44 Table S3
RVEF, mean (SD), (%) 42.7 (9.3) 41.3 (8.7) >0.99 447 (7.1) 42.2 (8.4) 0.94 Table S3

Secondary outcomes

ITT analyses, within 4-12 hours of ROSC T

ITT analyses, at 72 hours post- ROSC

Additional presentation®

NIRS-derived variables® Control group Steroids group P-value Control group Steroids group P-value
Prefrontal cortex BFI, median (IQR), nM/s, 15" Measurement 2.8 (1.7-4.1) 3.3 (2.4-4.5) 0.60 2.4 (1.8-5.4) 3.7 (1.5-6.4) >0.99 Table S4
Prefrontal cortex BFI, median (IQR), nM/s, 2"¢ Measurement 3.9 (1.6-4.9) 3.3 (2.8-4.9) >0.99 3.9 (1.8-4.9) 3.3 (1.6-7.2) >0.99 Table S4
ITT analyses, over 48 hours of ROSC
Control group Steroids group P-value
Core body temperature, mean (SD), degrees Celsius " 36.4 (1.1) 36.2 (1.1) 0.03 Table S5
ITT analyses, first 72 hours post-ROSC Exploratory ITT analyses, 7-day follow-up
Serum cytokine concentrations ' Control group Steroids group P-value Control group Steroids group P-value
Tumor necrosis factor alpha, EMM (95% CI), pg/mL 83.1 (46.1-149.9)  91.4 (53.0-157.8) 0.70 82.3 (45.5-148.9) 90.4 (52.2-156.5) 0.70 Figure S5
Interleukin 1-beta, EMM (95% Cl), pg/mL 99.5 (84.9-116.7) 109.5 (94.0-127.4) 0.12 99.8 (45.5-148.9) 110.5 (52.2-156.3) 0.12 Figure S6
Interleukin 6, EMM (95% ClI), pg/mL 75.7 (42.8-133.9) 89.1 (52.1-152.3) 0.48 78.3 (44.7-137.2) 81.6 (48.1-138.4) 0.86 Figure 2C
Interleukin 8, EMM (95% ClI), pg/mL 146.7 (90.6-237.3) 138.3 (87.5-218.5) 0.75 143.9 (89.0-232.6) 129.5 (82.0-204.6) 0.58 Figure S7
Interleukin 10, EMM (95% Cl), pg/mL 22.8 (11.9-436)  31.5(17.2-57.8) 022  21.6(11.3-41.0) 28.8(15.8-52.7) 0.27  Figure S8
Secondary outcomes ITT analyses, 60-day follow-up Additional presentation *
Organ failure free days Control group Steroids group P-value NA
Circulatory failure free days, median (IQR), max. 0.0 (0.0-12.8), 59.0 0.0 (0.0-26.8), 60.0 0.84
Neurologic failure free days, median (IQR), max. 0.0 (0.0-0.0), 59.0 0.0 (0.0-1.0), 56.0 0.33
Renal failure free days, median (IQR), max. 1.0 (0.0-13.0), 60.0 1.0 (0.0-44.0), 60.0 0.97
Respiratory failure free days, median (IQR), max. 3.0 (0.0-31.8), 60.0 3.0 (0.0-46.8), 60.0 0.83
Coagulation failure free days, median (IQR), max. 7.0 (0.0-29.8), 60.0 3.5 (0.0-48.3), 60.0 0.79
Hepatic failure free days, median (IQR), max. 7.0 (0.0-31.0), 60.0 5.0 (0.5-52.5), 60.0 0.92

(continued on next page)
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Table 2 (continued)

ITT analyses, first 72 hours post-ROSC Exploratory ITT analyses, 10-day follow-up Additional presentation *
Primary outcomes ° Control group Steroids group P-value Control group Steroids group P-value
ITT analyses, follow-up until hospital discharge
Adverse events potentially associated with steroids K Control group Steroids group P-value Table S7
Sepsis /septic shock, no./total no. (%) 17/54 (31.5) 16/46 (34.8) 0.83
Hospital-acquired pneumonia, no./total no. (%) 7/54 (13.0) 11/46 (23.9) 0.20
Urinary tract infection, no/total no. (%) 3/54 (5.6) 0/46 (0.0) 0.25
Paresis, no./total no. (%) 4/54 (7.4) 4/46 (8.7) >0.99
Upper gastrointestinal bleeding— no./total no. (%) 1/54 (1.9%) 0/46 (0.0) >0.99
Episodes of hyperglycemia/patient-day, median (IQR), max. 0 (0-2), 9 0(0-2), 7 0.63
Episodes of hypernatremia/patient-day, median (IQR), max. 0 (0-0), 2 0 (0-0), 3 0.68

ITT, intention to treat; ROSC, return of spontaneous circulation; EMM, estimated marginal mean (by linear mixed-model analyses; see also Statistical Analysis); Cl, confidence interval; BSA, body surface area; LVEDA and
RVEDA, left and right ventricular end-diastolic area, respectively; LVEF and RVEF, left and right ventricular ejection fraction, respectively; NIRS, near-infrared spectroscopy; NA, not applicable. P-values corresponding to >2
consecutive comparisons were subjected to the Bonferroni correction.
This column cites mainly supplemental Figures and Tables with detailed reporting of the results of the ITT analyses.
Ranges of % missing follow-up datapoints through day 10 post-ROSC for the presented variables: control group, 0.5-25.6%; steroids group, 1.8—-24.7%.
% missing follow-up datapoints through day 10 post-ROSC: control group, 20.0%,; steroids group, 28.6%.
Ranges of number of patients with available data for the presented variables: at 12 hours post-ROSC, control group, 16-29; steroids group, 20-28; at 72 hours post-ROSC, control group, 9—15; steroids group, 13-17.
The uncorrected P value of 0.025 was statistically significant.
Following ICU admission, day-1 data on prefrontal cortex BFI were actually collected at a median (IQR) of 5.5 (3.8-12.0) and 8.8 (4.0-12.0) hours post-ROSC in steroids and control group, respectively (P = 0.35).
Number of patients with available data: at 12 hours post-ROSC, control group, 14; steroids group, 15; at 72 hours post-ROSC, control group, 14; steroids group, 11; at 72 hours post-ROSC, mean PaCO, was
approximately 5 mmHg lower in steroids group vs. control (P = 0.005).

" Number of patients with available data: ITT analysis, control group, 42; steroids group, 38.

" Ranges of % missing follow-up datapoints through day 10 post-ROSC for the presented variables: control group, 14.1-14.1%; steroids group, 20.2-20.7%.

I Number of patients with available data: ITT analyses, all variables (besides hepatic failure free days), control group, 54; steroids group, 46; ITT analysis, hepatic failure free days, control group, 51; steroids group, 45.

X Number of patients with available data: ITT analyses (all variables), control group, 54; steroids group, 46.
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Fig. 2 - Time course of mean arterial pressure (A), log-transformed vasopressor infusion rate in patients who
received vasopressors and no./total no. (%) of patient-days of vasopressor use (B), and log-transformed interleukin
(IL)-6 (C) in the Steroids and Control group. Data are presented as mean (95% confidence interval). ITT analysis:
intention-to-treat mixed-model analysis corresponding to the first 72 hours postresuscitation; EXPL: exploratory
mixed-model analyses corresponding to days 1-10 (A, B) or to days 1-7 (C) postresuscitation. In B, the nos./total nos.
(%) of patient days of vasopressor use were compared by Fisher’'s exact test. ROSC, return of spontaneous
circulation. AIC: Akaike information criterion; %VE: percent variance explained, which reflects the squared Pearson
correlation coefficient determined by linear regression with observed variable values as dependent variable and
mixed model-estimated variable values as independent variable. A, B, and C: The sequences of numbers just above
the horizontal axes represent nos. of patients participating in the analysis at the respective follow-up time points. B:
The numbers on the top of the bars reflect numbers of patients not receiving any vasopressor support at the
corresponding time-points of follow-up. T, Additional model information: A, ITT and EXPL analysis: effect of center
and insulin infusion rate, P = 0.17 to 0.52. i, Additional model information: B, ITT and EXPL analysis: effect of center,
insulin infusion rate, and blood glucose, P = 0.22 to 0.71. §, Additional model information: C, ITT and EXPL analysis:
effect of center P = 0.10 to 0.11. ",i,§, Log-transformed values were actually used in all analyses, because data
exhibited skewed distributions; in A, we present the actually observed/recorded values of mean arterial pressure in
mmHg, solely for the purpose of a simplified and clear presentation.

To avert potential bias due to post-randomization exclusion,®®
data from patients with no ROSC were included in the analyses of
survival/neurological outcome and of non-outcome cardiac arrest
variables (for details on analysis protocol modification see
Supplement).

Significance was set at (two-sided) P < 0.05. Sample size was
calculated using G*Power version 3.1 (Heinrich Heine University,
Germany). Analyses were conducted using SPSS version 26
(SPSS).

Results

From November 4, 2016 to May 22, 2018, 184 patients were ran-
domized to the control group (n = 98), or the steroids group
(n = 86); respective ROSC rates were 54/98 (55.1%) and 46/86
(53.5%) (P = 0.88). Patient follow-up was completed on August 11,
2018. Baseline characteristics were generally similar; between-
group differences of >10% were present in the frequency of preex-
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GROUP
-1 Control
0.8 I Steroids

0.6 ITT Analysis
HR for CPC Score of 3to 5
Steroids vs. Control: 1.12, 95% CIl: 0.82-1.54; P = 0.48

04

CPC Score of 1 or2

0.2

Cumulative Survival to Hospital Discharge with

0.0

0 10 20 30 40 50 60

Time After Randomization (days)

No. _m 98 26 16 10 8 7 5
Alive 1 86 21 9 6 6 5 2
Fig. 3 - Probability of survival with a Cerebral

Performance Category (CPC) score of 1 or 2 until day
60 after the return of spontaneous circulation (ROSC),
which was identical to survival to hospital discharge
with a CPC score of 1 or 2; intention-to-treat (ITT)
analysis. “No. Alive:” reflects total number of
participants minus (1) those who died before the
corresponding time point; and (2) those in whom
neurologic failure (i.e. Glasgow Coma Scale score of
<9) was confirmed (before the corresponding time
point) and was followed either by death before
hospital discharge (without any intervening neurologic
failure free day) or by determination of a CPC score of 3
or 4 at hospital discharge (again, without any
intervening neurologic failure free day). Therefore,
“No. Alive” reflects patients who could still achieve
hospital discharge with a CPC score of 1 or 2.

isting coronary artery disease, acute cardiovascular disease as hos-
pital admission cause, and 2 cardiac arrest causes (Table 1). Fig. 1
displays the study flow chart. Eighty nine controls (90.8%) and 80
steroids group patients (93.0%) were treated as randomized; addi-
tional details, including the post-ROSC use of steroids are reported
in the Supplement. Results of per-protocol analyses are not pre-
sented, because they were similar to those of the ITT analyses.

Peri-arrest data

There was no significant difference in recorded cardiac arrest char-
acteristics, and peri-arrest physiological variables and therapeutic
interventions (supplemental Tables S1 and S2).

Study outcomes and vasopressor infusion rate

Table 2 displays summary results on study outcomes, besides func-
tional in-hospital outcome. Additional details are reported in the Sup-
plement (as indicated in Table 2).

In mixed-model analyses, there was no significant effect of group,
group * time, and center on primary outcomes [i.e. arterial pressure
(Fig. 2A) and ScvOy), or on cardiac index. Regarding patients receiv-
ing vasopressors, estimates for vasopressor infusion rates (non-
outcome variable) were similar in the 2 groups (P > 0.48)
(Fig. 2B). There was no difference in patient-days of vasopressor
use (non-outcome variable) over days 1-3 post-ROSC (P = 0.11);

control vs. steroids group had more patient-days of vasopressor
use over days 4-10 post-ROSC (P < 0.001) (Fig. 2B).

There was no significant, between-group difference in day-1 and
day-3 echocardiographic variables and prefrontal cortex BFI. Mean
body temperature over the first 48 hours post-ROSC was slightly
lower (i.e. by 0.2—0.3 °C) in the steroids group vs. control (P < 0.03).

There was no significant effect of group, group * time, and center
on serum cytokine concentrations (Fig. 2C). There was no significant
between-group difference in organ failure free days and adverse
events.

Survival and neurological outcome

The steroids vs. control HR for poor functional outcome was non-
significant (P = 0.28-0.48; Fig. 3). For Cox model details, see
Table S6.

Non-outcome variables
Table 3 displays main results on non-outcome variables. Additional
details are reported in the Supplement (as indicated in Table 3).

Mixed-model estimates for steroids group vs. control included
more positive fluid balance (first 72 hours post-ROSC), higher arte-
rial lactate (days 1-10 post-ROSC), and lower arterial pH (first 72
hours post-ROSC) (all P < 0.03).

In exploratory analyses of day-1 and day-3 NIRS measurements,
cerebral autoregulation was adequate®” (see also footnote of Table 3)
over an MAP range of 70-110 mmHg®>® in similar proportions of ster-
oids and control NIRS-subgroup patients (P > 0.99).

There were significant between-group differences in the number
of patient-days with use of various drug classes through day 10. Drug
classes included vasopressors (see also Fig. 2B), antibiotics, antiar-
rhythmics, antiepileptics and antihypertensives; see Supplement for
details.

In exploratory analyses, there was no significant, between-group
difference in the proportions of patients with postresuscitation shock
and subsequent shock reversal (see footnote of Table 3 and Supple-
ment), or the times (in days) to first post-ROSC cessation of vaso-
pressors. Also, determinants of vasopressor responsiveness (i.e.
mean systemic filling pressure, cardiac pump performance and sys-
temic vascular resistance)®**° did not differ between steroids group
and control patients with available data (Table 3; see also
Supplement).

There was no significant between-group difference in ventilator
free days, or postresuscitation ICU/CCU and hospital stay.

Discussion

We evaluated the effect of intra-arrest methylprednisolone and post-
ROSC hydrocortisone on early postresuscitation circulatory and sys-
temic inflammation endpoints, reportedly associated with long-term
outcomes.”'%24#1744 Oyr results suggest lack of physiological ben-
efit of corticosteroid supplementation in in-hospital cardiac arrest.
Steroids did not affect postresuscitation MAP/ScvO,, cardiac func-
tion, prefrontal cortex BFI, and systemic inflammation. Accordingly,
steroids did not improve postresuscitation organ dysfunction or sur-
vival/neurological outcome.

Current results on hemodynamic variables differ from those
reported by the VSE studies.'®?° Indeed, mixed-model analyses of
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Table 3 - Main results on non-outcome variables.

ITT analyses, first 72 hours post- Exploratory ITT analyses, Additional presentation #
ROSC 10-day follow-up
Hemodynamic support and related variables °Control group Steroids P-  Control Steroids P-  Figures S11-S18
group value group group value
Vasopressor infusion rate EMM (95% Cl), ng/0.30 (0.16— 0.31 (0.18— 0.89 0.18 (0.11-0.16 (0.10— 0.78 Figure 2B
kg/min © 0.55) 0.52) 0.29) 0.27)
Fluid balance, EMM (95% CI), mL 927 (-93to 2125 (1306— 0.01 1071 (408— 1652 (1048-0.07 Figure S11
1948) 2944) 1735) 2257)
Arterial blood lactate, EMM (95% Cl), mmol/L4.5 (1.7-7.3) 6.2 (3.8-8.6) 0.20 2.9 (0.4— 5.7 (3.5-7.9)0.03 Figure S12
5.4)
Arterial blood pH, EMM (95% ClI) 7.36 (7.32— 7.31 (7.27— 0.0047.35 (7.30-7.34 (7.28— 0.69 Figure S18
7.41) 7.35) 7.40) 7.39)
ITT analysis, at 12 hours post-  ITT analysis, at 72 hours
ROSC post- ROSC
Control group Steroids P- Control Steroids P-
group value group group value

Cerebral autoregulation (by NIRS) adequate, °5/14 (35.7)  6/15 (40.0) >0.996/14 (42.9) 4/11 (36.4) >0.99Table S4
no./total no. (%) ©

ITT analysis, 60-day follow-up

Control group Steroids P-
group value
Shock reversal in patients with PRS, no./total16/49 (32.7) 16/43 (37.2) 0.68 NA
no. (%) '
Days to first cessation of vasopressors, 2.0 (1.3-4.8); 3.5 (3.0-6.0); 0.18 NA
median (IQR); max ¢ 9.0 8.0
Exploratory analysis, first 72 Additional presentation #
hours post-ROSC
Control group Steroids P- Supplemental Results and
group value Figure S19
Mean systemic filling pressure, EMM (95% 20.2 (18.9- 20.0 (18.1— 0.86
Cl),mmHg " 21.6) 22.0)
Cardiac pump performance, EMM (95% Cl), 0.51 (0.47— 0.46 (0.42— 0.10
fraction of unity " 0.55) 0.50)
Systemic vascular resistance, EMM (95% CI),1131 (1012— 1113 (993— 0.83
dynes * s/cm® " 1248) 1232)
Control group Steroids P-
group value
Ventilator free days, median (IQR), max.' 0.0 (0.0-2.0), 0.0 (0.0-5.0), 0.77 NA
58.0 53.0
Length of hospital stay, days — median (IQR);7.5 (0.9-32.5);4.5 (0.7-41.3);0.25 Table S8'
max. 218.0 147.0

ITT, intention to treat; ROSC, return of spontaneous circulation, EMM, estimated marginal mean (by linear mixed-model analyses; see also.

Statistical Analysis); Cl, confidence interval; NIRS, near-infrared spectroscopy; BS, broad spectrum; PRS, postresuscitation shock. NA, not applicable. P-values
corresponding to >2 consecutive comparisons were subjected to the Bonferroni correction.

2 This column cites mainly supplemental Figures and Tables with detailed reporting of the results of the ITT analyses.

® Ranges of % missing follow-up datapoints through day 10 post-ROSC for the presented variables: control group, 2.2—13.4%; steroids group, 3.0-13.8%; see
Supplement for further details.

¢ Calculated as the sum of the infusion rates of norepinephrine (in ug/kg/min), dopamine/2 (in pg/kg/min), and epinephrine (in pg/kg/min).*°

d Cerebral autoregulation was defined as adequate according to the following criterion: Pearson correlation coefficient between mean arterial pressure and
prefrontal cortex tissue oxygenation index of <0.3;** see Methods and Supplemental Methods for further details.

¢ No. of patients with available data, ITT analysis at 12 hours post-ROSC, control group, 14; steroids group, 15; ITT analysis at 72 hours post-ROSC, control
group, 14; steroids group, 11.

f Defined as maintenance of a mean arterial pressure of >70 mmHg without any vasopressor support for a minimum of 24 hours.

9 Variable pertains solely to patients who had PRS followed by shock reversal.

" Formulas of determination are presented in the Supplement; data originate from all patients who received cardiac output monitoring. (control group, 32;
steroids group, 27); a cardiac pump performance of 1.00 is considered to reflect normal heart function.*®

' No. of patients with available data, ITT analysis, control group, 54; steroids group, 46.

I Supplemental Table S8 displays additional details on the length of intensive/coronary care unit stay.
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pooled VSE study data'®?° revealed a significantly higher MAP (by
approximately 9—10 mmHg) over the first 72 hours post-ROSC in
the intervention group. Group*time estimates suggested that the
VSE-associated MAP increase could peak at 17 mmHg through
the first 24 hours post-ROSC and then decline to 4-6 mmHg over
the subsequent 48 hours. This MAP benefit was determined at a sim-
ilar level of support with vasopressors and fluids in the VSE and con-
trol groups. In contrast, current mixed-model estimates of MAP
values were similar in the steroids and control group. Group*time
estimates suggested a slightly and nonsignificantly higher MAP (by
5-6 mmHg) within the first 4 hours post-ROSC in the steroids group;
however, this was followed by very similar MAP values at the subse-
quent follow-up time points (Fig. 2A). Vasopressor infusion rates,
vasopressor use and determinants of vasopressor responsive-
ness®?*° did not differ between the 2 groups during the first 72 hours
post-ROSC; however, steroids group patients received more fluids
and had a higher arterial lactate during follow-up.

The neutral results on ScvO,, cardiac index, echocardiographic
variables, and prefrontal cortex BFI were consistent with the results
on arterial pressure, indicating a similar systemic and regional-
cerebral hemodynamic profile in the 2 groups. Our neutral results
on shock reversal and vasopressor requirements were consistent
with the main findings of a prior, small (n = 50), randomized study
with different major characteristics.*° In the latter study: (1) 76% of
the participants had out-of-hospital cardiac arrest; (2) median down-
time to ALS was 21 min - as opposed to 2 min in the current study
(Table S1); and (3) median time to administration of stress-dose
hydrocortisone was 9.7 hours after ROSC*®“6- as opposed to the
current study’s intra-arrest methylprednisolone.

Our results on early postresuscitation IL-6 levels (Table 2 and
Fig. 2C) are consistent with those reported by 3 prior studies.®'94°
However, in contrast with 2 of these studies,'®*> we found no
between-group difference in post-ROSC cytokine concentrations.
Collectively, our results imply a potential, early resistance to previ-
ously documented circulatory and immunomodulatory mechanisms
of steroid action.'2%4748 Notably, compared to the current steroids
group, our combined, prior VSE groups'®?° had a markedly shorter
median ALS duration (i.e. 14 min vs. 27 min in the steroids group;
Table S1), and substantially higher rates of ROSC after just 2-3
vasopressor doses (i.e. 32.0-48.9% vs. 5.8-15.1% in the steroids
group; Table S1). However, a long low-flow/ischemia time may
increase the I/R-induced oxidation of the glucocorticoid receptor
(GR).**"®' This may enhance the proteasome degradation of the
GR,**°° with consequent decrease in GR expression®' and resis-
tance to steroids. Such resistance might wane later-on, as implied
by our day 4—10 results on vasopressor use (Fig. 2B). These spec-
ulations/interpretations should be evaluated in future studies.

Our results on organ failure-free days and functional in-hospital
outcome are consistent with neutral findings on survival and/or func-
tional outcome reported by 2 retrospective observational studies
(n = 262-458),°>°° and the randomized study of Donnino et al.*®
However, 2 large, retrospective observational studies (n = 2333-10
890)>*°° suggested associations between postresuscitation steroid
use and survival to hospital discharge. Accordingly, 2 recent system-
atic reviews of the conflicting published evidence were inconclusive
about steroid use in cardiac arrest.>®>”

Study limitations
ROSC was not an outcome in this study, because methylpred-
nisolone was not combined with vasopressin during CPR.'9258

However, the early, nongenomic vasoconstrictor effect of methyl-
prednisolone'®3%4859-62 can be expected within 30—60 min post-
administration, and should therefore mainly concern
patients with ROSC. Also, vasopressor dose was not part of the pri-
mary outcome, despite its pre-specified recording along with MAP.
However, there was no between-group difference in vasopressor
dose or use over the time-frame of MAP determination as primary
outcome.

QOur prediction for a possible, steroid-related increase in MAP of
17 mmHg could be regarded as overoptimistic. The current study
could detect only a large effect size. However, prior control subgroup
data (n = 13)*° suggested a hydrocortisone-associated median rise
in MAP of 24 mmHg within 4-24 hours post-ROSC (unpublished
observations; see Supplement for details). Furthermore, postresusci-
tation disease may be considered as a sepsis-like syndrome,'""'?
and prior data from patients with septic shock suggested
hydrocortisone-associated MAP increases of 15-30 mmHg.'®.

Additional limitations included (1) limited sample size precluding
reliable evaluation of long-term outcomes'®?° and contributing to
“baseline imbalances”*® (Table 1); such imbalances in conjunction
with treatment individualization in small study groups might partly
explain the observed differences in the prescribed medication
(Tables 3 and S9); (2) group cross-contamination by steroids’ use
in 9 controls with vasopressor-refractory hemodynamic instability;>°
(3) lack of determinations of cortisol levels,'®*> and GR expres-
sion;®' (4) inability to assess factors such as steroids’ accessibility
to the GR,%*®® GR functionality,®>®* GR interaction with other pro-
teins,>%%%° and GR accessibility to the genome;®® and (5) missing
echocardiographic and NIRS data from >50% of the patients of both
groups.

15,19,569,60

Study strength

This study comprised the first randomized controlled evaluation of
the effect of steroids on multiple post-ROSC physiological mecha-
nisms potentially affecting functional outcome. Furthermore, the
results were consistently neutral across all of the conducted
analyses.

Implications for practice and research

Our results do not support the use of stress-dose steroids in in-
hospital cardiac arrest. Future research should further elucidate the
possible role of interventions targeted at improving post-ROSC
hemodynamics and attenuating inflammation.
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