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BACKGROUND: Cytokine storm is a marker of coronavirus disease 2019 (COVID-19) illness
severity and increased mortality. Immunomodulatory treatments have been repurposed to
improve mortality outcomes.

RESEARCH QUESTION: Do immunomodulatory therapies improve survival in patients with
COVID-19 cytokine storm (CCS)?

STUDY DESIGN AND METHODS: We conducted a retrospective analysis of electronic health records
across the Northwell Health system. COVID-19 patients hospitalized between March 1, 2020, and
April 24, 2020, were included. CCS was defined by inflammatory markers: ferritin, > 700 ng/mL;
C-reactive protein (CRP),> 30 mg/dL; or lactate dehydrogenase (LDH), > 300 U/L. Patients were
subdivided into six groups: no immunomodulatory treatment (standard of care) and five groups
that received either corticosteroids, anti-IL-6 antibody (tocilizumab), or anti-IL-1 therapy (ana-
kinra) alone or in combination with corticosteroids. The primary outcome was hospital mortality.

RESULTS: Five thousand seven hundred seventy-six patients met the inclusion criteria. The most
common comorbidities were hypertension (44%-59%), diabetes (32%-46%), and cardiovascular
disease (5%-14%). Patients most frequently met criteria with high LDH (76.2%) alone or in
combination, followed by ferritin (63.2%) and CRP (8.4%). More than 80% of patients showed an
elevated D-dimer. Patients treated with corticosteroids and tocilizumab combination showed
lower mortality compared with patients receiving standard-of-care (SoC) treatment (hazard ratio
[HR], 0.44; 95% CI, 0.35-0.55; P< .0001) and with patients treated with corticosteroids alone (HR,
0.66; 95% CI, 0.53-0.83; P ¼ .004) or in combination with anakinra (HR, 0.64; 95% CI, 0.50-0.81;
P¼ .003). Corticosteroids when administered alone (HR, 0.66; 95% CI, 0.57-0.76; P< .0001) or in
combination with tocilizumab (HR, 0.43; 95% CI, 0.35-0.55; P < .0001) or anakinra (HR, 0.68;
95% CI, 0.57-0.81; P < .0001) improved hospital survival compared with SoC treatment.

INTERPRETATION: The combination of corticosteroids with tocilizumab showed superior
survival outcome when compared with SoC treatment as well as treatment with corticoste-
roids alone or in combination with anakinra. Furthermore, corticosteroid use either alone or
in combination with tocilizumab or anakinra was associated with reduced hospital mortality
for patients with CCS compared with patients receiving SoC treatment.
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In March 2020, New York City and its metropolitan area
became the epicenter for coronavirus disease 2019
(COVID-19) in the United States, with more than
250,000 cases and more than 17,000 deaths by early May
2020.2 Throughout this outbreak, physicians and
scientists have struggled to understand the pathogenesis
and clinical course of this infection. Early retrospective
data from China and Italy showed increased mortality in
those with elevated inflammatory markers, such as
ferritin, C-reactive protein (CRP), lactate dehydrogenase
(LDH), IL-6, and D-dimer.3 Uncontrolled and unabated
cytokine release and a hyperinflammatory response,
termed the COVID-19 cytokine storm (CCS), was
described as a major determinant of poor survival.4

Limited data existed to guide clinical decision-making in
the absence of Food and Drug Administration-approved
COVID-19-specific therapies. Faced with rapidly
increasing rates of infection and hospitalizations,
physicians repurposed immunomodulatory treatments in
an attempt to curtail morbidity and mortality. Although
initial reports discouraged the use of corticosteroids, later
publications suggested survival benefits.3,5,6 Small
retrospective studies reported improved outcomes in CCS
by using anti-IL-6 (ie, tocilizumab [Roche]) and anti-IL-1
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therapies (ie, anakinra [Sobi])7-9 that are used commonly
for inflammatory conditions such as cytokine release
syndrome and macrophage-activation syndrome. Further
evidence supporting the use of anti-IL-1 was based on
previous reports of improved survival in a subgroup of
patients with sepsis and hyperferritinemia.10

Within Northwell Health, the largest private nonprofit
health system in New York State, a multidisciplinary
committee consisting of pulmonology, infectious
disease, immunology, and rheumatology specialists was
formed to create COVID-19 treatment protocols. This
included the identification of CCS, which we defined as
ferritin > 700 ng/mL11 or CRP > 30 mg/dL3,12 or LDH
> 300 U/L.3 Treatment protocols with corticosteroids,
tocilizumab, and anakinra as potential
immunomodulatory therapies were based on the
available literature at the time.3,11,12 Because of the
rapidly evolving data and surge of patients in a short
period, wide variation in the use of these drugs occurred
across the health system. In this retrospective study, we
leveraged this natural experiment to compare mortality
in patients meeting criteria for CCS who received
different combinations of these immunomodulatory
drugs.
Methods
Study Population

We retrospectively analyzed electronic health record data of patients
admitted to the 12 hospitals and EDs within the Northwell Health
system between March 1, 2020, and April 24, 2020. The institutional
review board for the Feinstein Institutes of Medical Research at
Northwell Health approved this study as minimal-risk research and
waived the requirement for informed consent. Inclusion criteria
were: COVID-19 positivity as determined by polymerase chain
reaction testing of nasopharyngeal swabs; age older than 18 years;
and meeting CCS criteria of ferritin > 700 ng/mL11 or CRP >

30 mg/dL3,12 or LDH > 300 U/L3 (e-Fig 1). T0 was identified as the
time at which a patient first met this definition. Patients who
received any of the prespecified immunomodulatory drugs before T0

were excluded from this study.

Group Definition

Six groups were identified based on whether they received any of the
predefined immunomodulatory drugs. One group consisted of those
who received none of the medications, labeled as the standard-of-
care (SoC) group. Five treatment groups received varying
combinations of the three immunomodulatory drugs: corticosteroids
only (S), corticosteroids and tocilizumab (ST), corticosteroids and
anakinra (SA), tocilizumab only (T), and anakinra only (A). In the
timeframe of this analysis, hydroxychloroquine, azithromycin,
colchicine, and vitamin C, either alone or in combination, were
administered to COVID-19 patients as part of institutional protocols
(e-Table 1).

Statistical Methods

The primary objective was to compare in-hospital mortality among
COVID-19 patients with CCS who received combinations of
immunomodulatory treatments vs SoC treatment. Potentially
confounding variables (covariates) were included in the multivariate
model based on clinical experience and the COVID-19 literature at
[ 1 5 9 # 3 CHES T MA R C H 2 0 2 1 ]
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TABLE 1 ] Patient Demographics

Variable Missing Data
Standard of Care

(N ¼ 3,076)
Steroids Only
(n ¼ 1,383)

Steroids Plus
Tocilizumab
(n ¼ 454)

Steroids Plus
Anakinra
(n ¼ 733)

Tocilizumab Only
(n ¼ 73)

Anakinra Only
(n ¼ 57) P Value

Demographics

Age, y 64.6
(53.5-76.4)

66.5
(55.8-76.9)

64.5
(54.9-73.1)

65.7
(56.5-74.7)

62.4
(55.1-68.7)

66.7
(57.6-74.6)

.01

Sex

Female 1,185 (38.5) 489 (35.4) 123 (27.1) 238 (32.5) 21 (28.8) 19 (33.3) < .0001

Male 1,891 (61.5) 894 (64.6) 331 (72.9) 495 (67.5) 52 (71.2) 38 (66.7)

Race

White 1,021 (33.2) 474 (34.3) 163 (35.9) 208 (28.4) 239(39.7) 12 (21.1) .0013

Black 656 (21.3) 293 (21.2) 68 (15) 139 (19) 8 (11) 17 (29.8)

Asian 372 (12.1) 161 (11.6) 64 (14.1) 98 (13.4) 8 (11) 1 (1.8)

Other/multiracial 867 (28.2) 372 (26.9) 132 (29.1) 243 (33.2) 24 (32.9) 23 (40.4)

Unknown 160 (5.2) 83 (6) 27 (5.9) 45 (6.1) 4 (5.5) 4 (7)

Ethnicity

Hispanic or Latino 671 (21.8) 319 (23.1) 119 (26.2) 171 (23.3) 13 (17.8) 12 (21.1) .41

Non-Hispanic or Latino 2,141 (69.6) 944 (68.3) 295 (65) 513 (70) 55 (75.3) 42 (73.7)

Other/unknown 264 (8.6) 120 (8.7) 40 (8.8) 49 (6.7) 5 (6.8) 3 (5.3)

Insurance

Commercial 916 (29.8) 410 (29.6) 159 (35) 230 (31.4) 35 (47.9) 15 (26.3) < .0001

Medicare 1,354 (44) 656 (47.4) 178 (39.2) 319 (43.5) 26 (35.6) 27 (47.4)

Medicaid 634 (20.6) 271 (19.6) 103 (22.7) 162 (22.1) 12 (16.4) 14 (24.6)

Self-pay 49 (1.6) 30 (2.2) 7 (1.5) 15 (2) 0 (0) 0 (0)

Other 123 (4) 16 (1.2) 7 (1.5) 7 (1) 0 (0) 1 (1.8)

Smoking status

Active 67 (2.2) 22 (1.6) 10 (2.2) 18 (2.5) 1 (1.4) 2 (3.5) .15

Former 426 (13.8) 212 (15.3) 71 (15.6) 107 (14.6) 13 (17.8) 9 (15.8)

Never 2,203 (71.6) 971 (70.2) 305 (67.2) 523 (71.4) 54 (74) 41 (71.9)

Smoker/status unknown 122 (4) 38 (2.7) 17 (3.7) 14 (1.9) 3 (4.1) 2 (3.5)

Unknown 258 (8.4) 140 (10.1) 51 (11.2) 71 (9.7) 2 (2.7) 3 (5.3)

Hospital status

Community 1,108 (36) 414 (29.9) 142 (31.3) 169 (23.1) 17 (23.3) 15 (26.3) < .0001
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TABLE 1 ] (Continued)

Variable Missing Data
Standard of Care

(N ¼ 3,076)
Steroids Only
(n ¼ 1,383)

Steroids Plus
Tocilizumab
(n ¼ 454)

Steroids Plus
Anakinra
(n ¼ 733)

Tocilizumab Only
(n ¼ 73)

Anakinra Only
(n ¼ 57) P Value

Tertiary 1,968 (64) 969 (70.1) 312 (68.7) 564 (76.9) 56 (76.7) 42 (73.7)

Comorbidities

BMI, kg/m2 808 (14)

18.5-24.9 666 (25.9) 270 (22.1) 75 (18.2) 152 (23.2) 23 (37.1) 18 (36.7) .004

< 18.5 286 (11.1) 139 (11.4) 41 (10) 71 (10.8) 1 (1.6) 5 (10.2)

25-29.9 821 (31.9) 405 (33.2) 149 (36.3) 215 (32.8) 14 (22.6) 12 (24.5)

$ 30 799 (31.1) 405 (33.2) 146 (35.5) 217 (33.1) 24 (38.7) 14 (28.6)

Charlson
comorbidity
index

1 (0.02)

0 333 (10.8) 102 (7.4) 30 (6.6) 48 (6.5) 4 (5.5) 3 (5.3) < .0001

1-2 683 (22.2) 184 (20.5) 127 (28) 182 (24.8) 14 (19.2) 15 (26.3)

3-4 710 (23.1) 353 (25.5) 133 (29.3) 221 (30.2) 26 (35.6) 14 (24.6)

$ 5 1,349 (43.9) 644 (46.6) 164 (36.1) 282 (38.5) 29 (39.7) 25 (43.9)

Asthma 134 (4.4) 105 (7.6) 25 (5.5) 48 (6.5) 9 (12.3) 2 (3.5) .01

COPD 88 (2.9) 67 (4.8) 14 (3.1) 31 (4.2) 1 (1.4) 3 (5.3) .02

HTN 1,454 (47.3) 682 (49.3) 224 (49.3) 379 (51.7) 43 (58.9) 25 (43.9) .11

DM 980 (31.9) 460 (33.3) 154 (33.9) 241 (32.9) 27 (37) 26 (45.6) .27

Cardiovascular disease 393 (12.8) 181 (13.1) 59 (13) 88 (12) 10 (13.7) 3 (5.3) .63

CKD_ESRD 11 (0.2) 356 (11.6) 145 (10.5) 29 (6.4) 55 (7.5) 4 (5.5) 5 (8.8) .001

Hemodialysis 43 (1.4) 4 (0.3) 1 (0.2) 7 (1) 0 (0) 0 (0) .01

Cancer 178 (5.8) 86 (6.2) 33 (7.3) 49 (6.7) 8 (11) 5 (8.8) .35

Chronic liver disease 19 (0.6) 5 (0.4) 4 (0.9) 4 (0.5) 0 (0) 0 (0) .75

Autoimmune disease 38 (1.2) 31 (2.2) 8 (1.8) 15 (2) 0 (0) 1 (1.8) .14

Interstitial lung disease 52 (1.7) 64 (4.6) 43 (9.5) 27 (3.7) 7 (9.6) 1 (1.8) < .0001

Severity of illness surrogates

Mechanical ventilation 143 (4.6) 82 (5.9) 35 (7.7) 30 (4.1) 7 (9.6) 1 (1.8) .01

Vasopressor use 89 (2.9) 50 (3.6) 18 (4) 18 (2.5) 3 (4.1) 1 (1.8) .49

Laboratory data

CRP, mg/dL 738 (12.8)

(Continued)
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TABLE 1 ] (Continued)

Variable Missing Data
Standard of Care

(N ¼ 3,076)
Steroids Only
(n ¼ 1,383)

Steroids Plus
Tocilizumab
(n ¼ 454)

Steroids Plus
Anakinra
(n ¼ 733)

Tocilizumab Only
(n ¼ 73)

Anakinra Only
(n ¼ 57) P Value

0-0.5 21 (0.8) 1 (0.1) 1 (0.2) 3 (0.5) 0 (0) 0 (0) < .0001

> 0.5-2.5 164 (6.3) 32 (2.6) 3 (0.7) 4 (0.6) 0 (0) 0 (0)

> 2.5 2,405 (92.9) 1,211 (97.3) 427 (99.1) 645 (98.9) 68 (100) 53 (100)

D-dimer, ng/mL DDU 2,026 (35.1)

< 230 350 (19.1) 112 (12.5) 56 (16) 80 (14.1) 18 (30) 4 (8.3) .0002

230-1150 1,129 (61.8) 582 (65.1) 222 (63.2) 360 (63.3) 31 (51.7) 33 (68.8)

> 1150 349 (19.1) 200 (22.4) 73 (20.8) 129 (22.7) 11 (18.3) 11 (22.9)

Serum ferritin, ng/mL 615 (10.7)

< 30 1 (0) 2 (0.1) 1 (0.2) 1 (0.1) 0 (0) 0 (0) < .0001

30-400 423 (15.7) 182 (14.5) 28 (6.5) 59 (8.8) 7 (10.9) 4 (7.7)

> 400-2000 1,783 (66.3) 805 (64.2) 307 (71.6) 457 (68) 49 (76.6) 34 (65.4)

> 2000 484 (18) 264 (21.2) 93 (21.7) 155 (23.1) 8 (12.5) 14 (26.9)

LDH, U/L 991 (17.1)

< 242 106 (4.2) 20 (1.7) 1 (0.3) 5 (0.8) 3 (5.5) 3 (5.6) < .0001

$ 242 2,413 (95.8) 1,170 (98.3) 341 (99.7) 620 (99.2) 52 (94.5) 51 (94.4)

Hemoglobin, g/dL 121 (2.1)

< 11.5 767 (25.4) 304 (22.5) 55 (12.4) 117 (16.3) 16 (21.9) 11 (20.8) < .0001

11.5-15.5 2,025 (67.1) 938 (69.4) 343 (77.6) 546 (76.3) 52 (71.2) 34 (64.2)

> 15.5 227 (7.5) 110 (8.1) 44 (10) 53 (7.4) 5 (6.8) 8 (15.1)

Eosinophils, K/mL 310 (5.4)

0-0.5 2,891 (99.6) 1,307 (99.8) 435 (100) 697 (99.9) 69 (100) 52 (100) .56

> 0.5 12 (0.4) 2 (0.2) 0 (0) 1 (0.1) 0 (0) 0 (0)

Neutrophil-to-lymphocyte ratio 321 (5.6)

< 0.75 23 (0.8) 5 (0.4) 2 (0.5) 2 (0.3) 0 (0) 0 (0) < .0001

0.75-4 823 (28.4) 227 (17.4) 70 (16.1) 93 (13.5) 15 (21.4) 12 (23.5)

> 4-20 1,879 (64.7) 939 (72) 309 (70.9) 518 (75) 48 (68.6) 34 (66.7)

> 20 177 (6.1) 134 (10.3) 55 (12.6) 78 (11.3) 7 (10) 5 (9.8)

Platelets, K/mL 129 (2.2)

< 150 615 (20.4) 271 (20.1) 91 (20.6) 128 (17.9) 15 (20.5) 9 (17) .42

150-500 2,348 (77.9) 1,062 (78.8) 347 (78.5) 572 (80) 58 (79.5) 42 (79.2)
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TABLE 1 ] (Continued)

Variable Missing Data
Standard of Care

(N ¼ 3,076)
Steroids Only
(n ¼ 1,383)

Steroids Plus
Tocilizumab
(n ¼ 454)

Steroids Plus
Anakinra
(n ¼ 733)

Tocilizumab Only
(n ¼ 73)

Anakinra Only
(n ¼ 57) P Value

> 500 53 (1.8) 15 (1.1) 4 (0.9) 15 (2.1) 0 (0) 2 (3.8)

Serum sodium,
mM

53 (0.9)

< 135 913 (29.9) 440 (32.1) 191 (42.6) 314 (43.3) 25 (34.7) 22 (39.3) < .0001

135-145 1,921 (62.9) 835 (60.9) 248 (55.4) 380 (52.3) 43 (59.7) 32 (57.1)

> 145 218 (7.1) 95 (6.9) 9 (2) 32 (4.4) 4 (5.6) 2 (3.6)

Alanine
aminotransferase, IU/L

153 (2.7)

< 40 1,667 (55.8) 741 (54.9) 219 (49.5) 371 (51.5) 44 (63.8) 31 (55.4) .06

40-200 1,235 (41.4) 578 (42.8) 208 (47.1) 338 (46.9) 24 (34.8) 23 (41.1)

> 200 84 (2.8) 30 (2.2) 15 (3.4) 12 (1.7) 1 (1.4) 2 (3.6)

Aspartate amino
transferase,
IU/L

151 (2.6)

< 40 1,090 (36.5) 360 (26.7) 97 (21.9) 173 (24) 30 (43.5) 13 (23.2) < .0001

40-200 1,767 (59.1) 946 (70.1) 327 (74) 526 (73) 30 (43.5) 39 (69.6)

> 200 131 (4.4) 43 (3.2) 18 (4.1) 22 (3.1) 4 (5.8) 4 (7.1)

eGFR, mL/min/1.73 m2 54 (0.9)

< 15 313 (10.3) 118 (8.6) 17 (3.8) 49 (6.7) 3 (4.2) 3 (5.4) < .0001

15-60 839 (27.5) 444 (32.4) 123 (27.5) 228 (31.4) 26 (36.1) 24 (42.9)

> 60 1,788 (58.6) 761 (55.5) 301 (67.2) 438 (60.3) 41 (56.9) 29 (51.8)

> 120 110 (3.6) 47 (3.4) 7 (1.6) 11 (1.5) 2 (2.8) 0 (0)

Data are presented as No. (%) or median (25th-75th percentiles) unless otherwise indicated. P values > .05, shown in bold, were considered statistically significant. CKD_ESRD ¼ chronic kidney disease_end-stage renal
disease, indication patient on dialysis; CRP ¼ C-reactive protein; DDU ¼ D-dimer unit; DM ¼ diabetes mellitus; eGFR ¼ estimate glomerular filtration rate; HTN ¼ hypertension; LDH ¼ lactate dehydrogenase. Chi-
square, Fisher exact, or Kruskal-Wallis tests were used to compare statistical significance, between groups, as appropriate. Demographics and comorbidity data were obtained at baseline on admission. Vasopressor
and invasive mechanical ventilation use was within 24 h before T0. Laboratory values included the closest value to T0 from within 96 h before T0. CRP, ferritin, LDH, and D-dimer were defined within 96 h before T0 and
up to 12 h after T0 because of laboratory ordering practices.
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TABLE 2 ] Hazard Ratios With 95% CIs for Cox Regression Model

Variable Hazard Ratio (95% Confidence Limits) P Value

Treatment groupsa . . . . . .

Standard of care Reference . . .

Steroids only 0.66 (0.57-0.76) < .0001

Steroids plus tocilizumab 0.44 (0.35-0.55) < .0001

Steroids plus anakinra 0.68 (0.57-0.81) < .0001

Tocilizumab only 0.79 (0.47-1.32) 0.36

Anakinra only 0.79 (0.44-1.42) 0.43

Demographics . . . . . .

Age 1.03 (1.02-1.04) < .0001

Sex . . . . . .

Female Reference . . .

Male 1.13 (0.99-1.29) .07

Race . . . . . .

White Reference . . .

Asian 0.94 (0.78-1.14) .53

Black 0.80 (0.68-0.95) .01

Other/multiracial 0.84 (0.70-1.02) .08

Unknown 0.91 (0.64-1.30) .61

Ethnicity . . . . . .

Not Hispanic or Latino Reference . . .

Hispanic or Latino 1.02 (0.83-1.24) .88

Other/unknown 0.84 (0.61-1.17) .30

Insurance . . . . . .

Commercial Reference . . .

Medicaid 1.25 (1.01-1.56) .04

Medicare 1.13 (0.94-1.35) .20

Other 0.91 (0.49-1.70) .76

Self-pay 2.28 (1.45-3.56) .0003

Smoking status . . . . . .

Never Reference . . .

Active 1.43 (0.94-2.21) .11

Former 0.93 (0.78-1.11) .42

Smoker (unknown active/former) 1.42 (1.09-1.83) .01

Unknown 3.02 (2.58-3.56) < .0001

Disease severity indexes . . . . . .

Mechanical ventilation . . . . . .

No Reference . . .

Yes 1.49 (1.18-1.87) .0007

On vasopressors . . . . . .

No Reference . . .

Yes 0.97 (0.74-1.27) .83

Laboratory parameters . . . . . .

Eosinophils, K/uL . . . . . .

0-0.5 Reference . . .

> 0.5 1.16 (0.29-4.61) .84

(Continued)
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TABLE 2 ] (Continued)

Variable Hazard Ratio (95% Confidence Limits) P Value

Platelets, K/uL . . . . . .

150-500 Reference . . .

< 150 1.20 (1.05-1.37) .01

> 500 1.10 (0.66-1.84) .71

Hemoglobin, g/dL . . . . . .

11.5-15.5 Reference . . .

< 11.5 1.01 (0.88-1.17) .90

> 15.5 1.05 (0.84-1.31) .64

eGFR, mL/min/1.73 m2 . . . . . .

60-120 Reference . . .

< 15 2.30 (1.83-2.89) < .0001

15-60 1.74 (1.50-2.01) < .0001

> 120 1.09 (0.59-2.00) .79

AST, U/L . . . . . .

0-40 Reference . . .

> 40 1.35 (1.15-1.58) .0002

> 200 1.58 (1.13-2.21) .01

ALT, U/L . . . . . .

0-40 Reference . . .

> 40 0.84 (0.72-0.97) .02

> 200 1.07 (0.71-1.62) .76

Sodium, mM . . . . . .

135-145 Reference . . .

< 135 1.20 (0.96-1.26) .19

> 145 1.24 (1.03-1.50) .03

Ferritin, ng/mL . . . . . .

30-400 Reference . . .

< 30 2.26 (0.27-18.92) .45

> 400 1.04 (0.84-1.30) .73

> 2000 1.21 (0.94-1.56) .14

CRP, mg/dL . . . . . .

0-0.5 Reference . . .

> 0.5 3.12 (0.34-28.33) .31

> 2.5 4.11 (0.47-35.70) .20

D-dimer, ng/mL DDU . . . . . .

0-230 Reference . . .

> 230 1.34 (1.03-1.75) .03

> 1150 1.67 (1.24-2.26) .0008

LDH, U/L . . . . . .

<242 Reference . . .

$ 242 1.59 (0.96-2.63) .07

NLR . . . . . .

0.75-4 Reference . . .

< 0.75 2.10 (1.17-3.77) .01

> 4 1.22 (1.03-1.46) .03

(Continued)
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TABLE 2 ] (Continued)

Variable Hazard Ratio (95% Confidence Limits) P Value

> 20 1.17 (0.92-1.49) .20

Hospital status . . . . . .

Community Reference . . .

Tertiary 0.64 (0.56-0.73) < .0001

Comorbidities . . . . . .

Charlson comorbidity index . . . . . .

0 Reference . . .

1-2 1.00 (0.62-1.63) 1.00

3-4 1.11 (0.68-1.82) .69

$ 5 1.42 (0.84-2.40) .19

Asthma . . . . . .

No Reference . . .

Yes 1.35 (1.01-1.79) .04

COPD . . . . . .

No Reference . . .

Yes 1.23 (0.95-1.59) .12

Chronic liver disorder . . . . . .

No Reference . . .

Yes 0.95 (0.46-1.95) .89

DM . . . . . .

No Reference . . .

Yes 1.02 (0.89-1.17) .79

HTN . . . . . .

No Reference . . .

Yes 0.83 (0.73-0.94) .0045

ILD . . . . . .

No Reference . . .

Yes 2.17 (1.76-2.69) < .0001

Autoimmune disorder . . . . . .

No Reference . . .

Yes 1.21 (0.74-1.98) .44

Cardiovascular disease . . . . . .

No Reference . . .

Yes 1.13 (0.96-1.33) .13

CKD . . . . . .

No Reference . . .

Yes 0.88 (0.72-1.07) .21

Cancer . . . . . .

No Reference . . .

Yes 1.20 (0.96-1.50) .10

Hemodialysis . . . . . .

No Reference . . .

Yes 0.99 (0.58-1.69) .96

BMI, kg/m2 . . . . . .

18.5-24.9 Reference . . .

(Continued)
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TABLE 2 ] (Continued)

Variable Hazard Ratio (95% Confidence Limits) P Value

< 18.5 1.15 (0.93-1.44) .20

25-29.9 0.98 (0.83-1.42) .77

$ 30 1.07 (0.90-1.27) .46

Results of the multivariate model of in-hospital mortality for coronavirus disease 2019 patients meeting inclusion criteria with coronavirus disease 2019 cytokine
storm. Hazard ratios for treatment groups represent adjustment for covariates in the model, comparing with standard of care treatment as reference. Treatment
group hazard ratios are not adjusted for multiple comparisons between treatment groups. Refer to Figure 3 (and e-Table 2) for treatment differences using
Tukey’s adjustment for multiple comparisons between treatment groups. P values < .05, shown in bold, were considered statistically significant. ALT ¼ alanine
aminotransferase; AST ¼ aspartate aminotransferase; CKD ¼ chronic kidney disease; CRP ¼ C-reactive protein; DDU ¼ D-dimer unit; DM ¼ diabetes mellitus;
eGFR¼ estimate glomerularfiltration rate; HTN¼ hypertension; ILD¼ interstitial lung disease; LDH¼ lactate dehydrogenase; NLR¼ neutrophil-to-lymphocyte ratio.
aCox regression analysis was performed to identify covariables that were associated with increased mortality in our population.
the time. These included demographic data such as age, sex, race or
ethnicity, smoking history, insurance status, and whether patients
were treated in a tertiary vs community medical center.
Comorbidities examined included chronic lung disease (ie, asthma,
COPD), cardiovascular disease, hypertension, diabetes, renal disease,
hemodialysis, liver disease, cancer, autoimmune disease, Charlson
comorbidity index, and BMI. Laboratory data included CRP, ferritin,
D-dimer, LDH, hemoglobin, platelet count, serum sodium, serum
transaminases, and neutrophil-to-lymphocyte ratio. We also included
disease severity surrogates, such as use of invasive mechanical
ventilation (IMV; at any time before T0) and vasopressor use (within
24 h of T0).

Statistical Analyses

Treatment groups were compared using demographic variables,
comorbidities, and baseline laboratory values using the c 2, Fisher
exact, or Kruskal-Wallis tests, as appropriate. Categorical variables
were summarized using percentages. Continuous variables were
summarized using medians with 25th to 75th percentiles.
Laboratories considered clinically important were included in the
analysis. Baseline laboratory values in this study were defined as
the value closest to T0 within the 96 h before T0. Exceptions
942 Original Research
were for CRP, ferritin, and D-dimer, which were defined as
within 96 h before T0 and up to 12 h after T0 because of
laboratory ordering practices. Patient survival was calculated from
T0 to the time of in-hospital death. Data from patients discharged
from the hospital or remaining in the hospital on April 24, 2020,
were considered censored.

Patient survival was compared between treatment groups using the
Cox regression model, adjusting for all covariates outlined above.
The proportional hazards assumption was assessed and deemed
acceptable. PROC MI (SAS version 9.4 software [SAS Institute]),
with all variables from Table 1, was used for the multiple
imputation. Missing laboratory values were handled using multiple
imputation, using 50 imputed datasets. We used the fully conditional
method with a discriminant function for the imputation of the
laboratory categories (eg, low, normal, or high, as specified in
Table 2). Holm’s stepdown procedure for multiple comparisons was
used to account for the 15 pairwise tests resulting from the six
groups. The final model included all clinically important covariates
regardless of their statistical significance (the full model). SAS
version 9.4 software was used for the statistical analysis. Results were
considered statistically significant if P < .05.
Results

Patient Characteristics

Of the 14,489 patients with COVID-19 seen in EDs or
admitted to hospitals within the Northwell Health
system during the study period, 6,619 (45.7%) patients
met at least one criterion for the definition of CCS. Of
these, 5,776 patients were included in the final analysis
(Fig 1).

Demographic characteristics and distribution of
covariates across groups are reported in Table 1. Men
outnumbered women by a ratio of 2:1. A significant
difference in the racial distribution across treatment
groups was noted, with more Black people in the A
group and White people in the T group. A higher
proportion of patients identifying as other or multiracial
race were noted in the A group. Most of the cohort (>
65%) had never smoked. The most common
comorbidities across groups were: hypertension (44%-
59%), diabetes (32%-46%), cardiovascular disease (5%-
14%), chronic kidney disease (5%-12%), cancer (5%-
11%), and asthma (3%-12%). Less than 2% of patients
were receiving hemodialysis before T0. Approximately
40% of the patients in the cohort demonstrated a low
predicted 10-year survival rate based on Charlson
comorbidity index score ($ 5). More patients had a
moderate to high Charlson comorbidity index score ($
3) in the T group as compared with other treatment
groups. More patients in the S, ST, and T treatment
groups were receiving IMV and vasopressors at T0.

More than 80% of the patients who met criteria for CCS
showed elevated D-dimer levels, of which approximately
20% showed levels more than five times the upper limit
of normal. The most common criterion met for CCS
definition was high LDH, which was found in 76.2% of
patients, either alone or in combination with other
criteria, followed by high ferritin (63.2%) and CRP
(8.4%). The definition of CCS was met by only one
criterion in 56.0% of patients, by two criteria in 40.2% of
patients, and by three criteria in 3.8% of patients. The
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Patients with COVID-19
confirmed by PCR

between March 1, 2020
to April 24, 2020

14,489

CCS
Criteria met with any one of the
following conditions:

• Ferritin > 700 ng/mL
• CRP > 30 mg/dL
• LDH > 300 U/L

5,776
In final analysis

5,882

5,895

6,619

724 excluded
Received drugs before

the cytokine storm

104 excluded
Received all 3 drugs

13 excluded
< 18 years of age

2 excluded
Received anakinra +

tocilizumab

Received
steroids only (S)

(n = 1,383)

Received standard
of care (SoC)
(N = 3,076)

Received steroids
+ tocilizumab (ST)

(n = 454)

Received
tocilizumad only (T)

(n = 73)

Received steroids
+ anakinra (SA)

(n = 733)

Received anakinra
only (A)
(n = 57)

Figure 1 – Consort diagram showing selection of patients, inclusion criteria, and exclusion criteria applied to form the final cohort of 3,098 patients.
Exclusion criteria included receiving any of the immunomodulatory drugs before the diagnosis of cytokine storm, age younger than 18 years, having
received all three study drugs, having received the combination of anakinra and tocilizumab, or missing clinically relevant covariates. Three
thousand ninety-eight patients remained in the final analysis. CCS ¼ coronavirus disease 2019 cytokine storm; COVID-19 ¼ coronavirus disease
2019; CRP ¼ C-reactive protein; LDH ¼ lactate dehydrogenase; PCR ¼ polymerase chain reaction.
distribution of CRP, ferritin, and LDH levels is provided
in e-Figure 1. A statistically significant difference was
found between treatment arms with respect to CRP,
ferritin, and LDH levels (P < .0001), with the SoC group
showing lower median CRP, ferritin, and LDH levels
compared with the S, ST, and SA groups.

Kaplan-Meier (unadjusted) survival estimates for
treatment groups are presented in Figure 2. A Cox
proportional hazards regression model was used to
compare treatment groups, adjusting for clinically
important variables. In this model, demographic covariates
that had a statistically significantly associated with
increased mortality were older age, unknown smoking
status, Medicaid, and self-pay insurance (Table 2). Higher
mortality was associated with the presence of asthma,
chestjournal.org 94
interstitial lung disease, and the need for IMV at T0.
Higher mortality also was associated with elevated
D-dimer level, thrombocytopenia, low glomerular filtration
rate, transaminitis, hypernatremia, and abnormal
neutrophil-to-lymphocyte ratio. Lower mortality was
noted in patients with hypertension and Black race.

Pairwise comparisons between treatment groups are
presented in Figure 3 and e-Table 2. Patients in the ST,
SA, and S groups showed significantly improved survival
compared with the SoC group (ST vs SoC: hazard ratio
[HR], 0.44; 95% CI, 0.35-0.55; P < .0001; SA vs SoC:
HR, 0.68; 95% CI, 0.57-0.81; P < .0001; S vs SoC: HR,
0.66; 95% CI, 0.57-0.76; P < .0001). When comparing
the treatment groups with each other, the ST group
showed significantly improved survival compared with
3
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Figure 2 – Model-based Kaplan-Meier plots showing treatment groups
(adjusted for covariates). This figure represents the unadjusted Kaplan-
Meier plots for treatment groups with number of patients at risk (ie,
patients who remained admitted at the hospital at that time point). The
treatment groups are as follows: A ¼ anakinra only; S ¼ steroid only;
SA ¼ steroids plus anakinra; SoC ¼ standard of care; ST ¼ steroids plus
tocilizumab; T ¼ tocilizumab only.

A vs SoC

S vs SA
ST vs SA

ST vs S
ST vs SoC

S vs SoC
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T vs SA

T vs SoC
A vs S
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Figure 3 – Graph showing hazard ratios for treatment differences using
Tukey’s adjustment for multiple comparisons. The figure represents
pairwise comparisons for all treatment groups with Tukey’s adjustment
for multiple comparison. Groups in red are statistically significant. The
groups are as follows: A ¼ anakinra only; S ¼ steroid only; SA ¼ ste-
roids plus anakinra; SoC ¼ standard of care; ST ¼ steroids plus toci-
lizumab; T ¼ tocilizumab only.
SA or S groups (ST vs SA: HR, 0.64; 95% CI, 0.50-0.81;
P ¼ .003; ST vs S: HR, 0.66; 95% CI, 0.53-0.83; P ¼
.004). No significant differences were seen between the
other treatment groups.

At T0, in patients receiving only one of the three
treatments, corticosteroids were started earlier (median,
27.6 h; 25th-75th percentiles, 7.6-77.9 h) than either
tocilizumab (median, 54.4 h; 25th-75th percentiles, 25.0-
99.2 h) or anakinra (median, 66.3 h; 25th-75th
percentiles, 23.9-97.6 h). In both groups that received
combination therapy with corticosteroids, on average
corticosteroids were started before the second drug and
at a similar interval from T0 (e-Fig 2; e-Table 3). The
time from T0 to tocilizumab dosing was comparable
when used alone (median, 54.4 h; 25th-75th percentiles,
25.0-99.2 h) or in combination with corticosteroids
(median, 58.5 h; 25th-75th percentiles, 23.6-129.7 h).
Anakinra alone was begun earlier (median, 66.3 h; 25th-
75th percentiles, 23.9-97.6 h) than anakinra in the SA
group (median, 77.5 h; 25th-75th percentiles, 36.6-130.7
h). Patients received oral or IV dexamethasone, IV
methylprednisolone, or oral prednisone for
corticosteroid therapy (e-Table 4). The average number
of days of steroids use was approximately 4.5 days,
except for methylprednisolone in the ST and SA groups,
in which the average duration was 6.5 days. The average
944 Original Research
steroid dose used was 12 to 15 mg for dexamethasone,
85 to 89 mg for methylprednisolone, and 29 to 33 mg for
prednisone.

Rates of culture-positive bloodstream infections in the
treatment groups are reported in e-Table 5.
Approximately 5% of patients in the S group
demonstrated bacteremia compared with 10% in the SA
and ST groups. Similarly, 2% to 3% of patients in the
steroid groups S, ST, and SA were noted to have
fungemia. In comparison, the rate of bacteremia in the
SoC group was 1.6% and the rate of fungemia was 0.4%.
No bacteremia or fungemia were reported in the T or A
groups.
Discussion
This large retrospective, observational study leveraged
natural heterogeneity in practice patterns for CCS
patients. We described hospital survival outcomes in
patients receiving different combinations of
immunomodulatory therapy with careful consideration
of potential confounders available in the electronic
health records. Our findings suggested that
corticosteroids used alone or in combination with
tocilizumab or anakinra were associated with lower
mortality as compared with SoC treatment. This
association remained after controlling for covariates that
influence mortality in COVID-19.
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Age was associated with increased mortality regardless
of treatment group, consistent with other COVID-19
survival analyses. Contradictory to previous reports,
Black race was associated with better overall survival
compared with White race. Inherent differences may
have existed in clinically important covariates in this
population that may have contributed to better survival
and that could not be analyzed further. Medicaid and
self-pay insurance were associated with increased
mortality. We speculate that this may be because of
factors such as hospital admission later in disease course
or socioeconomic disadvantages. For surrogates of
illness severity, the need for IMV before T0 was
associated with increased mortality, whereas the need for
vasopressors was not.

Prior diagnosis of interstitial lung disease was
associated with increased mortality, consistent with
existing literature.13 Surprisingly, those with comorbid
hypertension showed lower mortality, which is
contradictory to other reports.1,14 One study suggested
that use of angiotensin-converting enzyme inhibitors
or angiotensin II receptor blockers via renin-
angiotensin pathway modulation may confer a
protective effect in the setting of CCS.15 Our analysis
did not include consideration of home medications.
Alternatively, adjustments for covariates in our model
may have uncovered an association between
hypertension and COVID-19 outcomes that could be
investigated further. Interestingly, increased mortality
was associated with asthma, but not with COPD. Early
in the pandemic, chronic lung disease, including
asthma, was reported as one of the comorbidities
associated with hospital admissions.16 Later studies
failed to demonstrate increased mortality in patients
with asthma and COPD,17 although pre-existent
asthma was reported to be associated with prolonged
intubation time. Atopic asthma and treatment with
inhaled corticosteroids were reported to correlate with
lower sputum cell expression of Angiotensin
concerting enzyme 2 (ACE2),18-20 implying decreased
susceptibility and morbidity in these patients.

High D-dimer level was associated significantly with in-
hospital mortality. This is consistent with known
evidence that elevated D-dimer level is associated with
worse outcomes21 and predicts a higher chance of
requiring ICU admission and increased 28-day
mortality.5,22,23 Thrombocytopenia is associated with
severity of SARS-CoV-2 infection.24 We also found
thrombocytopenia to be associated with higher
chestjournal.org
mortality. Both thrombocytopenia and elevated D-dimer
level reflect the known coagulopathy in COVID-19.25

IL-6 is an important mediator of inflammation that
plays an essential role in host response to viral
infection.26 Higher IL-6 levels were observed in patients
with severe COVID-19 compared with those with mild
disease.3,27 Therefore, tocilizumab was proposed early in
the pandemic as a potential treatment for those with
CCS.28,29 Small retrospective, observational studies of
tocilizumab use in COVID-19 have been published with
continued controversy.7,30 Biran et al31 and Guaraldi
et al32 published larger reports with 210 and 544
patients, respectively, who received either intravenous or
subcutaneous tocilizumab. Per Biran et al, tocilizumab
seemed to decrease hospital-related mortality (HR, 0.64;
95% CI, 0.47-0.87; P ¼ .0040). Guaraldi et al32 reported
a reduced requirement of IMV or death (adjusted HR,
0.61; 95% CI, 0.40-0.92; P ¼ .020). More recently,
Mikulska et al33 examined the combined effect of
steroids and tocilizumab and noted an overall survival
benefit as compared with SoC treatment (HR, 0.41;
95% CI, 0.19-0.89; P ¼ .025). Supporting this result,
patients in the ‘ST’ cohort were more likely to survive
compared to ‘SoC’. Notably, ST treatment seemed to
show an augmented survival effect compared with S
treatment alone. Tocilizumab alone did not improve
survival.

Although corticosteroids are used in the treatment of
hyperinflammatory syndromes and ARDS,34 their use in
viral infections is controversial. Although initially not
recommended by the World Health Organization35 for
use in COVID-19 pneumonia, corticosteroids have
become a widely accepted treatment option after the
Randomised Evaluation of COVID-19 Therapy
(RECOVERY) trial demonstrated improved survival
compared with SoC treatment both in patients receiving
IMV (29.3% vs 41.4%; rate ratio, 0.64; 95% CI, 0.51-
0.81) and in patients without IMV (23.3% vs 26.2%; rate
ratio, 0.82; 95% CI, 0.72-0.94).36 More recently, the
World Health Organization Rapid Evidence Appraisal
for COVID-19 Therapies published a meta-analysis
supporting the independent use of corticosteroids in
patients with COVID-19. However, the RECOVERY
trial contributed 59.1% of patients to this analysis, which
favors dexamethasone over hydrocortisone (OR, 0.69;
95% CI, 0.43-1.12; P ¼ .13) and methylprednisolone
(OR, 0.91; 95% CI, 0.29-2.87; P ¼ .87).37 Overall, our
study findings support the use of corticosteroids in
COVID-19 and may add to the data presented by the
945
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RECOVERY trial and the World Health Organization
Rapid Evidence Appraisal for COVID-19 Therapies
data.

Anti-IL-1 therapy has been an attractive choice in the
treatment of COVID-19 because of its short half-life,
safety, and tolerability profile. IL-1b has been implicated
in lung inflammation, fibrosis,38 and indirectly, with
activation of the inflammatory cascade.39-42 A study
examining cytokine kinetics during COVID-19 showed
an IL-1 peak before the apex of respiratory distress and
the surge of other inflammatory cytokines.43 Anakinra
also has been shown to improve survival in a subset of
sepsis patients with hyperferritinemia and hepatobiliary
dysfunction10 when compared with placebo.44

Small studies report improvement in clinical outcomes
with use of anakinra in COVID-19.8,45,46 Cavalli et al8

evaluated 36 hospitalized non-ICU patients with CCS
and observed improvements in respiratory function,
inflammatory markers, and intubation avoidance in
72% of patients receiving high-dose intravenous
anakinra as compared with low-dose IV anakinra or SoC
treatment. Huet et al45 described a prospective study
with a historical comparison group in which anakinra
was dosed subcutaneously at 100 mg twice daily for 72 h
followed by 100 mg daily for 7 days. IMV or death was
reduced when compared with SoC treatment (HR, 0.22;
95% CI, 0.11-0.41; P < .0001). Most recently, Cauchois
et al46 reported that 12 patients who received
intravenous anakinra 300 mg for 5 days, tapered to
200 mg daily for 2 days, and finally 100 mg for 1 day
showed similar beneficial results.

In our study, although patients treated with anakinra in
combination with corticosteroids showed improved
survival compared with patients receiving SoC
treatment, patients receiving anakinra alone did not. The
dose of anakinra suggested in our health system protocol
(100 mg subcutaneous four times daily for 3 days,
followed by a taper) was modest in comparison with that
used in some of the above studies. The lack of benefit
with anakinra may have been the result of lower doses,
delayed time to treatment, and subcutaneous
administration, leading to decreased drug availability,
especially in the critically ill.

Biological effects of anakinra and tocilizumab are slower
when compared with steroids. Also with anakinra, we
observed a delay in drug initiation when combined with
corticosteroids. This leads us to question whether the
946 Original Research
timing to drug administration and the time to onset of
action influenced the outcome among our treatment
groups. Statistical analysis of the variation of drug
administration across treatment groups was not feasible
in this study. Further analysis of our data is needed to
evaluate the effects of immunomodulatory treatments
on disease progression, including rates of thrombosis.

Given the small sample sizes in the groups receiving
tocilizumab or anakinra only, we should be cautious in
interpreting the relative lack of survival advantage in
these groups. To test the robustness of the model, we
performed sensitivity analyses by removing groups
with small sample sizes (either the A or T groups). The
results remained consistent with those of the full
model.

Increased rates of bacteremia and fungemia were found
in the steroid groups compared with the SoC group (e-
Table 5). However, despite this increase in the infection
rate, improved survival remained in these cohorts.

Although we were rigorous in our approach to the
study design and data analysis, intrinsic limitations
exist that preclude definitive conclusions in
retrospective studies. Although the effect of variability
in systematic practices across the individual hospitals
in the health system could not be evaluated, we did
look at differences between tertiary vs community
hospitals. Despite similar use of immunomodulatory
therapies in tertiary and community centers, tertiary
facilities showed a higher survival. Potential
explanations for this could include a greater number
of ICU beds, subspecialist availability, or differences in
patient demographics between hospitals.

To our knowledge, our study is the largest retrospective
analysis to date reporting on outcomes comparing the
use of immunomodulatory therapies such as
corticosteroids, tocilizumab, and anakinra in the
treatment of COVID-19 CCS. Our findings suggest that
patients receiving steroids and tocilizumab experienced
the lowest mortality of all treatment groups.
Corticosteroid use, either alone or in combination with
tocilizumab or anakinra, was associated with lower
hospital mortality compared with SoC treatment. A
randomized clinical trial with head-to-head comparison
of tocilizumab plus corticosteroids vs corticosteroids
alone is warranted. Further investigation into the effect
of dosing and timing of these drugs also needs to be
elucidated.
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