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lymphohistiocytosis (HLH) and macrophage activation syndrome (MAS), rely on well-established
criteria to identify their occurrence.4 5 Results
from recent reports suggest that COVID-19-
associated CS is a unique form of a hyperinflammatory response, which needs further clinical
and laboratory characterisation as well as classification criteria.6 It has been suggested that the
2016 MAS classification criteria are not applicable to patients with COVID-19,7–9 while it
remains to be determined whether the 2004 HLH
criteria and the HScore may be more helpful.10–12
Reports from COVID-19 cohorts and autopsies
highlight significant diffuse inflammation and
widespread tissue damage, such as renal, cardiac
and muscular damage, in addition to pulmonary
impairment.13–17 These findings underscore the
need for criteria that should include not only the
respiratory status but also markers of inflammation and tissue damage. The latter were recently
reported to be associated with higher mortality
in COVID-19.18 We therefore designed a novel
statistical strategy based on our clinical experience
at Temple University Hospital19 and developed
preliminary criteria that can be used to identify
the CS during COVID-19 infection.

METHODS
Patients and data collection

The first cohort used in this study included patients
admitted to Temple University Hospital from 10
March 2020 to 17 April 2020. The 513 patients
enrolled in the cohort and considered eligible
must have met the following criteria on hospital
admission: (1) signs and symptoms of COVID-19
infection (fever, generalised malaise, cough and
shortness of breath) up to 1 week prior to hospital
admission20 and (2) presence of ground-
glass
opacity (GGO) by high-resolution CT (HRCT) of
INTRODUCTION
the chest as per radiology reading and reverse tranCOVID-19 is the cause of the pandemic declared scriptase PCR (RT-PCR) for COVID-19 RNA. A
by the WHO in January 2020.1 As of 3 August positive RT-PCR was not required due to the high
2020, there have been 18 million confirmed cases percentage (15%) of false negatives in our cohort
and 688 000 deaths worldwide (coronavirus.jhu. and in the literature.21
edu). While most of these cases are mild, a sizeAge, sex, race/ethnicity and comorbidities were
able number of patients develop a severe acute all collected on admission. Sixty-
two laboratory
hyperimmune response characterised by a cyto- variables, such as complete blood count with
kine storm (CS).2 Previous epidemics induced by differential, complete metabolic panel, inflammacoronaviruses SARS-
CoV-1 and Middle Eastern tory and respiratory markers, were collected daily.
respiratory syndrome-
CoV were also associated Interleukin (IL)-6 was measured only in a subset of
with a CS.3 CS occurs in several conditions, patients, before any biological treatment.
including autoimmune diseases, malignancies and
All 513 patients received oxygen supplementation,
infections.2 Two forms of CS, haemophagocytic low-dose (0.5 mg/kg) prednisone and azithromycin
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on admission and for at least the first 7 days of hospitalisation.
Eighty-two patients were enrolled in clinical trials with biologics
and their laboratory results were initially included in the analyses. The rest of the patients were clinically followed up and 64
were considered in CS by a consensus between the pulmonologists and rheumatologists. The initial consensus was based on the
application of both MAS and HLH criteria; however, among the
first few patients, very few met these criteria despite worsening
clinical status and elevation of inflammatory markers. Hence, a
newly devised consensus was based on (1) worsening respiratory
status defined as increased oxygen supplementation required to
maintain SpO2>93% and (2) elevation above threefold the upper
normal level of at least two of the following markers: C reactive
protein (CRP), ferritin, D-dimer, lactate dehydrogenase (LDH)
and cardiac troponin. Patients in this group were retrospectively
selected as the basis for the following statistical analyses.
To validate the results, an additional cohort of 258 patients
was collected from all the patients admitted to Temple University
Hospital from 18 April 2020 to 30 April 2020. Inclusion criteria
were the same of the first cohort.

Statistical analyses

A series of univariate logistic regressions were used to assess the
association between each laboratory variable and the presence of
the CS, with the criterion of the clinical consensus of the medical
group indicating the presence of the storm (see previous discussion). The predictors were the laboratory variables, aggregated
by using each patient average up to the day when the clinicians
made the consensus of CS or the first 7 days of hospitalisation
for patients not diagnosed in storm. Due to the presence of
missing values, only predictors obtained in at least 300 patients
were considered.
Predictors showing a significant odds ratio, at alpha-level 0.05,
were then analysed by principal component analysis (PCA) with
promax rotation to cluster them in coherent groups. We retained
the components (clusters) having eigenvalues larger than 1. Each
laboratory variable was associated with the cluster in which it
featured the highest factor loading.
Cut-off values for each individual laboratory variable were
estimated using a genetic algorithm22 as implemented by
Scrucca23 (for more details, see online supplemental methods).
In the algorithm, a population of 500 sets of cut-off values was
defined, with mutation probability of 0.1 and crossover probability of 0.8. In each generation, 5% of the sets of cut-off values
were selected based on their fitness. The fitness function maximised the geometric mean of the sensitivity and specificity of the
classification (confusion table) predicting the (COVID-19 cytokine storm (COVID-CS)) groups obtained with a given set of
cut-off values. The stopping rule was set to 200 generations with
no improvement in fitness. In order to develop cut-offs that can
be feasibly used in the clinic, daily laboratory data were used in
the genetic algorithm fitness function. A patient was classified as
COVID-CS positive when the criteria were met at least for 1 day.
When a laboratory value was not present for a patient 1 day, the
most recent available value was used.
To evaluate the stability of the cut-
off values, a bootstrap
procedure was employed to compute the CI classification statistics (accuracy, sensitivity and specificity). For each statistic,
a distribution of bootstrap estimates was created across 5000
bootstrap samples, and the 95% CIs were obtained by setting the
2.5th and 97.5th percentiles of the bootstrap distribution as the
interval boundaries. Finally, the criteria and cut-off values were
also validated on the second cohort of patients.
2

Table 1 Demographics and comorbidities in the cohort of patients
with COVID-19
Clinical consensus

Patients with COVID-19

P value

All

No storm

Storm

Numbers

513

449

64

 %

100

88

12

 Females

43

45

33

 Males

57

55

66

Age (years)

58.3

57.7

62.2

0.041

 AA

53

54

53

n.s.

 EA

11

11

14

n.s.

 Hispanic

23

22

19

n.s.

 Other

9

9

9

n.s.

 Unknown

4

4

5

n.s.

 Lung disease

26

24

36

0.077

 Hypertension

69

68

72

n.s.

 Obesity

52

51

55

n.s.

 Heart disease

25

25

25

n.s.

 Smoking history

42

43

36

n.s.

 Diabetes

48

50

36

0.057

<0.001

Sex (%)
<0.001

Race/ethnicity (%)

Comorbidities (%)

Patients with diagnosis of COVID-19 infection and chest high-resolution CT with
ground-glass opacity were divided according to a consensus of clinicians for a
diagnosis of cytokine storm. P values were calculated using χ2 test for frequencies
and t-test for age.
Italics indicate significant p values.
AA, African–American; EA, European–American; n.s., not significant at α≥0.05.

RESULTS
Description of the cohort

In this retrospective study, we investigated 513 patients who
presented GGOs by chest HRCT. Ninety-five per cent of the
patients were also COVID-19 positive by RT-PCR. Of these 513,
64 patients were eventually determined to be in CS and treated
with biologics, such as monoclonal antibodies against IL-6R and
recombinant IL-1R antagonist (table 1). Table 1 shows the demographics of the cohort, comparing patients who reached or not a
clinical consensus for CS. As previously reported in COVID-19
pneumonia, more patients were male, and the average age was
58.3. Mirroring the population that our hospital serves, most
patients were African–American and Hispanic. Frequent comorbidities included hypertension, obesity, diabetes and smoking
history. We did not find any statistically significant difference in
the distribution of race and comorbidities between the patients
in storm or not, while older male patients were slightly more
likely to develop CS, suggesting that sex and age, but not race
and specific comorbidities, increase the risk of developing CS
during COVID-19 infection.

COVID-CS does not meet the 2004 HLH criteria and HScore

To understand the type of CS occurring during COVID-19
infection, we determined the number of patients in our cohort
who fulfilled the HLH criteria and had an HScore ≥169 (online
supplemental tables S1 and S2)4 24 using the averages of laboratory tests performed during the first 7 days of hospitalisation.
We found that only 10 out of 513 patients fit the 2004 HLH
criteria (table 2), and most patients (8/10) did not fulfil the clinical consensus of COVID-19 storm. We also found that 43 out
of 513 patients had an HScore of >169, but only 12 also met the
Caricchio R, et al. Ann Rheum Dis 2020;0:1–8. doi:10.1136/annrheumdis-2020-218323
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Table 2

HLH, HScore and MAS criteria applied to the COVID-19 cohort
Clinical consensus storm

HLH

No

Yes

No

441

62

Yes

8

2

H Score

Clinical consensus storm
No

Yes

No

418

52

Yes

31

12

MAS

Clinical consensus storm
No

Yes

No

443

63

Yes

6

1

For HLH criteria, the specificity was 0.98 and the sensitivity was 0.2. For HScore, the specificity was 0.93 and the sensitivity was 0.28. For MAS, the specificity was 0.98 and the
sensitivity was 0.14.
HLH, haemophagocytic lymphohistiocytosis; MAS, macrophage activation syndrome.

clinical consensus of COVID-19 storm (table 2). In our analyses
of the HLH criteria and HScore, most patients admitted with
COVID-19 infection did not have splenomegaly (not shown)
nor cytopenias affecting at least two cell lineages in the peripheral blood. On the contrary, they had normal absolute numbers
of monocytes and increased numbers of neutrophils. They also
had normal or increased levels of fibrinogen, typically low in
HLH, and mostly normal triglycerides, which are frequently
increased in HLH4 (online supplemental table S4). All patients
with COVID-19 had high levels of serum ferritin. In addition,
CRP, which is not included in the HLH 2004 criteria (online
supplemental table S1), was also elevated. We could not evaluate natural killer (NK)-cell activity and the level of soluble
interleukin-2 receptor (sIL-2R), since the results of these tests
were not rapidly available at our medical centre or in most
hospitals. Nevertheless, reports of other cohorts of patients with
COVID-19 showed sIL-2R levels below those considered in the
HLH criteria.25 The analysis of haemophagocytosis in the bone
marrow or in secondary lymphoid organs was deemed unnecessary, considering its invasiveness. Even if the tests that we did not
perform were hypothetically positive, the majority of patients
did not meet the five out of eight criteria of HLH because the
majority fulfilled only two—fever and hyperferritinemia. Therefore, our results suggest that most patients in our cohort who

developed a CS did not meet the HLH criteria and the HScore24
performed poorly as previously suggested (table 2).12

COVID-CS does not meet the 2016 MAS criteria

We analysed whether our cohort fulfilled the MAS criteria,
reported in online supplemental table S3,5 and found that only
7/513 did (table 2). Six out of seven of these patients were not
clinically found in storm, therefore fulfilling neither the laboratory nor the clinical judgement of MAS. These patients did not
fit the MAS criteria due to the uncommon presence of thrombocytopenia, increased levels of fibrinogen and the relatively
normal levels of triglycerides in the COVID-19-infected patients
(online supplemental table S4).

Criteria to predict the COVID-CS

Since most patients with COVID-19 in CS did not meet the classification criteria of HLH, HScore or MAS, we next followed
the strategy depicted in figure 1 and analysed the predictive
power of 62 laboratory tests available in our hospital (table 3
and online supplemental table S4). We aimed to find novel
criteria to identify patients in CS. In order to reach a predictive
power that can be clinically useful to diagnose a COVID-C S,
we used the mean values of laboratory results of the first 7

513 patients admitted to Temple University Hospital
Chest HRCT positive for GGO +/- RT-PCR x COVID-19

All patients received oxygen, prednisone, and azithromycin on
admission and for at least 7 days.
th

th

Data Collection March 10 -April 17 , 2020

449 patients with COVID-19
NOT in cytokine storm

64 patients with COVID-19
in cytokine storm

by a consensus between
Pulmonologists and Rheumatologists,
based on respiratory status and
inflammatory markers.

Correlations with the cytokine storm

Standard of care

Average of lab results (first 7 days) with significant
OR as predictors and clustered in 3 groups by PCA.

Anti-cytokine biologics

Criteria for the cytokine storm (COVID-CS)
To follow the OR rule and AND rule.

Genetic algorithm fitness function

Generation of the cut-off for each predictor using daily laboratory
data to provide a clinically feasible tool.

Validation of the COVID-CS criteria

th

th

Tested in a new cohort of patients, data collection April 18 -30 .

Figure 1 Research strategy. Flowchart of the experimental strategy followed in the generation of the new criteria aimed to recognise the
cytokine storm in patients with COVID-19. COVID-CS, COVID-19 cytokine storm; GGO, ground-glass opacity; HRCT, high-resolution CT; PCA, principal
component analysis; RT-PCR, reverse transcriptase PCR.
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Table 3

Laboratory parameters in the cohort of patients with COVID-19
Normal range

All

Clinical consensus
No Storm

OR

P value

Storm

Albumin

3.2–4.6 g/dL

2.9±0.6

2.9±0.6

2.7±0.5

0.637

0.001

ALT

16–61 U/L

45±46

43±37

58±86

1.254

0.04

Anion gap

6–16 mmol/L

7.6±3.0

7.8±3.0

7±3.1

0.734

0.04

AST

15–37 U/L

54±92

50±80

82±145

1.249

0.028

BUN:creatinine ratio

10–20 ratio

18.9±8.3

18.5±8

21±10

1.295

0.03

Chloride

101–111 mmol/L

104±5

104±5

106±5

1.316

0.032

CRP

0–0.4 mg/dL

7.2±6.4

6.9±6.4

9.1±6.1

1.341

0.016

D-dimers

0–500 ng/mL

3,227±11,306

2,396±7,851

8,817±23,356

1.41

0.002

LDH

84–246 U/L

323±169

305±153

447±212

1.892

<0.001

1.23±2.16

1.28±2.30

0.86±0.41

0.058

<0.001

18±10

19±11

12±7

0.389

<0.001

5.8±3.6

7.23±3.5

1.4

0.004

Lymphocytes Abs

1–4.8 K/mm3

Lymphocytes (%)

20%–40%

Neutrophil Abs

1.8–7.8 K/mm3

6±3.6

Potassium

3.5–5.2 mmol/L

4.09±0.5

4.07±0.51

4.23±0.59

1.392

0.019

Troponin I

0.045–0.1 ng/mL

0.23±2.29

0.1±0.38

1.07±6.1

2.727

0.045

Average and SD of the laboratory parameters collected up to the 24 hours within reaching the clinical consensus of CS or in the first 7 days of hospitalisation in patients with
COVID-19 who never reached the clinical consensus of CS. ORs and p values were calculated by logistic regression. Normal range of values is shown for our laboratory as
reference.
Abs, absolute numbers; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CRP, C reactive protein; CS, cytokine storm; LDH, lactate
dehydrogenase.

days of hospitalisation or up to the 24 hours within reaching
the clinical consensus of CS. Using the logistic regression, we
found that 12 laboratory parameters predict development of
CS and by PCA, we determined that these 12 variables could
be included in three coherent clusters (table 4). Based on factor
analysis, we considered the parameters belonging to the same
cluster as alternative indicators (OR rule), with the rationale
that parameters of the same cluster highly correlate and may

Table 4

Predictive criteria for COVID-19 cytokine storm

Entry criteria (must be all met)

Cut-off values

+Signs/symptoms of COVID-19
±RT-PCR positive for COVID-19
+GGO by HRCT (or chest X-ray)
Ferritin

>250 ng/mL

C reactive protein

>4.6 mg/dL

AND (one variable from each cluster)
 
Cluster I
  Albumin

<2.8 g/dL

  
Lymphocytes (%)

<10.2

  
Neutrophil Abs

>11.4 K/mm3

 
Cluster II
  ALT

>60 U/L

  AST

>87 U/L

  D-dimers

>4,930 ng/mL

  
LDH

>416 U/L

  Troponin I

>1.09 ng/mL

 
Cluster III
  Anion gap

<6.8 mmol/L

  
Chloride

>106 mmol/L

  
Potassium

>4.9 mmol/L

  
BUN:creatinine ratio

>29 ratio

Criteria are met when patients fulfil all the entry criteria and at least one criterion
per each cluster. Cut-off values were calculated using a genetic algorithm.
Abs, absolute numbers; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BUN, blood urea nitrogen; GGO, ground-glass opacity; HTCT,
high-resolution CT; LDH, lactate dehydrogenase; RT-PCR, reverse transcriptase PCR.

4

be indicators of the same condition or mechanism. We considered parameters belonging to the different clusters instead as
necessary indicators (AND rule) because they represent conditions or mechanisms that should be met. Our analyses highlighted three clusters of laboratory results, and the alteration
of one parameter for each cluster predicts the development of
COVID-C S (table 4).
The first cluster included decreased levels of albumin and
percentage of lymphocytes, along with increased absolute
numbers of neutrophils in patients in storm compared with
patients who did not develop a storm (tables 3 and 4). The absolute number of lymphocytes formed a separated component and
correlated with the first cluster, and we excluded it from the
criteria because of its close correlation and redundancy with
the percentage of lymphocytes. The second cluster included the
increased levels of alanine aminotransaminase (ALT), aspartate
aminotransferase (AST), D-dimers, LDH and troponin I. The
third cluster included the decreased anion gap and increased
levels of chloride, potassium and blood urea nitrogen (BUN):creatinine ratio (tables 3 and 4). These results highlight an important
component of tissue damage occurring during the COVID-CS.
In order to develop cut-offs that can be used in clinical practice, we used daily laboratory parameters and estimated the
cut-off for each individual laboratory parameter using a genetic
algorithm.22 The predictive requirement for the first cluster
consisted of an albumin<2.87 mg/mL OR lymphocytes<10.2%,
OR neutrophil absolute number>11.4×103/mL. For the
second cluster, ALT>60 IU/L, OR AST>87 IU/L, OR D-
dimers>4930 ng/mL, OR LDH>416 U/L OR troponin I>1.09 ng/
mL were required. For the third cluster, anion gap<6.8 mmol/L,
OR chloride>106 mmol/L, OR potassium>4.9 mmol/L OR
BUN:creatinine ratio>29 were required (table 4).
Interestingly, ferritin and CRP had the widest ranges and had
discriminatory power only if transformed by logarithmic scale.
They were therefore added as such in the analyses. Although
the performance of their predictive algorithm did not add any
power, for clinical reassurance of an ongoing systemic inflammation, we propose to add them to the predictive criteria of
COVID-CS (table 4).
Caricchio R, et al. Ann Rheum Dis 2020;0:1–8. doi:10.1136/annrheumdis-2020-218323
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Table 5

Validation of the novel criteria of COVID-CS

COVID-CS new criteria
N

%

Consensus storm
LoS
(days)*

Mortality
(%)*

No

Yes

All group
No

340

66

5.7±6.7

6.6

Yes

173

34

15.1±13

28.8

 

330

10

119

54

SP=0.73

SE=0.84

 

ACC=0.75

No trials group
No

308

71.5

5.3±6.7

Yes

123

28.5

15.3±13.7

 

6.4
28.1

300

8

78

45

SP=0.79

SE=0.85

 

ACC=0.80

The new COVID-CS criteria were applied to the cohort (left) and to the same
patients divided according to the clinical consensus of cytokine storm (right). All
group includes all the COVID-19 cohort (513, 64 patients who reached and 449 who
did not reach the clinical consensus of COVID-19 cytokine storm). No trials group
includes 431 patients of the cohort because it excludes 82 patients with COVID-19
who were recruited in clinical trials testing biologic therapies. The new criteria
identified patients with significantly greater LoS and mortality.
*P<0.0001.
ACC, accuracy; COVID-CS, COVID-19 cytokine storm; LoS, length of stay; SE,
sensitivity; SP, specificity.

Preliminary validation of the novel criteria of COVID-CS
We validated the ability of the proposed criteria to identify
COVID-C S. The upper rows of table 5 show the initial validation where all the patients were included. The criteria classified 34% of the patients as in COVID-C S (173/513). Next,
we applied the new criteria to the 64 patients originally considered in CS by clinical consensus, and 84% of them (54/64)
C S. The new criteria
were correctly classified as in COVID-
had a specificity of 0.73 (CI 0.70 to 0.77) and a sensitivity of
0.84 (CI 0.78 to 0.92). We then performed the validation after
excluding the 82 patients who were enrolled in clinical trials
(table 5, bottom rows). In this subpopulation of 431 patients,
the criteria showed an even higher specificity of 0.79 (CI 0.76
to 0.83) and a sensitivity of 0.85 (CI 0.78 to 0.93), suggesting
that these criteria have a strong predictive power in our population of patients with COVID-19.
When we analysed the disaggregated laboratory parameters
to determine the length of time patients required to meet the
criteria of COVID-CS, we found that among the patients with
the clinical consensus of CS, 43% met the criteria on hospital
admission, and the rest reached the asymptote by 10 days of
hospitalisation (figure 2, blue line). Among the patients who did
not reach the clinical consensus of CS, 20% met the COVID-CS
criteria with a similar timeline (figure 2 orange line). These
results suggest an early and rapid progression in those patients
bound to develop COVID-CS, as well as the low likelihood of
developing the condition 10 or more days into the admission.

COVID-CS criteria identify severely ill patients
To determine whether our criteria could predict clinical severity,
we analysed the hospital length of stay (LoS) and mortality. We
found that the group of patients who met COVID-CS criteria
had a significantly higher LoS (15.1±13 vs 5.7±6.7) and importantly higher mortality (28.8% vs 6.6%) (table 5). For both LoS
and mortality, the p value was <0.0001. Excluding the patients
in trials yielded similar results.
Caricchio R, et al. Ann Rheum Dis 2020;0:1–8. doi:10.1136/annrheumdis-2020-218323

Figure 2 Rapid progression for patients with COVID-19 towards
meeting the COVID-CS criteria. The cohort of 431 patients with
COVID-19 (no trials) was plotted for the accumulation of the laboratory
parameters fulfilling the COVID-CS criteria during hospitalisation.
The blue line represents the percentage of patients who received the
clinical diagnosis of CS and met the COVID-CS criteria. The orange line
represents the percentage of patients who did not receive the clinical
diagnosis of CS and met the COVID-CS criteria. COVID-CS, COVID-19
cytokine storm; CS, cytokine storm.

Markers of inflammation and tissue damage in COVID-CS

We analysed the laboratory results in our cohort of patients
now divided as fitting or not the COVID-CS criteria (table 6
and online supplemental figure S1). The COVID-CS group had
significantly higher levels of ferritin, CRP and triglycerides, and
decreased levels of albumin, all signs of systemic inflammation.
Ferritin showed an OR of 14, indicating an important role in
COVID-CS. Strong inflammation was confirmed by the level of
IL-6, which was elevated in most patients with COVID-19 but
significantly higher in COVID-CS (35 vs 96 pg/mL). The white
blood cells, and especially neutrophils and monocytes, were
significantly increased in the COVID-CS group, suggesting an
active role of the innate immunity in the storm. The lymphocytes
instead were decreased, with averages half of the normal lower
limit, suggesting a functional depletion of the adaptive immunity
(table 6 and online supplemental figure S1).
We also found that five markers of tissue damage were significantly higher in patients with COVID-CS than in the rest of the
patients with COVID-19. The liver enzymes ALT and AST had
levels twice as high, indicative of liver damage, while D-dimers
had levels more than six times higher, suggesting endothelial
damage. The increase in LDH is a sign of cell death, while the
moderately elevated levels of troponin I suggest damage to the
cardiovascular system (table 6 and online supplemental figure
S1).
Laboratory parameters pertaining to the electrolyte metabolism, namely, chloride, potassium and sodium, the first two
predictive of COVID-CS, were still in the normal range, while
creatinine, BUN and their ratio were all increased compared
5
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Table 6

Laboratory parameters in the cohort of patients with COVID-19 at Temple University associated with the new criteria of COVID-CS

Parameters

Normal range

All

Albumin

3.2–4.6 g/dL

2.9±0.6

No COVID-CS
3.1±0.6

COVID-CS
2.6±0.4

OR

Ferritin

8–388 ng/mL

947±2,754

502±738

1,701±4,319

C reactive protein

0–0.4 mg/dL

7.0±6.3

5.8±5.8

9.3±6.5

1.781

<0.001

457

3.120

0.292
14.725

P value
<0.001
<0.001

N
495
444

Triglycerides

<150 mg/dL

178±205

138±72

234±300

<0.001

330

Interleukin-6

<5 pg/mL

69±126

35±35

96±162

3.799

<0.001

75

Lymphocytes (%)

20%–40%

18±10

21±10

11±7

0.217

<0.001

509

Monocytes Abs

0–0.8 K/mm3

0.59±0.28

0.56±0.28

0.63±0.27

1.260

0.01

Neutrophil Abs

1.8–7.8 K/mm3

6.00±3.6

4.98±3.1

8.01±3.7

2.602

<0.001

509

WBC Abs

4–11 K/mm3

7.88±4.5

6.83±3.1

9.95±5.8

2.818

<0.001

508

ALT

16–61 U/L

45±46

35±25

65±66

2.830

<0.001

495

AST

15–37 U/L

53±88

40±76

79±101

2.883

<0.001

495

D-d imers

0–500 ng/mL

3,119±10,443

1,017±2,138

6,933±16,648

LDH

84–246 U/L

323±166

249±87

456±191

10.545

Troponin I

0.045–0.1 ng/mL

0.23±2.29

0.05±0.12

0.55±3.8

438.236

Chloride

101–111 mmol/L

104±5.4

103±4.8

105±6.1

1.627

<0.001

509

Potassium

3.5–5.2 mmol/L

4.09±0.5

3.99±0.5

4.29±0.5

1.815

<0.001

509

Sodium

136–145 mmol/L

137±4.01

136±3.14

138±5.12

1.607

<0.001

509

Creatinine

0.6–1.10 mg/dL

1.89±2.8

1.61±2.5

2.43±3.3

1.317

0.003

BUN

8–20 mg/dL

27±25

21±19

39±32

BUN:creatinine ratio

10–20 ratio

18.9±8.4

17.1±6.4

22.6±10.5

10.409

2.266
2.076

509

<0.001

456

<0.001

462

<0.001

416

509

<0.001

509

<0.001

509

Average and SD of the laboratory parameters collected in the first 7 days of hospitalisation in patients with COVID-19 divided according to the new COVID-CS criteria. ORs and p
values were calculated by univariate logistic regression. Normal range of values is shown for our laboratory as reference.
Abs, absolute numbers; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; COVID-CS, COVID-19 cytokine storm; LDH, lactate
dehydrogenase; WBC, white blood cell.

with the upper normal limits in patients fitting the criteria of
COVID-CS. These results suggest a prerenal imbalance and renal
damage (table 6 and online supplemental figure S1). Together,
these results highlight systemic tissue damage affecting many
organs in the COVID-CS.

Second validation of the COVID-CS criteria

Finally, we further validated the novel criteria by applying them
to a second cohort of 258 patients, 128 women and 130 men,
with a mean age of 59 years. Out of the 258 patients, 39 (15%)
were considered in CS by the same clinical consensus used in
the first cohort. In the new cohort, the novel criteria correctly
classified 69% of the patients, with a specificity of 0.73 (CI 0.69
to 0.78) and a sensitivity of 0.69 (CI 0.58 to 0.81), indicating
that the criteria can be successfully applied to new cohorts.
Similar to the first cohort, patients who met the criteria (33%)
had significantly higher LoS (15.5±10.1 vs 4.7±3.7, p<0.001)
and mortality (33.7% vs 4.2%, p<0.0001) (online supplemental
table S5).

DISCUSSION

Our analyses highlight the unique features of COVID-CS. We
found that laboratory parameters indicative of a strong proinflammatory status, systemic cell death and multiorgan tissue
damage, and prerenal electrolyte imbalance are predictive of
this hyperimmune condition. We found clear differences with
other CSs, such as MAS, from which COVID-
CS is distinguished for the uncommon thrombocytopenia and the increased
number of neutrophils, suggestive of an active innate immune
system. Other distinct differences were the increased levels of
fibrinogen and the relatively normal levels of triglycerides in
the COVID-CS, which, together with the low levels of albumin,
suggest a different type of inflammation.
6

Despite the limitations of missing three HLH criteria and
one for the HScore, namely, the hemophagocytosis, the NK-cell
activity and the sIL-2R, we propose that the lack of cytopenias,
the normal levels of fibrinogen and the only mildly elevated
levels of triglycerides indicate that the COVID-
CS is very
different from HLH and the HScore is not useful.12
It was recently reported that LDH, CRP and low lymphocytes
are associated with higher mortality in patients with COVID19.18 26 Our results are in agreement with these studies. Indeed,
our COVID-CS criteria identify a group of patients with longer
LoS and increased mortality. Therefore, our criteria predict not
only the development of the storm but also clinical severity. Both
CD4+ and CD8+ T cells were initially reported to be decreased
in severe cases of COVID-1927 28 and more recently were shown
to recover during disease resolution.29 T cells are pivotal in the
elimination of viral infected cells.30 Moreover, it has been shown
in other CSs that the excess of cytokines can be due to a deficient elimination of cytokine-producing innate immune cells,
such as inflammatory monocytes and macrophages, by CD8+ T
cells.31 Therefore, low lymphocytes as criterion for COVID-CS
highlight the role of deficient T-cell functions in COVID-CS
pathogenesis, allowing innate immunity overactivation and
uncontrolled viral infection.32
The increased levels of cell death markers such as liver enzymes,
LDH, D-dimers and troponin I indicate that COVID-CS is characterised by significant systemic tissue damage that in different
patients may target the liver, the cardiovascular system and the
kidney, as suggested by recent autopsy results.13–16 High levels
of D-dimers have been reported in several cohorts of patients
with COVID-19 and correlate with increased mortality.33 The
elevated levels of LDH, D-
dimers and troponin, especially
early on, could also indicate pulmonary immunothrombosis
and secondary pulmonary arterial hypertension, both implicated in the devastating lung damage that COVID-19 inflicts.34
Caricchio R, et al. Ann Rheum Dis 2020;0:1–8. doi:10.1136/annrheumdis-2020-218323
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Therefore, anticoagulant therapy has been recommended in
those with high levels,35 and our therapeutic approach has
changed as well. Compared with the initial cohort, the validation cohort received higher and earlier doses of steroids, and a
larger percentage received anticoagulants. These changes might
explain the lower sensitivity of the criteria in the validation
cohort; nevertheless, they remain very valuable as there is not
yet a standard to aggressively or conservatively treat patients
with COVID-CS around the world.
Acute respiratory distress syndrome (ARDS) is undeniably one
of the most lethal manifestations of COVID-19 infection.36 The
abnormal laboratory work in our criteria could be explained by
ARDS in which both hypoxia and hyperaemia could drive elevation of LDH, liver enzymes and renal dysfunction with albumin
levels as predictor of ARDS.37 38 Nevertheless, a significant
number of immunoprofiling results point to a systemic inflammatory response with the lung at the epicentre.32 38 39
There are limitations to our work. First, in the absence of an
established definition of COVID-CS in the literature, the clinical ‘gold standard’ was defined by the clinical judgement of CS
itself. Second, the vast majority of our patients received steroids
as part of the early standard of care at Temple University.40
Third, our investigation was conducted in a single centre and
with a specific racial/ethnicity composition. These limitations
might make our cohort somewhat different from other centres.
Future validations with other cohorts from multiple centres and
countries will resolve these limits.
The high levels of cell death markers shed light in COVID-CS
pathogenesis. Both necroptosis and pyroptosis can occur during
viral infections and are mediated by proinflammatory cytokines such as interferon-gamma and IL-1-beta and by inflammasome.32 41 A recent longitudinal immune analysis revealed a
subgroup of patients who eventually died of COVID-19 with a
cytokine profile indicative of CS, inflammasome involvement and
tissue damage.32 In this group, the levels of IL-6 were extremely
elevated.32 We also found elevated IL-6 levels in all patients and
more in COVID-CS, although not as high as reported by others
32 39
possibly because we tested early during hospitalisation.
Together with the high levels of CRP, which is induced by IL-6,42
as COVID-CS criterion, these findings demonstrate the validity
of our criteria in capturing the impending storm. Several clinical
trials testing cytokine inhibitors are presently ongoing in patients
with COVID-19 and may soon provide evidence for a role of
cytokine-mediated cell death in patients with COVID-CS.
In summary, we provide new criteria to diagnose the
COVID-CS at an early stage, which predict longer hospitalisation and increased mortality, therefore requiring specific treatments. While the criteria need further validation, they represent
a first step toward early diagnosis and intervention in this lethal
pandemic.
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