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Abstract

Cancer patients are more vulnerable to COVID-19 compared to the general population, but it remains unclear which types
of cancer have the highest risk of COVID-19-related mortality. This study examines mortality rates for those with hemato-
logical malignancies (Hem) versus solid tumors (Tumor). PubMed and Embase were systematically searched for relevant
articles using Nested Knowledge software (Nested Knowledge, St Paul, MN). Articles were eligible for inclusion if they
reported mortality for Hem or Tumor patients with COVID-19. Articles were excluded if they were not published in English,
non-clinical studies, had insufficient population/outcomes reporting, or were irrelevant. Baseline characteristics collected
included age, sex, and comorbidities. Primary outcomes were all-cause and COVID-19-related in-hospital mortality. Second-
ary outcomes included rates of invasive mechanical ventilation (IMV) and intensive care unit (ICU) admission. Effect sizes
from each study were computed as logarithmically transformed odds ratios (ORs) with random-effects, Mantel-Haenszel
weighting. The between-study variance component of random-effects models was computed using restricted effects maximum
likelihood estimation, and 95% confidence intervals (CIs) around pooled effect sizes were calculated using Hartung—Knapp
adjustments. In total, 12,057 patients were included in the analysis, with 2,714 (22.5%) patients in the Hem group and 9,343
(77.5%) patients in the Tumor group. The overall unadjusted odds of all-cause mortality were 1.64 times higher in the Hem
group compared to the Tumor group (95% CI: 1.30-2.09). This finding was consistent with multivariable models presented
in moderate- and high-quality cohort studies, suggestive of a causal effect of cancer type on in-hospital mortality. Addition-
ally, the Hem group had increased odds of COVID-19-related mortality compared to the Tumor group (OR=1.86 [95% CI:
1.38-2.49]). There was no significant difference in odds of IMV or ICU admission between cancer groups (OR=1.13 [95%
CI: 0.64-2.00] and OR=1.59 [95% CI: 0.95-2.66], respectively). Cancer is a serious comorbidity associated with severe
outcomes in COVID-19 patients, with especially alarming mortality rates in patients with hematological malignancies, which
are typically higher compared to patients with solid tumors. A meta-analysis of individual patient data is needed to better
assess the impact of specific cancer types on patient outcomes and to identify optimal treatment strategies.
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Introduction

As of May 2022, the COVID-19 pandemic has been the
cause of 6.3 million deaths worldwide and over one million
deaths in the USA [1]. Research efforts have established
that patients with comorbidities and chronic diseases are at
higher risk of contracting the virus and experiencing severe
COVID-19 illness [2, 3]. Cancer patients are particularly at
risk; various studies have found that those with cancer have
2.06 times the odds of severe COVID-19 and 3.04 times the
odds of mortality compared to those without cancer [4, 5],
possibly due to their immunocompromised status, immuno-
suppressive cancer treatments, or comorbidities [6—8]. How-
ever, it is not clear as to whether and to what extent their
immunocompromised status and immunotherapy treatments
are deleterious [9, 10]. International consortiums (e.g., Euro-
pean Society for Medical Oncology) and individual insti-
tutions (e.g., Johns Hopkins) have developed some treat-
ment guidelines for cancer patients during the COVID-19
pandemic [11, 12], but care for these patients suffers from
persistent knowledge gaps and an incomplete literature.

Evidence also indicates that COVID-19 may affect
patients differently depending on cancer type. Several
reports have shown that patients with hematologic, lung, or
metastatic malignancies may be more vulnerable to severe
COVID-19 or fatality [13—15], but pooled evidence on this
topic is limited, and to our knowledge, there have been no
meta-analyses that have directly compared solid tumors to
hematological malignancies. This systematic review and
meta-analysis examined all-cause mortality, COVID-19-re-
lated mortality, ICU admission, and invasive mechanical
ventilation in patients with hematological malignancies ver-
sus solid tumors primarily to provide quantitative evidence
to strengthen current and future guidelines for patients with
hematological cancers and secondarily to contribute con-
crete evidence for current clinical trials to provide patient-
level, cancer subtype breakdowns in their data collection
and analyses to allow for even more robust meta-analyses
in the future.

Methods
Study design and search

This study was performed in compliance with Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [16]. A PRISMA checklist is provided
in Additional File 1. A systematic search of the PubMed and
Embase databases was conducted using Nested Knowledge
research software (Nested Knowledge, St Paul, MN). Search
strings are shown in Additional File 2, Table S1.
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Inclusion/exclusion criteria

Unique studies that resulted from these queries were initially
screened by the Nested Knowledge automatic exclusion soft-
ware for the following exclusion criteria: (1) not published
in English; (2) published before February 1, 2020; and (3)
title includes: “Case report.” Following automatic exclusion,
title/abstract review was performed by several authors and
was supervised by N.H. The remaining articles then under-
went full-text review to determine inclusion (see Additional
File 3 for details on the screening protocol).

Articles were eligible for inclusion if they included direct
comparisons of the primary outcomes of interest in adult
COVID-19 patients with hematological malignancies (Hem)
versus solid tumors (Tumor). Exclusion criteria were studies
not published in English, non-human studies, case series
or case reports, meta-analyses, editorials or letters to the
editor, interim reports, protocols or technical articles, did
not compare hematological malignancies and solid tumor
groups, did not report in-hospital mortality, or not relevant
to the topic.

Data extraction

The data extraction workflow was supervised by N.H., with
data extraction performed by several authors. The quality of
data was validated a second time by J.M.P. prior to statisti-
cal analysis (see Additional File 3 for a detailed descrip-
tion of the data extraction process). Baseline characteristics
collected included age, sex, comorbidities (cerebrovascular
disease, chronic obstructive pulmonary disease [COPD],
coronary artery disease, diabetes, hypertension, kidney dis-
ease, liver disease), type of hematological cancer (leukemia,
lymphoma, multiple myeloma, myelodysplastic syndrome,
other/unspecified), cancer status (active, relapsed/refrac-
tory, remission), and active chemotherapy (meaning treat-
ment within the last 3 months). Patients were categorized
into either the hematological malignancy group (Hem) or
the solid tumors group (Tumor). The primary outcomes
of interest were 1) all-cause, in-hospital mortality and 2)
COVID-19-related, in-hospital mortality. Secondary out-
comes included invasive mechanical ventilation (IMV) and
intensive care unit (ICU) admission.

Risk of bias

The Newcastle-Ottawa scale (NOS) for cohort studies was
used to assess the risk of bias of the included studies [17]. Two
independent reviewers (J.T. and P.O.) completed the risk of
bias assessments for each study, and a third reviewer (J.M.P.)
resolved any disagreements that occurred. The risk of bias was
classified as low, moderate, or high based on the NOS scores,
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as follows: low risk of bias requires 3 or 4 stars in selection,
1 or 2 stars in comparability, and 2 or 3 stars in outcomes;
moderate risk of bias requires 2 stars in selection, 1 or 2 stars
in comparability, and 2 or 3 stars in outcomes, high risk of bias
has 0 or 1 star(s) in selection, or O stars in comparability, or O
or 1 star(s) in outcomes.

Statistical analysis

All data were extracted using the Nested Knowledge interface.
Extracted data were downloaded as a.csv file and imported as a
Microsoft Excel sheet to RStudio (Version 1.4.1717, RStudio,
PBC) running on R-4.0.2 for analysis using the “meta” [18]
and “metafor” [19] packages. J.M.P. established the statistical
analysis plan and R script used for analysis.

Effect sizes from each study were computed as logarithmi-
cally transformed odds ratios (ORs) with random-effects, Man-
tel-Haenszel weighting. The between-study variance compo-
nent of random-effects models was estimated using restricted
effects maximum likelihood with 95% confidence intervals
(CIs) computed using the Q-profile method [20]. 95% ClIs
around pooled effect sizes were calculated using Knapp-—Har-
tung adjustments [21] to provide a more conservative estimate
of the true effect of cancer type on outcomes and to reduce the
risk of false positives. 95% prediction intervals (PIs) were also
computed in order show where effect sizes would be expected
to lie within 95% of similar (i.e., exchangeable) studies [22].
For each aggregated result, /2 statistics were used to measure
the percentage of the total variability in effect estimates that
can be attributed to heterogeneity rather than sampling error
[23]. Qualitatively, P values of <25%, 25% to 75%, and > 75%
were considered low, moderate, and high levels of between-
study variability in effect estimates, respectively. Although
planned in the original protocol (Additional File 3), this review
does not include comparative subgroup analyses of the specific
cancer type (for example chronic lymphocytic leukemia [CLL]
vs. chronic myeloid leukemia [CML]) due to insufficient data.

Importantly, this systematic review included non-rand-
omized and retrospective studies. As such, analyses may be
impacted by residual and unobserved confounding, implying
that pooled results may not reflect causal effects. Qualitative
synthesis was performed with moderate- and high-quality
studies providing robust multivariable and matched cohort
analyses in order to evaluate the robustness of the pooled
results and to investigate potential sources of heterogeneity.

Results

Search results

A total of 649 records were identified by the search, with
an additional 41 added via expert recommendation; after

removing duplicates, 623 articles remained. Based on title/
abstract review, 418 articles were excluded, leaving 205 arti-
cles for full-text review. Ultimately, 23 cohort studies were
included in this study [14, 24—45]. A PRISMA diagram of
study attrition with reasons for exclusion is shown in Fig. 1.

Risk of bias assessment

After performing the risk of bias assessment, 17.4% (4/23)
of studies were deemed to have low risk of bias [26, 33,
43, 44], 17.4% (4/23) had a moderate risk of bias [25, 30,
32, 42], and 65.2% (15/23) had a high risk of bias [14, 24,
27-29, 31, 34-41, 45]. All studies were ultimately recom-
mended for inclusion. Study-level details on the risk of bias
assessment can be found in Additional File 2, Table S2.

Baseline characteristics

Overall, 12,057 patients were included in this systematic
review; 22.5% (2,714/12,057) of patients were in the Hem
group, and 77.5% (9,343/12,057) of patients were in the
Tumor group. At the individual study level, mean age was
generally comparable between Hem and Tumor groups,
though Hem patients predictably skewed younger. Sex ratios
were also generally balanced, with obvious sex-dependent
exceptions in the Tumor groups (i.e., breast and prostate
cancer). Study-level demographic information and base-
line characteristics by cancer type are shown in Table 1. A
detailed record of cancer subtypes (e.g., Hodgkin’s and non-
Hodgkin’s lymphoma) and number of affected patients per
study is provided in Additional File 2, Table S3. Study-level
patient comorbidities, cancer status, and chemotherapy treat-
ment are shown in Additional File 2, Table S4.

Primary outcomes
All-cause mortality

Twenty-one studies reported data on all-cause mortality [14,
24-36, 39-45]. Of these, 4 studies were associated with a
low risk of bias, 4 were associated with a moderate risk of
bias, and 13 were associated with a high risk of bias. The
overall unadjusted mortality rate for the Hem group was
41.4% (95% CI: 36.4-46.7%), and for the Tumor group, it
was 29.7% (95% CI: 23.3-37.1%). Overall, the odds of all-
cause mortality for the Hem group were 1.64 times as likely
as the Tumor group (95% CI: 1.30-2.09; Fig. 2). The studies
were largely consistent. Of 21 studies, 16 reported the Hem
group as having a higher mortality rate, while 5/21 stud-
ies reported the Tumor group as having a higher mortality
rate. However, differences in mortality rates between groups
may have been impacted by residual confounding, as there
were insufficient data to account for imbalances in important
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Fig.1 PRISMA diagram of search results and included studies automatically generated by the AutoLit platform
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Table 1 Study characteristics and demographics

Study, year Sample size Age Sex (male)

Hem  Tumor Hem Tumor Hem Tumor
Asghar et al., [24] 13 57 - - - -
Bernard et al., [25] 1389 4333 7241574 (65-83) 7236 +13.15 797 (57.4%) 2,625 (60.6%)
Bhogal et al., [26] 52 127 71 (60.75-76) 73 (61.5-82) 36 (69.2%) 69 (54.3%)
Chai et al., [27] 17 149 - - - -
Dai et al., [14] 9 95 62.1+9.4 61 (55-64) 60.9+12.6 64 (54.5-69) 5(55.6%) 53 (55.8%)
Dang et al., [28] 38 51 - - - -
De-la-Rosa-Martinez et al., [29] 51 149 - - - -
Fuetal., [30] 69 164 - - - -
Goudsmit et al., [31] 19 26 - - - -
Hermel et al., [32] 37 209 - - - -
Korkusuz et al., [33] 43 239 - - - -
Kumar et al., [34] 4 20 - - - -
Lietal., [35] 9 50 39 (23-66) 63 (57-69) 6 (66.7%) 23 (46.0%)
Liang et al., [26] 12 97 - - - -
Mehta et al., [37] 54 164 - - - -
Meng et al., [38] 16 92 - - 10 (62.5%) 50 (54.3%)
Monari et al., [39] 6 24 65 (56.5-72.8) 72 (65-75.8) 4 (66.7%) 17 (70.8%)
Nakamura et al., [40] 7 25 59.7+£17.8 69 (54.5-70.5) 74.7+15.6 80 (66.5-86.75) 5 (71.4%) 7 (70.0%)
Nomoto et al., [41] 99 504 - - 64 (64.6%) 318 (63.1%)
Plais et al., [42] 51 54 69 (64-72) 69 (65-73) 32 (62.7%) 40 (74.1%)
Rugge et al., [43] 93 620 73.1+£13.976 (69-81) 76.6+11.1 78 (71-84) 59 (63.4%) 368 (59.8%)
Virnai et al., [44] 604 1911 - - - -
Yang et al., [45] 22 183 55 (26-62) 64 (57-70) 15 (68.2%) 81 (44.3%)

Data are n (%), mean + standard deviation, or median (interquartile range)

Hem, hematological cancer; Tumor, solid tumor

covariates between groups. Between-study statistical hetero-
geneity in effect estimates was moderate, with an estimated
55.8% of the variability being attributable to heterogeneity
rather than sampling error according to the /> statistic (95%
CI: 27.9-72.9%).

Effect sizes were computed using the Mantel-Haen-
szel method, using restricted effects maximum likelihood
estimation of the between-study variance component. The
Hartung—Knapp adjustment was used for computing a 95%
CI around the pooled effect size. A 95% PI for the pooled
results is also displayed, showing where the expected effect
size would lie in 95% of similar (i.e., exchangeable) studies.
Overall, results show that the odds of all-cause mortality
are 1.64 times as likely in the Hem group compared to the
Tumor group (95% CI: 1.30-2.09), with moderate estimated
statistical inconsistency between studies (I*=55.8% [95%
CI: 27.9-72.9%]).

Hem = hematological malignancies; Tumor = solid
tumors; CI=confidence interval; OR =odds ratio; and
PI=prediction interval.

Of the 6 studies that provided multivariable analyses
of direct or indirect comparisons of cancer type (Hem vs.

Tumor) with respect to all-cause mortality [25, 26, 30, 32,
33, 42], all studies suggested an underlying difference in risk
of mortality between groups, with the directionality of effect
sizes tending to favor patients with solid tumors compared
to patients with hematological malignancies; however, only
two studies showed a significant difference at the a=0.05
level [26, 32]. Due to differences in statistical methods and
difficulty in obtaining key methodological details, data from
multivariable analyses were not combined across studies to
obtain a pooled, adjusted all-cause mortality rate. Findings
from each of these studies are provided in turn below (see
Additional File 2, Table S5 for details on study-level out-
come comparisons).

Study-level all-cause mortality findings

Bhogal et al. conducted a multicenter retrospective chart
review from six centers in the UK, identifying 179 cancer
patients with COVID-19 (Hem: n=152; Tumor: n=127)
[26]. After fitting a multivariable Cox regression model
adjusted for age, platelet count, and C-reactive protein (CRP)
level, results showed an overall higher instantaneous risk of
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Hem Tumor
Study Events Total Events Total
Monari et al., 2021 1 5 1 19
Kumar et al., 2021 2 4 16 20
Li et al., 2020 2 9 14 50
Goudsmit et al., 2021 6 19 10 26
De-la-Rosa-Martinez et al., 2022 10 46 29 122
Bernard et al., 2021 470 1389 1383 4333
Plais et al., 2022 30 51 29 54
Varnai et al., 2022 262 604 704 1911
Rugge et al., 2022 39 93 212 620
Nakamura et al., 2021 3 7 8 25
Asghar et al., 2021 7 13 23 57
Bhogal et al., 2021 25 52 41 127
Nomoto et al., 2021 29 99 86 504
Hermel et al., 2022 12 37 37 209
Korkusuz et al., 2022 23 43 76 239
Dang et al., 2021 22 38 18 51
Fu et al., 2021 31 62 48 169
Liang et al., 2021 5 12 18 97
Yang et al., 2020 9 22 31 183
Chai et al., 2021 8 17 26 149
Dai et al., 2020 3 9 8 95
Random effects model 999 2631 2828 9060

95% PI
Heterogeneity: 12 = 55.8% [27.9%; 72.9%], 1* = 0.08 [0.01; 0.71]

0.1 0.2

Odds Ratio OR 95% Cl Weight
— 0.18 [0.02; 1.95] 0.7%
—— 0.25 [0.03; 2.36] 0.8%

; 0.73 [0.14; 3.98] 1.4%
—— 0.74 [0.21; 2.57] 2.4%

—— 0.89 [0.39; 2.01] 4.5%

M i 1.09 [0.96; 1.24] 13.6%

— 1.23 [0.57; 2.67] 4.9%
= 1.31 [1.09; 1.58] 12.9%
T 1.39 [0.89; 2.17] 8.7%

: 1.59 [0.29; 8.87] 1.3%

—r— 1.72 [0.51; 5.80] 25%
—E— 1.94 [1.00; 3.75] 5.9%
—H— 2.01 [1.23; 3.29] 8.0%
e 223 [1.03; 4.84] 4.8%

——E— 247 [1.28; 476] 5.9%
—— 252 [1.06; 5.97] 4.2%
- 2.52 [1.38; 4.59] 6.6%
T 3.13 [0.89; 11.01] 2.3%
- 3.39 [1.33; 863] 3.7%
—a— 421 [1.48;11.92] 3.2%
—— 5.44 [1.14;25.97] 1.6%
- 1.64 [1.30; 2.09] 100.0%
— B B [0.87; 3.11]

05 1 2 5 10

1 Mortality (Tumor) 1 Mortality (Hem)

Fig.2 Forest plot of comparisons of all-cause mortality between groups

mortality in the Hem group compared to the Tumor group
(hazard ratio [HR]=2.94 [95% CI: 1.59-5.59], p<0.001).
This study was deemed to be associated with a low risk of
bias.

Fu et al. performed a multicenter retrospective chart
review that included 233 COVID-19 patients with active
cancer (Hem: n=69, Tumor: n=164). From a multivari-
able logistic regression adjusted for age, sex, race, obe-
sity, D-dimer levels, and cancer treatment (no treatment
vs. chemotherapy treatment in the past 3 months vs. other
treatment), there was no statistically significant difference
in odds of mortality between patients with hematological
malignancies and solid tumors, although the directional-
ity of the effect estimate favored patients with solid tumors
(OR=1.82[95% CI: 0.88-3.77], p=0.11) [29]. This study
was deemed to be associated with a moderate risk of bias.

Hermel et al. performed a multicenter observational study
of 246 cancer patients (Hem: n=237, Tumor: n=209) hos-
pitalized for COVID-19. After performing a multivariable
logistic regression analysis adjusted for age, sex, atrial fibril-
lation, deep vein thrombosis, and thrombocytopenia, the
odds of mortality for patients with solid tumors were 0.54
times as likely as patients with hematological malignancies,
but this difference was not statistically significant (OR=0.54
[95% CI: 0.23-1.3], p=0.157) [32]. This study was deemed
to be associated with a moderate risk of bias.

Korkusuz et al. performed a single-center retrospective
study of 282 cancer patients with confirmed diagnosis of
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COVID-19 (Hem: n=43, Tumor: n=239) [33]. After per-
forming a multivariable logistic regression adjusted for
tumor stage, chemotherapy use, computed tomography
(CT) findings (mild, moderate, or severe), hypertension, and
ICU admission, results showed that the odds of mortality
for patients with solid tumors were 0.151 times as likely as
patients with hematological malignancies (OR=0.151 [95%
CI: 0.036-0.638], p=0.010). This study was deemed to be
associated with a low risk of bias.

Plais et al. performed a multicenter ambidirectional study
(data were collected retrospectively 3/12/2020-1/4/2021 and
prospectively 1/4/2021-3/4/2021) to compare outcomes of
COVID-19 patients requiring organ support [42]. Patients
with and without cancer were matched at a 1:3 ratio from
a larger sample (n=2,608) using an inverse probability
weighting approach based on a propensity score assess-
ing the probability of cancer at admission. After patient
matching, a sample of 420 patients was achieved (No can-
cer: n=315, Hem: n=>51, Tumor: n=>54). After perform-
ing multivariable logistic regression on the matched cohort
and adjusting for age at admission (dichotomized as> 70
vs. <70 years), hydroxychloroquine + azithromycin com-
bination treatment, antimicrobial treatment, admission
after 8/1/2020, and norepinephrine use, results showed that
both the Hem and the Tumor group were associated with
increased odds of mortality compared to the No cancer
group (OR=4.144 [95% CI: 1.24-13.83] and OR =2.344
[95% CI: 0.87-6.31], respectively). Although this study
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was not specifically designed to compare mortality rates
between the Hem and the Tumor group, the directionality
and magnitude of the effects relative to the No cancer group
may suggest that patients with hematological malignancies
are at a higher risk of mortality compared to patients with
solid tumors. This study was deemed to be associated with
a moderate risk of bias.

Findings from Bernard et al. suggested that patients with
metastatic solid tumors have increased odds of all-cause
mortality compared to those with hematological malignan-
cies while solid tumors without metastasis have decreased
odds of all-cause mortality [25]. Based on a multivariable
logistic regression model from data from 15,104 patients and
adjusted for sex, dementia, heart failure, COPD, cirrhosis,
diabetes, anemia, and pulmonary bacterial infection, patients
with hematological cancers, solid cancers without metas-
tasis, and solid cancers with metastasis all showed to have
increased odds of all-cause mortality compared to patients
without cancer, but solid cancers with metastasis showed
the largest difference relative to patients without cancer
(OR=2.2[95% CI: 2.0-2.5], OR=1.4 [95% CI: 1.3-1.5],
and OR=3.6 [95% CI: 3.2-4.0], respectively). This study
was deemed to be associated with a moderate risk of bias.

COVID-19-related mortality

Only 5 studies specifically reported on COVID-19-related
in-hospital mortality, and they were consistent in report-
ing hematological malignancy as having a higher mortality
rate compared to solid tumor [31, 36-38, 40]. All studies
included in the analysis of COVID-19-related mortality
were deemed to be associated with a high risk of bias. The
overall unadjusted COVID-19-related mortality rate for the
Hem group was 36.5% (95% CI: 26.3-48.1%), and for the
Tumor group, it was 23.8% (95% CI: 18.6-29.9%). Over-
all, the odds of COVID-19-related mortality were higher in
the Hem group compared to the Tumor group (OR=1.86
[95% CI: 1.38-2.49]; Fig. 3). Although effect size estimates
of the observed studies were roughly homogenous, the

Hem Tumor
Study Events Total Events Total
Goudsmit et al., 2021 5 19 5 26
Liang et al., 2021 3 12 17 97
Nakamura et al., 2021 3 7 8 25
Mehta et al., 2020 20 54 41 164
Meng et al., 2020 8 16 24 92
Random effects model 39 108 95 404

95% PI
Heterogeneity: /2 = 0.0% [0.0%; 79.2%)], <> = 0 [0.00; 0.20]

0.05
1 Mortality (Tumor)

predicted between-study statistical heterogeneity is impre-
cisely estimated due to limited study data (>=0.0% [95%
CI: 0.0-79.2%]). None of the studies included in this review
provided robust multivariable or matched cohort analyses
explicitly comparing COVID-19-related mortality between
the Hem group and the Tumor group, thus making it dif-
ficult to make inferences about any underlying difference
attributable to cancer type. See Additional File 2, Table S6
for details on study-level outcome comparisons.

Effect sizes were computed using the Mantel-Haen-
szel method, using restricted effects maximum likelihood
estimation of the between-study variance component. The
Hartung—Knapp adjustment was used for computing a 95%
CI around the pooled effect size. A 95% PI for the pooled
results is also displayed, showing where the expected effect
size would lie in 95% of similar (i.e., exchangeable) studies.
Overall, results show that the odds of COVID-19-related
mortality are 1.86 times as likely in the Hem group com-
pared to the Tumor group (95% CI: 1.38-2.49), with low to
moderate estimated statistical inconsistency between studies
(I*=0.0% [95% CI: 0.0~79.2%)).

Hem = hematological malignancies; Tumor = solid
tumors; CI=confidence interval; OR =odds ratio; and
PI=prediction interval.

Secondary outcomes
Invasive mechanical ventilation (IMV)

Seven studies had sufficient data to compare IMV rates
between groups [14, 32, 37, 40-42, 45]. Of these, 2 were
associated with a moderate risk of bias and 5 were associ-
ated with a high risk of bias. The studies were inconsistent.
Of seven studies, four reported the Hem group as having
a higher risk of IMV compared to the Tumor group. The
overall IMV rate for the Hem group was 15.3% (95% CI:
8.5-26.1%), and for the Tumor group, it was 11.4% (95%
CI: 6.3-19.8%). Overall, the odds of IMV were higher in
the Hem group compared to the Tumor group, but this

Odds Ratio OR 95% Cl Weight

—t s 1.50 [0.37;6.16] 11.1%

—rs— 1.57 [0.38;6.41] 11.2%

—_— 1.59 [0.29;8.87] 7.5%

T 1.76 [0.92; 3.40] 51.4%

—E— 2.83 [0.96;8.38] 18.8%

- 1.86 [1.38; 2.49] 100.0%

— = — [1.32; 2.60]

051 2 10 20

1 Mortality (Hem)

Fig. 3 Forest plot of comparisons of COVID-19-related mortality between groups
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difference was not statistically significant (OR=1.13 [95%
CI: 0.64-2.00]; Fig. 4). The estimated between-study sta-
tistical heterogeneity in effect estimates ranged from low to
high (*=12.5% [95% CI: 0.0-77.8%)) and is imprecisely
estimated due to the limited study data.

Effect sizes were computed using the Mantel-Haen-
szel method, using restricted effects maximum likelihood
estimation of the between-study variance component. The
Hartung—Knapp adjustment was used for computing a 95%
CI around the pooled effect size. A 95% PI for the pooled
results is also displayed, showing where the expected effect
size would lie in 95% of similar (i.e., exchangeable) studies.
Overall, results show that the odds of COVID-19-related
mortality are 1.13 times as likely in the Hem group, but
this difference was not statistically significant (95% CI:
0.64-2.00) and there were low to high levels of statisti-
cal inconsistency between studies (I*=12.5% [95% CI:
0.0-77.8%]).

IMV =invasive mechanical ventilation; Hem = hemato-
logical malignancies; Tumor = solid tumors; CI=confidence
interval; OR = odds ratio; and Pl =prediction interval.

Only one study included in the review provided a mul-
tivariable analysis that explicitly compared IMV rates
between the Hem group and the Tumor group. After per-
forming a multivariable logistic regression analysis adjusted
for anemia, Hermel et al. showed that there was no signifi-
cant difference in odds of IMV between patients with hema-
tological malignancies and solid tumors (OR =1.22 [95%
CI: 0.44-4.02]) [32]. See Additional File 2, Table S7 for
details on study-level outcome comparisons.

Admission to intensive care unit (ICU)

Eleven studies had sufficient data to compare ICU admis-
sion rates between groups [14, 25, 26, 30-32, 35, 37, 41,
43, 45]. Of these studies, 2 were associated with a low risk
of bias, 3 were associated with a moderate risk of bias, and

6 were associated with a high risk of bias. The rates of ICU
admission were largely consistent between studies with 8/11
reporting increased rates for the Hem group compared to the
Tumor group. The overall ICU admission rate for the Hem
group was 18.9% (95% CI: 12.6-27.3%), and for the Tumor
group, it was 12.9% (95% CI: 9.7-16.9%). Overall, the odds
of ICU admission were higher in the Hem group compared
to the Tumor group, but this difference was not statistically
significant (OR=1.59 [95% CI: 0.95-2.66]; Fig. 5) and had
a wide range of expected effects in 95% of exchangeable
studies (95% PI: 0.43-5.92). The estimated between-study
heterogeneity in effect estimates ranged from moderate to
high (?=67.4% [95% CI: 38.6-82.7%)). See Additional File
2, Table S7 for details on study-level outcome comparisons.

Only one study included in the review provided a multi-
variable analysis explicitly comparing ICU admission rates
between the Hem group and the Tumor group. Hermel et al.
did not find a significant difference in odds of ICU admission
between patients with hematological malignancies and solid
tumors after performing a multivariable logistic regression
adjusted for anemia, asthma, and ethnicity [32].

Effect sizes were computed using the Mantel-Haen-
szel method, using restricted effects maximum likelihood
estimation of the between-study variance component. The
Hartung—Knapp adjustment was used for computing a 95%
CI around the pooled effect size. A 95% PI for the pooled
results is also displayed, showing where the expected effect
size would lie in 95% of similar (i.e., exchangeable) stud-
ies. Overall, results show that the odds of COVID-19-re-
lated mortality are 1.59 times as likely in the Hem group
compared to the Tumor group, but this difference was not
statistically significant (95% CI: 0.95-2.67) and there were
moderate to high levels of statistical inconsistency between
studies (I*=67.4% [95% CI: 38.6-82.7%)).

ICU =intensive care unit; Hem =hematological malig-
nancies; Tumor = solid tumors; CI=confidence interval;
OR =o0dds ratio; and PI=prediction interval.

Hem Tumor

Study Events Total Events Total Odds Ratio OR 95% Cl Weight
Nomoto et al., 2021 7 99 53 504 i 0.65 [0.29; 1.47] 25.0%
Plais et al., 2022 17 51 18 54 1.00 [0.44; 2.25] 25.4%
Mehta et al., 2020 6 54 16 164 : 1.16 [0.43; 3.12] 17.0%
Hermel et al., 2022 5 37 24 209 —t— 1.20 [0.43; 3.39] 15.7%
Yang et al., 2020 4 22 17 183 —— 2.17 [0.66; 7.15] 11.8%
Dai et al., 2020 2 9 5 95 ~—B—> 5.14 [0.84;31.46] 5.1%
Nakamura et al., 2021 0 7 0 10 0.0%
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Fig.4 Forest plot of comparisons of IMV treatment between groups
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Hem Tumor

Study Events Total Events Total Odds Ratio OR 95% Cl Weight
Li etal., 2020 0 9 5 50 § 0.44 [0.02; 8.56] 1.9%
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Fig.5 Forest plot of comparisons of ICU admission rates between groups

Additionally, Rugge et al. compared ICU admission
across several cancer subtypes in 823 patients with avail-
able data from a population-based study in northeastern Italy
[43]. After performing a multivariable logistic regression
adjusted for age, sex, and comorbidities (none vs. respiratory
vs. others), there was no significant difference in ICU admis-
sion rates between patients without cancer, breast cancer,
colorectum cancer, prostate cancer, urinary/bladder cancer,
lung cancer, hematological cancers, or other cancer types.
However, this study was not designed to make inferences
about overall ICU admission rates between the two cancer
groups of interest.

Discussion

This systematic review and meta-analysis of 12,057 cancer
patients with COVID-19 found that patients with hemato-
logical malignancies had significantly higher odds of all-
cause mortality and COVID-19-related mortality compared
to those with solid tumors. Patients with hematological
malignancy tended to have higher odds of IMV and admis-
sion to the ICU, though these differences were not signifi-
cant. Nearly all included studies that provided multivari-
able analyses of all-cause mortality were in agreement that
hematological malignancy placed patients at higher risk
compared to solid tumors; for other outcomes, there were
limited and lower quality analyses available at the individual
study level. The current study provides a thorough inven-
tory of the current literature on cancer and COVID-19 and
offers substantial evidence that hematological malignancy
is a greater hazard for patients with COVID-19 compared
to solid tumors.

1 ICU Admission (Hem)

This meta-analysis fills a gap in the literature by compar-
ing mortality for patients with hematological versus solid
cancers. Earlier meta-analyses have simply described in-hos-
pital mortality rates for segments of this patient population;
one meta-analysis of 3,377 hematological cancer patients
with COVID-19 found that mortality occurred in 34% of
cases (95% CI: 28-39%) [46], and another meta-analysis of
solely hematological cancer patients (N =2,395) found that
mortality was 21.3% [47]. A large survey study (N=3,801)
by the European Hematology Association reported that
all-cause mortality for hematological cancer patients was
31.2% [48]. These all-cause mortality rates are slightly
lower but generally comparable to those observed in this
meta-analysis.

A small handful of previous meta-analyses have included
indirect comparisons of hematological and solid cancer
patients with COVID-19, but with much smaller sample
sizes and without a focus on all-cause or COVID-19-re-
lated mortality. In a meta-analysis of 15 studies with 3,019
patients, Zhang et al. described univariate analyses of a
composite outcome (death or IMV or ICU admission) for
lung cancer versus other solid cancers, as well as for hema-
tological cancer versus lung cancer, and found that neither of
these groups differed significantly [49]. However, it should
be noted that these groupings do not reflect the categories
in the current review, and that multiple studies have previ-
ously identified lung cancer specifically and hematological
cancer as placing patients at significantly higher risk for
severe COVID-19 [13, 14]. Another meta-analysis by Liu
et al. included 29 studies with 5,121 cancer patients and
reported that patients with hematological malignancy had
significantly increased mortality if administered chemother-
apy compared to those that did not receive chemotherapy
(Relative Risk [RR]: 2.68, 95% CI: 1.90-3.78), but patients
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with solid tumors saw no difference in mortality based on
chemotherapy treatment (RR: 1.16, 95% CI: 0.57-2.36) [50].
However, they did not directly compare mortality for hema-
tological versus solid cancers.

While the mechanism of action is unclear, it is possible
that the hematological manifestations of COVID-19 inter-
act with the hematological cancer disease state to result in
worse outcomes for these patients. COVID-19 is known to
cause leukopenia, lymphopenia, and thrombocytopenia in
those infected, which contribute to a prothrombotic state
and can serve as predictors of patient outcome [51]. D-dimer
levels are also associated with thrombosis, and studies have
shown that underlying cancer may elevate D-dimer levels
for patients with COVID-19, increasing likelihood of severe
illness or mortality [52]. Furthermore, evidence shows that
hematological cancer patients have a significantly lower
seroconversion rate following COVID-19 vaccination com-
pared to those with solid tumors [53], suggesting a weaker
immune response upon infection with COVID-19. Addi-
tional research on the pathophysiology of COVID-19 is
needed so that cancer patients and the general population
can be better protected from serious illness.

Eight studies included in this review provided further
analysis by reporting mortality solid cancers with versus
without metastasis; advanced metastatic disease was often
associated with worse outcomes, though only two studies
found differences in outcomes to be significant. In their
multicenter study of 105 cancer patients and 536 age-
matched non-cancer patients, Dai et al. found that patients
with metastatic cancer had significantly higher rates of
mortality (OR: 5.58 [95% CI: 1.71-18.23]), IMV (OR:
55.42 [95% CI: 13.21-232.47]), and ICU admission (OR:
6.59 [95% CI: 2.32-18.72]) compared to those with non-
metastatic cancer [14]. Similarly, Liang et al. reported that
a significantly higher proportion of deceased patients had
metastatic cancer compared to those who survived (52.1%
vs. 12.3%, p <0.001) [36]. Some researchers have hypoth-
esized mechanisms linking COVID-19 infection and meta-
static tumor response, saying that inflammasome activation,
interleukin-1 production, impaired T-cell functioning, and
high cytokine levels due to COVID-19 may worsen metas-
tasis [54, 55].

By contrast, the remaining studies that investigated
metastasis did not find significant associations with mortal-
ity based on solid tumor disease progression, or they did
not provide direct comparisons [25, 31, 32, 37, 41, 44]. For
example, Bernard et al. reported the highest odds of mortal-
ity for patients with solid, metastatic cancer (OR =3.6 [95%
CI: 3.2-4.0]), followed by patients with hematological can-
cers (OR=2.2 [95% CI: 2.0-2.5]), and the lowest odds for
patients with solid, non-metastatic cancer (OR=1.4 [95%
CI: 1.3-1.5]) compared to those without cancer, but they
did not provide any direct comparisons of these groups [25].
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Given the mixed evidence around metastasis and COVID-19
outcomes, further study on this topic is needed.

Moving forward, it is unclear what treatment plans result
in the best outcomes for cancer patients with COVID-19.
Many meta-analyses have found that administration of anti-
cancer therapies (including chemotherapy, surgery, immu-
notherapy, targeted therapy, and/or radiotherapy) does not
significantly affect mortality rates or severe COVID-19 for
cancer patients as a whole [46, 50, 56-58]. However, when
chemotherapy alone is considered, just as many studies have
found that active or recent chemotherapy (within 28-30 days
of COVID-19 onset) is associated with significantly
increased risk of mortality, though not severe COVID-19
[50, 58—61]. Additionally, there are studies that suggest a
potential positive effect of check point inhibitors (CPIs) on
mortality compared to those not receiving anticancer ther-
apy [44]. There are plausible biological mechanisms for all
these relationships. For example, the association between
improved outcome and CPI may be that CPI enhances
antiviral T-cell immunity without increasing inflammation
[62]. It has been shown that CD8 + T-cells are important
for combating viral infections. Therefore, enhancement of
CD8 + T-cells would be beneficial for someone with can-
cer and COVID [63]. Conversely, CPI may be associated
with worse outcomes due to its potential ability to amplify
the immune system to a point where it is pathologic [64].
Although it is generally understood the mechanism by
which CPIs work, it is still unclear in what context their
use will lead to immune dysregulation or improved immune
response.

The complexities of CPIs and their use during ill-
ness with COVID is augmented by the intricacy of the
innate and adaptive immune response to COVID. It has
been shown that type 1 interferon signaling pathways are
perhaps responsible for the increased immune response
for those with severe COVID [65]. Additionally, it has
been shown that when administered early in the course
of illness, interferons (IFNs) can have a protective effect.
However, if administered too late in the course of the ill-
ness, IFNs can augment the immune response and result
in immunopathology [66]. In a similar fashion, type
1 IFN’s role in cancer is quite complicated. There are
mechanisms by which type I IFNs may both favor tumor
regression and tumor progression [9]. For example, type
I IFNs may upregulate PD-L1 signals, which can then
inhibit T-cell destruction of tumor cells. This will lead
to tumor progression. However, if taking a CPI such as
a PD-1/PD-L1 blockade, the upregulation of PD-L1 as
an immune response to COVID will be foiled since the
T-cells will still be able to destroy the tumor cells due to
the PD-L1 blockade. In fact, for some cancers, the combi-
nation therapy of PD-L1/PD-1 blockade and a type I inter-
feron inducer has been shown to increase effectiveness
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[67]. Conversely, type I IFNs have been shown to have a
protective effect as they enhance survival of CD8 + cells
which are imperative for managing viral infections. There-
fore, the complexity of type I interferon in response to
COVID is amplified by the complexity of both of their
interactions with cancer, and the mixed evidence of the
outcomes for using CPIs during COVID infection is con-
cordant with the various possible mechanisms that CPI
could impact the immune system in the specific context of
cancer patients having a possible type 1 interferon medi-
ated immune response to COVID.

Ultimately, treatment plans should be tailored to meet
each patient’s unique needs and set of circumstances. To
develop robust, evidence-based guidelines for different types
of cancer and different types of patients, further study on
this topic with individual patient data is needed. However,
this meta-analysis does provide quantitative evidence that
can strengthen current guidelines and strong support for
clinical trials to provide cancer subtype breakdowns in their
analyses.

Limitations and future directions

The major limitations of this systematic literature review
include the retrospective nature of the included studies and
inability to perform truly randomized studies. As such, it is
difficult to make causal inferences about the impact of malig-
nancy type on the clinical outcomes of interest. Additionally,
there were limited study data regarding COVID-19-related
mortality, mechanical ventilation, and ICU admission rates,
possibly making pooled estimates of the overall population
imprecise. This meta-analysis also does not include com-
parisons of specific malignancy types (e.g., metastatic breast
cancer vs. chronic myeloid leukemia), and was only able to
form pooled estimates from aggregated cancer groups. A
meta-analysis of individual patient data is needed to more
precisely assess the impact of the specific cancer types on
patient outcomes, as well as to identify optimal treatment
strategies across specific patient subsets. Beyond clini-
cal trials providing patient-level data on cancer subtypes,
new clinical trials should provide patient-level data on the
genomic variation for cancers of the same site of origin and
design their trials to stratify their enrollments that way as
well. Cancer is a disease driven by genetic mutation and
immune dysregulation, and the specific genetic mutation is
imperative to testing and developing treatments. It a formi-
dable challenge for clinical trials to be designed this way
given the high cost and time commitment [68], and a limita-
tion of this review is that more direction on the implementa-
tion of genomic directed stratification for clinical trials is not
evident. However, the importance of genomic stratification
in future clinical trials cannot be understated.

Conclusion

Cancer is a serious comorbidity which is associated with
high rates of mortality and severe outcomes in COVID-19
patients. The odds of mortality are especially alarming in
patients with hematological malignancies and are typically
higher than patients with most types of solid tumors. A
meta-analysis of individual patient data is needed in order to
more precisely assess the impact of the specific cancer types
on patient outcomes as well as to identify optimal treatment
strategies across specific patient subsets.
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