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Abstract

Background Steroids are widely used to modulate the inflammatory reactions associated with coronavirus disease
2019 (COVID-19); however, the optimal upper limit dose of steroid use for acute COVID-19 care remains unclear and
currently available data may suffer from a time-dependent bias of no effectiveness or reversed causation given the
desperate situation of treatment during this pandemic. Accordingly, the aim of this study was to elucidate the impact
of intravenous pulse therapy with methylprednisolone (500 mg or greater per day) on the risk of in-hospital mortality
among patients with COVID-19 by controlling for time-dependent bias.

Methods We performed a prospective cohort study with 67,348 hospitalised acute COVID-19 patients at 438 hospi-
tals during 2020-2021 in Japan. The impact of intravenous methylprednisolone pulse therapy on the risk of in-hos-
pital mortality was examined based on hazard ratios (HRs) and 95% confidence intervals (95% Cls), with stratification
according to the status of invasive mechanical ventilation (iMV). Time-dependent bias was controlled for in a marginal
structural model analysis, with reference to patients without methylprednisolone therapy.

Results During the study period, 2400 patients died. In-hospital mortality rates of iMV-free patients without or with
methylprednisolone pulse therapy were 2.3% and 19.5%, and the corresponding values for iMV-receiving patients
were 24.7% and 28.6%, respectively. The marginal structural model analysis showed that intravenous pulse therapy
with methylprednisolone was associated with a lower risk of in-hospital mortality among patients receiving-iMV (HR
0.59;95% Cl 0.52-0.68). In contrast, pulse therapy with methylprednisolone increased the risk of in-hospital mortality
among iMV-free patients (HR 3.38; 95% Cl 3.02-3.79). The benefits of pulse therapy for iMV-receiving patients were
greater than in those treated with intermediate/higher doses (40-250 mg intravenously) of methylprednisolone (HR
0.80;95% C1 0.71-0.89).

Conclusion The results of our study suggest that intravenous methylprednisolone showed dose-response efficien-
cies, and pulse therapy may benefit critically ill patients with acute COVID-19, such as those requiring iIMV.
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Background

The coronavirus disease 2019 (COVID-19) pandemic
has caused global devastation, causing several mil-
lion deaths since 2019. The Randomised Evaluation
of COVID-19 Therapy (RECOVERY) trial highlighted
the effectiveness of dexamethasone (oral dose of 6 mg
for up to 10 days) in reducing mortality in COVID-19
patients requiring oxygen [1]. Steroids are considered
to modulate the inflammatory reactions associated
with COVID-19. A higher dose and use of an intrave-
nous route of administration, such as repeated-pulse
therapy with intravenous methylprednisolone (500 mg
or greater per day for three days), may be needed to
suppress severe inflammation, including acute res-
piratory distress syndrome [2-4]. Notably, the upper
limit of the steroid dose for hospitalised COVID-
19 patients has not been sufficiently evaluated, and
adverse impacts of high-dose steroids on mortality
are not described in international guidelines [5]. Pulse
dosing of steroids can potentially increase the risk of
fatal complications such as aspergillosis/mucormy-
cotic infections, and gastrointestinal, renal, hepatic,
metabolic, or coagulation abnormalities [6, 7]. Indeed,
previous meta-analyses and systematic reviews of
observational studies have reported conflicting results
regarding the outcomes of high doses of steroid ther-
apy [5, 8, 9]. However, these results are likely affected
by numerous confounders and biases. For example,
some patients with desperate conditions may have
received steroid pulse therapy despite being beyond
the optimal timing of treatment, since the care teams
or family members were looking at any option to save
the patients, which would potentially lead to a per se
“immortal time bias” or a time-dependent bias of no
effectiveness or reversed causation [10]. Consequently,
the optimal upper limit dose of steroid use for acute
COVID-19 care remains unclear.

The marginal structural model, a recently devel-
oped statistical approach, allows for controlling the
time-changing impacts of treatments and confound-
ers on clinical outcomes; this form of modelling can
address time-dependent bias, including the immortal
time bias in observational studies [11, 12]. Therefore,
we employed this statistical approach to evaluate the
appropriateness of methylprednisolone pulse therapy
and clarify its clinical implications for patients with
critical conditions while reducing the immortal time
bias. The data were obtained from a nationwide clinical
cohort database of more than 60,000 acute COVID-19
patients in Japan, where steroid pulse therapy had been
conventionally prescribed for acute inflammatory syn-
drome even before the first wave of the COVID-19 pan-
demic [13].
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Methods

Study population

This study examined the diagnosis and procedure com-
bination (DPC) database, a nationwide acute-care hospi-
tal administrative database in Japan. The DPC database
was originally created by the Ministry of Health, Welfare,
and Labour of Japan, and the data analysed in the cur-
rent study were imported from the original national data-
base compiled by medical data vision (MDV) Co., Tokyo,
Japan [14]. Recent studies on COVID-19 outcomes have
employed data from the DPC database provided by the
MDYV [15]. The age and sex distribution of patients reg-
istered in our DPC database are comparable to those of
patients at nationwide healthcare institutes, which repre-
sent the national database and are officially published by
the Japanese government [14]. Relatively high validity of
primary diagnosis for DPC assessment has been reported
previously, with 78.9% and 93.2% sensitivity and specific-
ity, respectively [16].

The data analysed in the current study were obtained
from 25% (438 of 1750) of all acute-care hospitals (DPC
hospitals). From the database, we collected data for
patients of all age ranges who were confirmed to have
acute COVID-19 [International Classification of Diseases
and Related Health Problems, 10th Revision (ICD-10)
diagnosis code U071] with a positive reverse transcrip-
tion-polymerase chain reaction test result. We included
67,348 patients who required admission due to acute
COVID-19 between January 1, 2020, and November 30,
2021. The data from the first admission were used in the
present study. The ethics committee of the Muribushi
Okinawa Center for Teaching Hospitals approved the
study protocol (No. 2021-9).

Data collection

Individual patient data included information regarding
demographic characteristics (age and sex), smoking his-
tory, body mass index, clinical status at admission (shock,
coma, or cardiorespiratory failure), comorbidities, medi-
cations, treatment modalities, detailed timing of admin-
istered treatment modalities, and outcomes at discharge
(in-hospital mortality). Data for comorbidities were col-
lected using ICD-10 coding, based on a previous study
that used MDV DPC data [17]. To deal with missing data
for smoking history and body mass index, we applied
multiple imputations with chained equations to include
data from all available admitted patients [17]. Our data
for treatment modalities included information regard-
ing requirements for intensive care unit (ICU) admis-
sion, non-invasive positive pressure ventilation, invasive
mechanical ventilation (iMV), oxygen therapy (oxygen
provision by nasal cannula, mask, reservoir mask, or
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nasal high flow), and renal replacement therapy. For
intravenous methylprednisolone therapy, a pulse dose
was defined as a dose of 500 mg or greater of intravenous
methylprednisolone prescribed per day. The intermedi-
ate or higher steroid dose was defined as a 40-250 mg
dose of intravenous methylprednisolone prescribed per
day. The impacts of 251-499 mg and 1-39 mg doses on
mortality could not be investigated in the present study
largely because the ampoule size of the methylpredni-
solone products is limited to the following four sizes in
Japan: 40 mg, 125 mg, 500 mg, and 1000 mg (Additional
file 1: Fig. S1).

Statistical analyses

All analyses were stratified according to iMV status:
iMV-free or iMV-receiving. For the baseline characteris-
tics, clinical interventions during admission, and the tim-
ing of interventions, continuous variables were described
as mean and nominal variables as count and proportion.
Cox proportional hazard models were used to examine
the association between pulse therapy and the risk of in-
hospital mortality. The models were constructed using
age, sex, and history of comorbidities data. In multivari-
able adjustment, variables were selected based on the
Bayesian information criterion score and its independ-
ence with similar variables. Specifically, variables that
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developed prior to the steroid therapy were introduced
to the multivariate adjustment model. To eliminate
immortal time bias and to control for time-dependent
confounders such as time to other clinical interventions,
we used cloning, censoring, and weighting to conduct a
robust analysis based on the marginal structural model
[12, 18-21]. The analysis methods are schematically
described in Figs. 1 and 2, and more detailed information
is described in the Supplementary Text (Additional file 2).
Finally, we examined the hazard ratio (HR) and 95% con-
fidence interval (CI) of in-hospital mortality for patients
prescribed only intermediate/higher doses of steroids or
those prescribed only methylprednisolone pulse therapy,
including 66,418 of 67,348 patients, considering that 930
patients received both pulse therapy and intermediate
or higher doses of methylprednisolone during the same
admission period. In addition, we confirmed whether the
gap between the initiation of iMV and the initiation of
steroid pulse therapy was associated with the risk of in-
hospital mortality in the restricted group. For sensitivity
analyses, we also evaluated monthly variation in oppor-
tunities for methylprednisolone prescription and dose of
the steroid. In addition, to further deal with the immor-
tal time bias, we conducted time-dependent propensity
score matching [22]. We also examined the influence of
unmeasured confounders on the target association using
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Fig. 1 Summary of the cloning, censoring, and weighting method for analysis. In the cloning step, we created clones of each patient from the
original cohort and assigned these clones to the opposite treatment (pulse therapy or no pulse therapy) from that of the original patient. In the

Pn: Individual probability for not being censored until day at X (Day at final follow-up or censored)

censoring step, we censored follow-up according to discharge, death, or final follow-up, or when the original patients received pulse therapy (clone
only). We also examined the individual probability for not being censored until the final follow-up (Day X). Such censoring is likely to be informative

but could still lead to selection bias
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Fig. 2 Causal graph of the marginal structural model analysis. The probability for not being censored at day X was estimated with baseline
characteristics, status at hospital admission, history of comorbidities, and time before clinical intervention until day X - 1

the E-value test, which assesses the necessary impacts of
unmeasured confounders to shift the level of target asso-
ciation to non-significant [23, 24]. All statistical analy-
ses were performed using SAS 9.4 (SAS Inc. Carey, NC,
USA). Statistical significance was set at p <0.05.

Results

Patient characteristics

Among the 67,348 patients, 42.5% were female and the
mean age (£ standard deviation) was 53.7 (£21.6) years.
Intravenous pulse therapy with methylprednisolone was
administered to 2244 (3.3%) patients, out of which 430
received iMV and 1814 did not receive iMV. A total of
2400 patients died during their hospital admissions. The
in-hospital mortality rates of iMV-free patients with-
out or with steroid pulse therapy were 2.3% and 19.5%,
respectively, while the corresponding values for iMV-
receiving patients were 24.7% and 28.6%, respectively.
The median (interquartile range) first-day methylpredni-
solone doses were 1000 (500—-1000) mg per day for pulse
treatment and 80 (40-250) mg per day for intermediate/
higher dose therapy. During the study period, a calendar
effect was not confirmed regarding the opportunities for
methylprednisolone prescription and their doses (Addi-
tional file 1: Table S1).

The differences in baseline characteristics (demograph-
ics, status on admission, and comorbidities) of hospital-
ised acute COVID-19 patients at admission, which were
stratified according to the use of iMV and steroid pulse
therapy, are described in Table 1. A majority of patients
were categorised as “IMV-free and not prescribed pulse
therapy” (n=63,149/67,348). These patients were
younger, included a higher proportion of female patients,

were healthier at admission, and had a lower prevalence
of comorbidities. The major differences from the other
three groups were a low prevalence of hospital transfer
and hypertension.

Table 2 shows the prevalence of treatment modalities
and medications among COVID-19 patients through-
out hospital admission. Patients were stratified accord-
ing to their iMV and steroid pulse therapy status.
Patients who did not receive iMV and pulse therapy
were less likely to receive other clinical interventions
during their admission period. Patients requiring iMV
showed a higher prevalence of other clinical interven-
tions such as ICU admission. Among the iMV-receiving
patients, pulse therapy recipients were more likely to
receive other clinical interventions such as other anti-
inflammatory medications, non-ventilation oxygen
therapy, antibiotics, and intermediate/higher doses of
methylprednisolone.

The prevalence of treatment modalities and medi-
cations before and after methylprednisolone pulse
therapy is shown in Table 3. ICU admission, renal
replacement therapy, extracorporeal membrane oxy-
genation, vasopressin, blood transfusion, tocilizumab,
baricitinib, macrolides, and carbapenems were more
frequently introduced before the initiation of steroid
pulse therapy than after pulse therapy. These differences
in treatment modalities before and after pulse therapy
were larger among iMV-receivers than among iMV-free
patients. The findings also showed an increase in oxy-
gen therapy after the initiation of steroid pulse therapy
among iMV-free patients and increments in anti-fungal
interventions among both iMV-free and iMV-receiving
patients (Table 3).
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Table 1 Baseline characteristics of COVID-19 patients

Variables iMV-free patients iMV-receiving patients

Pulse methylprednisolone therapy Not prescribed Prescribed Not prescribed Prescribed
(> 500 mg per day)?

Demographics

Number at risk, n 63,149 1814 1955 430
Age, years 53.0 63.5 64.3 64.1
Male, % 56.5 70.2 751 719
Body mass index, kg/m? 24.0 255 26.2 268
Current or past smokers, % 411 488 55.7 491
Status at hospital admissions

Coma, % 03 0.6 15 0.7
Shock, % 0.0 0.0 0.1 0.0
Cardio-respiratory failure, % 478 533 74.2 58.1
Hospital transferred, % 55 116 35.7 214
History of comorbidities

Cancer, % 35 54 39 53
Chronic lung disease, % 139 205 20.0 18.8
Ischemic heart disease, % 44 6.9 7.2 10.0
Diabetes, % 224 49.7 551 535
Cerebral vascular disease, % 2.2 38 43 4.0
Chronic heart failure, % 6.8 17.7 18.1 179
Arrhythmia, % 38 6.8 8.3 6.5
Hypertension, % 241 36.8 40.8 440
Chronic kidney disease, % 29 6.1 8.1 56
Dementia, % 42 49 22 26
Dyslipidaemia, % 141 19.8 19.6 20.7
Iron deficiency anaemia, % 6.9 8.6 9.1 8.1
Peripheral vascular disease, % 04 0.8 05 0.7
Liver cirrhosis, % 04 0.6 0.6 0.2

COVID-19 coronavirus disease 2019, iMV invasive mechanical ventilation

2The median (interquartile range) prescribed dose of pulse methylprednisolone therapy was 1000 (500-1000) mg per day

Influence of methylprednisolone pulse therapy on the risk

of in-hospital mortality

Table 4 summarises the association between the risk
of in-hospital mortality and the use of intravenous
methylprednisolone pulse and intermediate/higher
dose therapy in patients with acute COVID-19. In the
model adjusted for age, sex, and various conventional
confounders at baseline, intravenous pulse therapy with
methylprednisolone increased the risk of in-hospital
mortality among both iMV-free (HR 2.86, 95% CI 2.53—
3.22), and no association in iMV-receiving patients
(HR 1.01, 95% CI 0.88-1.16). Remarkably, when we
controlled for immortal time bias and time-dependent
confounders with a marginal structure model, a reduc-
tion in the risk of in-hospital mortality with the use
of intravenous methylprednisolone pulse therapy was
observed in the iMV-receiving group (HR 0.59, 95%
CI 0.52-0.68). The impact was greater than that of

40-250 mg (HR 0.80, 95% CI 0.71-0.89). However, the
benefits of pulse therapy on the risk of in-hospital mor-
tality were not observed in iMV-free patients; the HR
(95% CI) was 3.38 (3.02—3.79) for pulse therapy and was
2.38 (2.11-2.70) for the intermediate/higher dose.
Table S2 in Additional file 1 shows the comparison
of HRs of in-hospital mortality for patients prescribed
only intermediate/higher doses of steroids and for
patients prescribed only methylprednisolone pulse
therapy. The largest reduction in the risk of in-hospital
mortality with the use of pulse therapy was observed in
the iMV-receiving group (HR 0.49; 95% CI 0.41-0.60)
in the marginal structural model compared to that of
the patients with intermediate/higher dose of ster-
oids (HR 0.80, 95% CI 0.71-0.93). We confirmed the
dose-response association between a higher dose (for
40, 80, 125-250, 500, and > 1000 mg) of methylpredni-
solone and lower risk of in-hospital mortality among
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Table 2 Prevalence of other clinical interventions among acute COVID-19 patients with or without invasive mechanical ventilation

(iMV) throughout the hospital admission period

Pulse methylprednisolone therapy iMV-free patients

iMV-receiving patients

(>500 mg per day)

Not prescribed Prescribed Not prescribed Prescribed

(n=63,149) (n=1814) (n=1955) (n=430)
ICU admission, % 3.1 153 64.1 54.0
RRT initiation, % 1.0 3.6 11.0 93
ECMO initiation, % 0.0 0.8 64 6.5
Vasopressin, % 04 7.5 538 55.6
Blood transfusion, % 0.5 5.1 173 18.1
Dexamethasone, % 21.8 471 326 36.0
Tocilizumab, % 1.5 130 12.7 240
lvermectin, % 0.2 0.1 0.0 0.7
Hydroxychloroquine, % 0.2 03 0.8 0.5
Remdesivir, % 0.1 03 0.1 0.0
Baricitinib, % 37 246 9.9 31.2
Macrolides, % 36 139 126 23.7
Carbapenems, % 1.0 11.0 259 344
Required oxygen, % 31.8 85.8 N/A N/A
NPPV, % 0.0 04 1.0 1.2
Intermediate/higher dose of methylpred- 2.5 388 18.8 526
nisolone 1.V.2, %
Anti-fungal interventions, % 0.1 2.7 35 6.5

COVID-19 coronavirus disease 2019, ICU intensive care unit, RRT renal replacement therapy, ECMO extracorporeal membrane oxygenation, NPPV non-invasive positive

pressure ventilation, .V. intravenous, N/A not available

? Intermediate/higher dose of methylprednisolone L.V. was defined as 40-250 mg per day

iMV-receiving patients, but not for iMV-free patients
(Additional file 1: Fig. S2).

Furthermore, a smaller gap (less than five days)
between intubation and the initiation of steroid pulse
therapy was associated with a lower risk of in-hospi-
tal mortality (Fig. 3a); however, this association was
weaker with intermediate/higher doses of methylpred-
nisolone (Fig. 3b).

In sensitivity analyses, the results from the time-
dependent propensity score sequential matching were
not considerably different from the results of primary
analyses (Additional file 1: Table S3). In addition,
E-values, the minimum HRs required to shift the pri-
mary association to not significant by unmeasured
confounders, were generally higher than primary asso-
ciations as follows: 6.62 for iMV-free patients treated
with steroid pulse therapy, 2.78 for iMV-receiving
patients treated with steroid pulse therapy, 4.19 for
iMV-free patients treated with the intermediate/higher
intravenous steroid therapy, and 1.10 for iMV-receiv-
ing patients treated with intermediate/higher intrave-
nous steroid therapy (Additional file 1: Table S4).

Discussion

We examined the impact of intravenous methylpredni-
solone pulse therapy on the risk of in-hospital mortality
in a nationwide in-hospital clinical cohort. To provide
novel evidence for acute COVID-19 patients, our results,
which were obtained by controlling immortal time bias
and time-dependent confounders, indicated that among
iMV-receiving patients, intravenous methylprednisolone
pulse therapy with doses of 500-1000 mg per day was
significantly associated with a lower risk of in-hospital
mortality than in those not treated with steroid pulse
therapy or intermediate dose of steroids.

Our results extend the findings of previous stud-
ies. First, this study adds insights in the evaluation of
the appropriate dosage and timing of steroids among
acute COVID-19 patients, after the RECOVERY trial
demonstrated the effectiveness of low-dose steroids of
dexamethasone 6 mg (converted equity as methylpred-
nisolone of 32 mg) in treating COVID-19 patients who
require oxygen therapy [1]. Second, the findings showed
that steroid pulse doses may improve survival in limited
populations of patients with potentially fatal COVID-19,
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Table 3 Prevalence of other clinical interventions before or after the prescription of pulse methylprednisolone therapy among
invasive mechanical ventilation (iMV)-receiving and iMV-free acute COVID-19 patients

Timing with pulse methylprednisolone
therapy (> 500 mg per day)

iMV-free patients
(n=64,963)

iMV-receiving patients
(n=2385)

Prior to prescription

Posterior to prescription Prior to prescription Posterior to

prescribed

ICU admission, % 58 9.5 47.0 7.0
RRT initiation, % 13 24 8.1 1.2
ECMO initiation, % 0.2 0.6 6.5 0.0
Vasopressin, % 2.8 47 547 09
Blood transfusion, % 33 1.8 179 0.2
Dexamethasone, % 206 26.5 144 216
Tocilizumab, % 9.7 33 219 2.1
Ivermectin, % 0.0 0.1 0.5 02
Hydroxychloroquine, % 0.1 0.3 0.5 0.0
Remdesivir, % 0.1 0.2 0.0 0.0
Baricitinib, % 16.1 85 24.2 7.0
Macrolides, % 7.7 6.3 19.1 4.7
Carbapenems, % 6.9 4.0 328 16
Required oxygen, % 38.1 47.7 N/A N/A
NPPV, % 04 0.1 12 0.0
Intermediate/higher dose of methylpredni- 8.9 299 6.6 46.0
solone V2 %

Anti-fungal interventions, % 0.5 22 03 6.2

COVID-19 coronavirus disease 2019, ICU intensive care unit, RRT renal replacement therapy, ECMO extracorporeal membrane oxygenation, NPPV non-invasive positive

pressure ventilation, V. intravenous, N/A not available

2 Intermediate/higher dose of methylprednisolone I.V. was defined as 40-250 mg per day

such as iMV-receivers. Indeed, regardless of steroid dose,
there was no improvement among iMV-free patients.
Similar to our results, prior studies reported that appro-
priate selection of patients to be treated with high-dose
methylprednisolone is necessary to optimise the risk—
benefit balance of steroids for acute COVID-19 patients
[7,25-28].

As for iMV-free acute COVID-19 patients, intravenous
methylprednisolone pulse therapy was associated with
a higher risk of in-hospital mortality than in those not
treated with steroids. The results suggest that a limited
population of acute COVID-19 patients would benefit
from steroid pulse therapy, similar to previous studies [2,
27, 29]. Additionally, intubation status can be a marker of
severe lung inflammation requiring a pulse dose of ster-
oids. Indeed, our study showed that the rates of various
other clinical interventions significantly decreased after
pulse therapy in iMV-receivers, whereas such reduc-
tions were not apparent in iMV-free patients. However,
even though we employed a marginal structural model,
residual confounder bias from iMV-free patients should
be carefully taken into account. In comparison with other
groups, iMV-free patients in our cohort without intra-
venous methylprednisolone pulse therapy had obviously

better clinical characteristics such as younger age, health-
ier at admission, and lower prevalence of comorbidities.

Our study results also indicated that smaller gap days
between intubation and pulse therapy (e.g. intervals less
than five days) were associated with lower in-hospital
mortality among iMV-receiving patients. Few studies
have examined the appropriate timing for initiating ster-
oid pulse therapy in acute COVID-19 patients [30, 31].
In one case report of seven intubated acute COVID-19
patients who received the steroid pulse therapy within
0-1 day after intubation, all patients recovered and were
extubated [31]. However, the optimal timing of steroid
initiation has not been sufficiently examined in quantita-
tive datasets [5, 30]. The present study provides clinically
applicable information, particularly regarding the dose
and timing of steroid use.

Impacts and clinical consequences of intensive dosing
of steroid for hospitalised COVID-19 patients remain
uncertain. Moreover, regulations on the upper limit of
the steroid dose among hospitalised COVID-19 patients
have not been described in international guidelines from
the National Institution of Health of the United States
[32] and the World Health Organization [33]. Addi-
tionally, Japanese clinical practice guidelines for drug
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Table 4 Hazard ratios (HRs) and 95% confidence intervals (95% Cls) for the risk of in-hospital mortality after pulse methylprednisolone
therapy and an intermediate/higher dose of methylprednisolone among acute COVID-19 patients with or without invasive mechanical
ventilation (iMV)

iMV-free patients iMV-receiving patients
Pulse methylprednisolone therapy (> 500 mg per Not prescribed Prescribed Not prescribed Prescribed
day)?
No. at risk 63,149 1814 1955 430
No. of deaths 1441 353 483 123
Crude mortality 2.3% 19.5% 24.7% 28.6%
Multivariable-adjusted® HRs (95% Cls) Reference 2.86 (2.53-3.22) Reference 1.01 (0.88-1.16)
Marginal structural model® HRs (95% Cls) Reference 3.38(3.02-3.79) Reference 0.59 (0.52-0.68)
Intermediate/high dose of methylprednisolone Not prescribed Prescribed Not prescribed Prescribed
(40-250 mg per day)
No. at risk 64,500 2253 1790 595
No. of deaths 2012 238 456 150
Crude in-hospital mortality 3.1% 10.6% 26.0% 25.2%
I\/Iu\tivariable—adjustedb HRs (95% Cls) Reference 1.76 (1.53-2.02) Reference 0.85 (0.71-1.03)
Marginal structural model HRs (95% Cls) Reference 2.38(2.11-2.70) Reference 0.80 (0.71-0.89)

COVID-19 coronavirus disease 2019

?The median (interquartile range) prescribed pulse methylprednisolone therapy was 1000 (500-1000) mg per day; the median (interquartile range) intermediate/
higher dose of intravenous methylprednisolone was 80 (40-250) mg per day

b Multivariable-adjusted models were adjusted to demographic information (age, sex, smoking status, and body mass index), status at hospital admission (coma,
shock, cardio-respiratory failure, and transferred hospital), and history of comorbidities (cancer, chronic lung disease, ischemic heart disease, diabetes, cerebral
vascular disease, chronic heart failure, arrhythmia, hypertension, chronic kidney disease, dementia, dyslipidaemia, iron deficiency anaemia, peripheral vascular
disease, and liver cirrhosis)

€ Marginal structural model controlled further for the time to other clinical implications (time implicated to intensive care unit administration, renal replacement
therapy administration, extracorporeal membrane oxygenation, vasopressin, blood transfusion, dexamethasone, tocilizumab, ivermectin, hydroxychloroquine,
remdesivir, baricitinib, macrolides, carbapenems, required oxygen, non-invasive positive pressure ventilation, intermediate/higher doses or pulse methylprednisolone
therapy, and anti-fungal interventions)

P-value<0.001
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Fig. 3 The relative risk of in-hospital mortality according to gap days between the time of intubation of mechanical ventilation and a pulse
methylprednisolone use (> 500 mg per day) or b intermediate/higher dose of steroid (40-250 mg per day) among COVID-19 patients, using the
restricted subset dataset. No-gap day (day 0) was set as reference to compare risk of in-hospital mortality among gap days both in a and b. We
analysed 66,418 out of 67,348 patients, since 930 patients received both an intermediate/higher dose of intravenous methylprednisolone and pulse
methylprednisolone therapy during the same admission period. The median (interquartile range) pulse methylprednisolone therapy was 1000
(500-1000) mg per day. The median (interquartile range) intermediate/higher dose of intravenous methylprednisolone was 80 (40-250) mg per day
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management for COVID-19 described benefits of ster-
oid pulse therapy for severe acute COVID-19 patients,
despite the insufficiency of scientific evidence [34].
Therefore, our findings, which highlight the benefits and
dose-response efficiency of steroid pulse therapy, could
improve the current situation.

The strengths of our study include the large sample
size and various records of other clinical interventions
from a nationwide clinical registry among patients
with acute COVID-19. The study settings enabled
the examination of recent study objectives. To the
best of our knowledge, our study is the first to con-
trol for immortal time bias to examine the association
between the use of steroids and the risk of in-hospital
mortality in acute COVID-19 patients. Moreover, this
study could provide a concrete setting and timing for
appropriate methylprednisolone pulse therapy in a suf-
ficiently large cohort.

The study also had several limitations. First, this was
an observational study influenced by unknown con-
founders. For example, we could not obtain detailed
clinical information such as positive end-expiratory
pressure, respiratory rate, PaO,/FiO, ratio, use of
prone position, and doses of vasopressor agents. Such
factors might have confounding effects on the asso-
ciation between the use of steroid pulse therapy and
in-hospital mortality. The calculated E-value, which
indicates the impact of unmeasured confounders and
their potential to invalidate the results of our primary
target association, was universally high, at 1.81-6.62.
Therefore, the unmeasured confounders are not likely
to shift our conclusions. Second, because our study
was conducted only at acute care hospitals in Japan,
the results should be carefully applied for other races,
demographics, and countries. For example, (1) the
intubation rates of COVID-19 patients (3.5%) are
considered to be lower than those in the studies from
other countries (4—12%) [35], and (2) 46.4% of iMV-
receiving patients were treated in non-ICU settings
in Japan [36]. This is primarily because of the unique
health policy and special units in addition to ICU in
hospitals of Japan [36, 37]. Third, although our data
included a large number of acute COVID-19 patients
from a quarter of all acute care hospitals in Japan, the
results should be carefully interpreted considering
that our target population receiving iMV or steroid
pulse therapy represents only a small subgroup of all
acute COVID-19 patients. Fourth, we could not spe-
cifically evaluate the adverse effects of pulse therapy
with methylprednisolone, including nosocomial infec-
tious diseases and non-infectious disorders. Fifth, we
did not follow up on the impacts following discharge
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among the survivors. Some in-hospital survivors might
have died within a relatively short period after dis-
charge or experienced long-term complications fol-
lowing the use of steroid pulse therapy. Evaluation of
longitudinal follow-up data should be performed in
future studies to examine the impact of pulse dosing
of steroids during the acute phase of COVID-19 infec-
tions on post-discharge outcomes.

Conclusion

Our results obtained by controlling for immortal time
bias and time-dependent confounders suggest the dose—
response efficiency of methylprednisolone therapy,
including steroid pulse therapy, in lowering the risk of
in-hospital mortality, particularly among iMV-receiving
patients, when they received the pulse soon after (such
as<5 days) iMV initiation. However, the pulse therapy
did not reduce the risk of in-hospital mortality among
iMV-free patients. These findings could be a major mile-
stone in improving in-hospital mortality among patients
with acute and critical COVID-19.
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