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Abstract

Background: Many countries have experienced 2 predominant waves of COVID-19-related hospitalizations. Comparing the
clinical trgjectories of patients hospitalized in separate waves of the pandemic enables further understanding of the evolving
epidemiology, pathophysiology, and health care dynamics of the COVID-19 pandemic.

Objective: In thisretrospective cohort study, we analyzed electronic health record (EHR) data from patients with SARS-CoV-2
infections hospitalized in participating health care systems representing 315 hospitals across 6 countries. We compared
hospitalization rates, severe COVID-19risk, and mean laboratory val ues between patients hospitalized during the first and second
waves of the pandemic.

Methods: Using a federated approach, each participating health care system extracted patient-level clinical data on their first
and second wave cohorts and submitted aggregated data to the central site. Data quality control steps were adopted at the central
site to correct for implausible values and harmonize units. Statistical analyses were performed by computing individual health
care system effect sizes and synthesizing these using random effect meta-analyses to account for heterogeneity. We focused the
laboratory analysis on C-reactive protein (CRP), ferritin, fibrinogen, procalcitonin, D-dimer, and creatinine based on their reported
associations with severe COVID-19.

Results: Datawere available for 79,613 patients, of which 32,467 were hospitalized in the first wave and 47,146 in the second
wave. The prevalence of male patients and patients aged 50 to 69 years decreased significantly between the first and second
waves. Patients hospitalized in the second wave had a 9.9% reduction in the risk of severe COVID-19 compared to patients
hospitalized in the first wave (95% CI 8.5%-11.3%). Demographic subgroup analyses indicated that patients aged 26 to 49 years
and 50 to 69 years; male and femal e patients; and black patients had significantly lower risk for severe disease in the second wave
than in the first wave. At admission, the mean values of CRP were significantly lower in the second wave than in the first wave.
On the seventh hospital day, the mean values of CRP, ferritin, fibrinogen, and procal citonin were significantly lower in the second
wavethanin thefirst wave. In general, countries exhibited variable changesin laboratory testing rates from the first to the second
wave. At admission, there was a significantly higher testing rate for D-dimer in France, Germany, and Spain.
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Conclusions: Patients hospitalized in the second wave were at significantly lower risk for severe COVID-19. This corresponded
to mean laboratory values in the second wave that were more likely to be in typical physiological ranges on the seventh hospital
day compared to the first wave. Our federated approach demonstrated the feasibility and power of harmonizing heterogeneous
EHR data from multiple international health care systemsto rapidly conduct large-scale studies to characterize how COVID-19
clinical trajectories evolve.

(J Med Internet Res 2021;23(10):€31400) doi: 10.2196/31400
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laboratory tragjectory

Introduction

From January 2020 to June 2021, the COV1D-19 pandemic has
resulted in over 170 million confirmed cases of SARS-CoV-2
infection and 3.7 million confirmed deaths worldwide [1].
Similar to previous viral pandemics, the resurgence in
SARS-CoV-2 infections and subsequent hospitalizations since
the first documented outbreaks have been characterized by a
series of “waves” To date, there have been reports of at least
two waves in numerous countries, including an initial one in
the Spring of 2020 and a resurgence of cases in the Summer
and Fall of 2020 [1-10]. A limited number of single-center
studies have reported differences in laboratory values,
demographic composition, and disease management between
patientswith COV1D-19 admitted in thefirst and second waves
[6,8,11,12]. Thus, there is substantial interest in comparing the
clinical trajectories of patients with SARS-CoV-2 who were
hospitalized across different waves of the pandemic to better
understand the rapidly evolving epidemiol ogy, pathophysiology,
and headlth care dynamics of the COVID-19 pandemic. This
may further inform health care workers, policymakers, and
public health experts on how to anticipate potential additional
waves due to SARS-CoV-2 variants [13].

Single-center studies are limited in scope, power, and
generalizability, and there is a need for robust multicenter
analyses using multinational cohorts that compare first and
second wave patient characteristics. The goal of this study was
to use afederated el ectronic health record (EHR)-based approach

https://www.jmir.org/2021/10/€31400

to examine international temporal trends in the clinical
trajectories of patients hospitalized with SARS-CoV-2 across
6 countries obtained from contributing health care systemsin
the Consortium for Clinical Characterization of COVID-19 by
EHR (4CE) [14], aninternational research collaborative of more
than 300 hospitals across 7 countries that collects patient-level
EHR data to study the epidemiology and clinical course of
COVID-19. We collected data from 26 participating
international health care systems covering 79,613 hospitalized
patients with SARS-CoV-2 to study changes in (1)
hospitalization rates across calendar time; (2) risk of developing
severe COVID-19; and (3) mean laboratory values and
laboratory testing rates between the first and second waves. We
stratified severity risk analyses by country and demographic
subgroups.

Methods

Description of the Federated Approach: Participating
Health Care Systems, L ocal Data Collection, and
Central Data Aggregation

Our analyses were performed on EHR data collected from 315
hospitals (affiliated with 26 regional health care systems) across
thefollowing 6 countries: Brazil, France, Germany, Italy, Spain,
and the United States[14,15]. In the United States, we grouped
the 170 Veterans Affairs (VA) hospitals into 5 regional health
care systems [16]. See Table 1 for details about participating
health care systems and Figure 1 for a map of participating
health care systems.
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Table 1. Participating health care systems, metadata on the number of hospitals and beds, and hospitalization date used to define the first and second

wave cohorts.
Health care system Country  Hospitals, Beds, n Inpatientdis- First wavedate  Second wavedate Firstwave  Secondwave
n chargedlyear, range range samplesize, samplesize,
n n n
Assistance Publique - France 39 20,098 1,375,538 January 29,2020, August 11,2020, 9827 4584
Hopitaux de Paris to August 10, to November 06,
2020 2020
Azienda Socio-Sanitaria  Italy 7 958 29,103 February 28, May 01, 2020,to 945 1543
Territorialedellaprovincia 2020, to April 30, February 15, 2021
di Pavia 2020
Beth Israel Deaconess United 1 673 40,752 March 23, 2020, September 03, 685 585
Medical Center States to September 02, 2020, to February
2020 22,2021
Bordeaux University Hos-  France 3 2676 130,033 January 23,2020, August 01,2020, 331 439
pital toJduly 31,2020 to November 07,
2020
Hospital Universitario 12 Spain 1 1256 45,035 March 01, 2020, July 21,2020,t0 2369 3730
de Octubre toJuly 20,2020 February 28, 2021
Azienda Socio-Sanitaria  Italy 1 1080 45,000 February 25, May 22, 2020,to 1533 371
Territorial e Papa Giovanni 2020, to May 21, November 13,
XXIIl Bergamo 2020 2020
Istituto Clinico Scientifico Italy 1 426 8616 February 29, May 09, 2020,to 113 58
Maugeri Pavia Hospital 2020, to May 08  November 16,
2020 2020
Istituto Clinico Scientifico Italy 1 200 2432 February 21, May 09, 2020,to 38 119
Maugeri 2020, to May 08, November 16,
Milano Hospital 2020 2020
Istituto Clinico Scientifico Italy 1 149 1296 March 11, 2020, May 09, 2020,to 111 21
Maugeri Lumezzane/Bres- toMay 08,2020 November 16,
ciaHospitals 2020
Mass General Brigham United 10 3418 163,521 March 11, 2020, August 01, 2020, 2736 1735
(Partners Healthcare) States toJduly 31,2020 to February 28,
2021
Medical University of United 8 1600 55,664 March 12, 2020, May 26, 2020,to 127 1482
South Carolina States to May 25,2020 November 15,
2020
Northwestern University ~ United 10 2234 103,279 March 05, 2020, August 01, 2020, 2313 3567
States toJuly 31,2020 to December 31,
2020
Policlinico di Milano Italy 1 900 40,000 February 25, August 02, 2020, 612 304
2020, to August  to November 13,
01, 2020 2020
Medical Center, University Germany 1 1660 71,500 March 13, 2020, August 01, 2020, 186 490
of Freiburg toJuly 31,2020 to February 28,
2021
University of California, ~ United 2 786 40,526 March 10, 2020, August 04, 2020, 425 151
LA States to August 03, to November 13,
2020 2020
University of Kentucky United 3 881 45,714 March 18, 2020, July 08,2020,to0 113 352
States toJuly 07,2020 November 06,
2020
University of Michigan United 3 1000 49,008 March 09, 2020, August 01, 2020, 745 1619
States toJuly 31,2020 to February 28,
2021
University Medicine Germany 1 1352 50,748 March 18, 2020, August 04, 2020, 81 497
Mannheim to August 03, to January 23,
2020 2021
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Health care system Country  Hospitals, Beds, n Inpatientdis- First wavedate  Second wavedate Firstwave ~ Secondwave
n chargeslyear, range range samplesize, samplesize,
n n n
University of North Caroli- United 11 3095 52,000 March 14, 2020, June 06, 2020,to0 458 1525
naat Chapel Hill States to June 05, 2020  October 30, 2020
Universidade Estadual Brazil 1 490 28,167 April 01,2020,t0 August 01, 2020, 171 425
Julio de Mesquita Filho July 31, 2020 to February 28,
2021
University of Pittsburgh ~ United 39 8085 369,300 March 13,2020, August 01, 2020, 685 5021
States toJuly 31,2020 to February 28,
2021
Veteran Affairs North At-  United 49 3594 151,075 March 01, 2020, August 01, 2020, 1949 2984
lantic States toJuly 31,2020 to February 04,
2021
Veteran Affairs Southwest  United 29 3115 156,315 March 01, 2020, August 01, 2020, 1679 4071
States toJuly 31,2020 to February 04,
2021
Veteran Affairs Midwest ~ United 39 2686 145,468 March 01, 2020, August 01, 2020, 1544 4617
States toJuly 31,2020 to February 04,
2021
Veteran Affairs Continen-  United 24 2110 113,260 March 01, 2020, August 01, 2020, 1497 3495
tal States toJuly 31,2020 to February 04,
2021
Veteran Affairs Pacific United 29 2296 114,569 March 01, 2020, August 01, 2020, 1194 3361
States toJuly 31,2020 to February 04,
2021
Total N/A2 315 66,818 3,427,919 N/A N/A 32,467 47,146

3N/A: not applicable.
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Figure 1. (A) World map with health care systems. (B) Schematic of the federated electronic health record (EHR)-based study involving health care
systems from 6 countries. 4CE: Consortium for Clinical Characterization of COVID-19 by EHR; ICD: International Classification of Diseases.
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Similar to our previous 4CE studies, we distributed a SQL
database script to each of the contributing health care systems,
which they ran on their patient-level EHR data to generate
aggregate counts and statistics about their patient cohorts after
gaining institutional review board approval [14,15,17]. Health
care systems then uploaded their aggregate data via a central
4CE data upload tool. Aggregate data included hospital
admission summaries over calendar time; dates of positive
SARS-CoV-2 reverse transcription polymerase chain reaction
tests; demographic counts for age, sex, and race groups; and
daily trajectories of laboratory test values. Race datawere only
reported in participating health care systems from the United
States and only included categoriesfor black and white patients
given the considerable heterogeneity present in race coding
systems across health care system EHRs. A schematic of our
workflow is presented in Figure 1, and further details of
collected data are reported in Multimedia Appendix 1.

In order to ensure high-quality EHR data across health care
systems and countries, extensive data quality control was
performed. When sites uploaded the data using the 4CE data

https://www.jmir.org/2021/10/€31400

RenderX

2

Age group Days since positive

upload tool, an initial online quality control verified that all
comma separated value (CSV) files were under the standard
format, which included verification of the file and column
names, column orders, data types, code values and ranges, and
the absence of duplicated records. This step was crucia in
ensuring proper downstream statistical analysis. At the central
site, additional quality control steps were completed on all
submitted data. These steps included cross-validating the
consistency of the total case counts, checking that there are no
negative values in patient counts, and verifying that no data
types were missing. We also checked for consistency between
the 3-digit International Classification of Diseases (ICD) codes
and the ICD dictionary. To assess the general consistency of
the laboratory data from each site with data observed from all
health care systems and to detect outliers, we plotted |aboratory
values across time with al sites overlaid on each other. Using
these plots, we were also able to check if certain laboratory
values from specific health care systems were systematically
lower or higher than for other sites, which usually indicated
unit errors. If ahealth care system presented any quality control
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issues, the central site directly contacted its corresponding
informaticians to resolve them.

Cohort | dentification

Our study included all patients hospitalized up to February 28,
2021, at participating 4CE health care systemswith an admission
date between 7 days before to 14 days after the date of thefirst
positive SARS-CoV-2 reverse transcription polymerase chain
reaction test result. We chose this time window in an effort to
miti gate selection bias by identifying hospitalized patientswho
may havetested positive for SARS-CoV-2 before or after being
admitted to a hospital. We further defined the first admission
date within this =7 to +14-day time window as the index date,
and “days since admission” and “hospital day” are referenced
tothisindex date. EHR datawere available for 79,613 patients.

We partitioned patients into first- and second-wave cohorts
according to their index date. Although different regions had
dlightly varying temporal trgjectories in COVID-19—related
hospitalizations, our data indicated 2 predominant waves of
hospitalizations, which we used to partition patients asfollows:
afirst wavefrom January 1 to July 31, 2020, and asecond wave
from August 1, 2020, to February 28, 2021. Relatively few
admissions occurred between July and August 2020 across all
health care systems. Table 1 defines heal th care system-specific
hospitalization date criteria for the first and second waves.

We further categorized patients as “ever-severe” using the
validated 4CE COVID-19 severity agorithm that allows us to
determine whether patients, at any time during their
hospitalization, progressed to severe disease, regardless of their
recovery from COVID-19 [18]. The agorithm leverages a set
of EHR data elements to define severe COVID-19 including
(1) laboratory tests for partial pressure of carbon dioxide or
partial pressure of oxygen; (2) ordered medicationsfor sedatives
and anesthetics; (3) diagnosis codesfor acute respiratory distress
syndrome or ventilator-associated pneumonia; and (4)
procedures such as endotracheal tube insertion and invasive
mechanical ventilation [18].

Statistical Analysis

Centralized random effect meta-analyses were performed to
summarizeindividual health care system effect sizes. To account
for heterogeneity between health care systems, we harmonized
effect sizes using DerSimonian and Laird random effect
meta-analysis [19]. Weights assigned to health care system
effect sizes during meta-analysis were kept constant between
corresponding first and second cohort analyses to facilitate
effective comparisons between waves. All statistical analyses
were performed using R software version 4.0.2 (R Foundation
for Statistical Computing).

We estimated the intensity rate of hospitalizations over time
within each participating health care system and averaged at
the country level. Within each health care system, the intensity
rate for a given calendar date was estimated as the proportion
of patientsin the cohort who were hospitalized on that date. We

https://www.jmir.org/2021/10/€31400
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further summarized the prevalence of demographic subgroups
in the first and second waves. We excluded the VA health care
systems only when estimating the prevalence of demographic
subgroupsin our cohort dueto their unique demographic profiles
[20]. We report the prevalence of demographic subgroups
including the VA health care systemsin Multimedia Appendix
2.

We then estimated the absolute risk of severe COVID-19in the
first and second waves and the relative risk (RR) of severe
COVID-19 in the second wave compared with the first wave.
Within each health care system and over a set time period of
interest, the absolute risk was estimated as the proportion of
patients who ever developed severe disease among all patients
in the corresponding cohort. We stratified these analyses by
country and demographi c subgroups. Analyses of absolute risk
and RR for severe COVID-19 included all participating health
care systems.

We then compared standardized mean laboratory test values
stratified by disease severity at days 0, 1, and 7 to investigate
changes in laboratory trajectories between the 2 waves. We
focused on the following 6 blood laboratory values associated
with worse outcomes and severe disease in patients with
COVID-19: C-reactive protein (CRP), ferritin, fibrinogen,
procalcitonin, D-dimer, and creatinine [21-28]. To facilitate
effective comparisons, we defined standardized laboratory
values asrelative to each laboratory test’s harmonized value on
the index date in the first wave. We also summarized the
proportion of al and ever-severe patients having each laboratory
test at daysOto 14 stratified by country to examine any changes
in clinical practice regarding laboratory testing.

Ethics Approval

All study siteswere responsiblefor and obtained ethics approva,
as needed, from the appropriate ethics committee at their
institutions.

Data Sharing Statement

Deidentified aggregate datawere provided by sitesfor this study.
The 4CE provides samples of deidentified data collected by the
consortium and some corresponding visualizations on the
consortium website [29].

Results

Characteristics of the Study Population and Trends
in Hospitalization

In the study population of 79,613 hospitalized patients with
SARS-CoV-2, 32,467 were hospitalized during the first wave
and 47,146 were hospitalized during the second wave. In this
cohort, the United States represented the country with the most
hospitalizations. As seen in Figure 2B, hospitalization rates
generally peaked in March-April of 2020 and again in the final
months of 2020 across al 6 countries.
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Figure2. (A) Total hospitalizations in the cohort between the first and second waves. (B) The intensity rate of hospitalizations over time by country.
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We report the prevalence of demographic subgroupsin Figure
3. Overall, there was a higher prevalence of male and older age
patients in both waves. The prevalence of patients aged 50 to
69 years decreased significantly from the first wave (37.1%,
95% CI 35.0%-39.3%) to the second wave (32.3%, 95% ClI
30.5%-34.2%). The prevalence of male patients also decreased
from thefirst wave (55.3%, 95% Cl 53.1%-57.5%) to the second
wave (50.9%, 95% CI 49.1%-52.6%). Therewereno statistically
significant changesin the prevalence of other age or sex groups
for the entire cohort. At the country level, we observed that in
Spain, the prevalence of patients aged 26 to 49 years increased

https://www.jmir.org/2021/10/€31400
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significantly from 21.0% (95% CI 19.4%-22.7%) in the first
wave to 24.3% (95% Cl 23.0%-25.7%) in the second wave,
while the prevalence of patients aged 70 to 79 years decreased
significantly from 16.8% (95% CI 15.4%-18.4%) in the first
wave to 14.1% (95% CI 13.0%-15.3%) in the second wave. In
the United States, the prevalence of white patients increased
(first wave: 46.3%, 95% Cl 36.3%-56.6% vs second wave:
60.2%, 95% Cl 48.1%-71.1%), while the prevalence of black
patients decreased (first wave: 29.7%, 95% Cl 20.0%-41.8%
vs second wave: 19.4%, 95% CI 13.3%-27.5%), although both
results did not reach statistical significance.
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Figure3. (A) Prevalence of demographic subgroupsin thefirst and second wavesfor the entire cohort and estimated absol ute risk for severe COVID-19
by demographic subgroup. (B) Country-level demographicsof all patientsby wave. Error barsindicate 95% Cls. * Significant difference by nonoverlapping
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Risk of Severe Diseasein the First and Second Waves

We report the absolute risk and RR for severe COVID-19
stratified by country in Figure 4. The absolute risk of severe
disease was 0.40 (95% CI 0.34-0.48) in the first wave and 0.33
(95% CI 0.25-0.43) in the second wave. The absolute risk for
severe disease varied significantly across countries in both
waves (first wave vs second wave) as follows: Brazil, 30.1%
vs 8.7%; France, 66.7% vs 60.1%; Germany, 33.3% vs 25.8%;
Italy, 12.6% vs 6.5%; Spain, 38.3% vs 44.5%; United States,
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49.4% vs 44.8%. The RR of severe disease in the second wave
compared to the first wave was more comparable across Brazil
(RR 0.29, 95% CI 0.20-0.42), France (RR 0.90, 95% CI
0.87-0.92), and the United States (RR 0.88, 95% CI 0.87-0.90).
Theobserved RRwas0.78 (95% CI 0.52-1.17) in Germany and
0.53 (95% CI 0.27-1.04) in Italy, but the reduction in risk was
not statistically significant. In contrast, patients in Spain (RR
1.16, 95% CI 1.09-1.24) had a dightly higher risk of severe
COVID-19 in the second wave than in the first wave.
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Figure4. (A) Absolute risk for severe COVID-19 in the first and second waves. (B) Relative risk of severe COVID-19 in the second compared to the

first wave stretified by country. Error bars indicate 95% Cls.
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We report the absolute risk and RR for severe COVID-19
stratified by demographic subgroupsin Figure 3A and Table 2,
respectively. Across demographic subgroupsin the second wave,
there were significant reductions in risk among patients aged
26 to 49 years and 50 to 69 years; male and female patients;
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and black patients. RR effect sizes were generally comparable
between sexes and between races. The reduction in risk in the
second wave was slightly greater for younger age groups than
for older age groups.

JMed Internet Res 2021 | vol. 23 | iss. 10 | €31400 | p. 10
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH

Weber et al

Table 2. Relativerisk of severe disease in the second wave compared to the first wave stratified by demographic subgroups and by country.

Demograph- All countries, Brazil, RR (95% France, RR(95% Germany, RR  Italy, RR(95%  Spain, RR (95% United States, RR
ic group RRA(95%Cl) O cly (95% CI) cl cl (95% CI)
Age (years)
025  075(056-102) pyab 1.50 (1.08-2.09)° N/A N/A N/A 0.80 (0.59-1.09)
26-49  077(0.63-0.94)° 0.31(0.16-0.61)° 086(0.57-131) 11(051-245) 24 (0,07-0.78)° 1.08(0.90-1.29) (g1 (0.69-0.94)°
50-69  0.84(0.72-0.97)° 0.23(0.12-0.43)° 0.95(0.89-1.01) 0.88(0.56-1.39) 0.50(0.17-1.46) 112 (1.02-1.23)° 0.88 (0.79-0.98)°
7079 091(080-102) (26(012-060) 100(095106) 084(053-1.34) 138(0.97-197) 116(1.03132)° 087 (0.76-099)°
>80 101(0.87-117) 062(0.11-334) 093(0.77-112) 087(0.37-196) 113(0.56-228) 149(1.31-169)° 0.97 (0.83-1.15)
Sex
Female (84 (0.73-0.96)° 0.22(0.12-0.42)° 0.88(0.84-0.92)° 0.59(0.13-2.71) 0.87(0.49-1.53) 1 13(1.02-1.25° 0.86 (0.76-0.98)°
Mae  0g5(076-095° 032(019-053) 093(000-096)° 058(025-134) 061(029-125) 11g(110-1.28° 089 (081-
0.98)*¢
Race
Black 089 (0.81-0.98° N/A N/A N/A N/A N/A 0.89 (0.81-0.98)°
White  0.91(0.80-1.03) N/A N/A N/A N/A N/A 0.91 (0.80-1.03)
3RR: relative risk.

BNI/A: not applicable; no patients reported in specific demographic subgroups for certain countries.

Cstatistically significant.

Changein Mean Laboratory Valuesand Laboratory
Testing Rates

We report standardized mean laboratory valuesin the first and
the second waves at days 0, 1, and 7 since the index date of
admission for CRP, ferritin, fibrinogen, procalcitonin, D-dimer,
and creatinine in Figure 5. Among all patients, we observed
significantly lower mean CRP values throughout the first week
of hospitalization on days 0, 1, and 7 in the second wave than
in the first wave. All other mean laboratory values on day 0
were not significantly different between the first and second

https://www.jmir.org/2021/10/€31400

waves. At day 7, we further observed that the mean values of
ferritin, fibrinogen, and procalcitonin were al significantly
lower in the second wave than in the first wave.

Among patientswith severe disease, we observed similar results
with regard to comparing mean laboratory values between the
first and second waves. Mean CRP values during the first week
of hospitalization on days 0, 1, and 7 were significantly lower
in the second wave than in the first wave. Mean fibrinogen and
procalcitonin values were significantly lower on day 7 in the
second wave than in the first wave.
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Figure 5. Standardized mean laboratory values (A) and corresponding laboratory testing rates (B) among all patients and those with severe disease in

the first and second waves. Error bars indicate 95% Cls.

Mean Standardized Lab Values Of All And Ever-Severe Patients By Wave

C-reactive protein Ferritin Fibrinogen Procalcitonin D-dimer Creatinine
115 108 105 3, 15 15
110 1.06
P 0 e o 3 P
w108 ™ . \a// /
g /@ o i
5 0 @ : : / 105
& = .02 o] 095 /
ESTH y
w e 15 P -
090 - 090 a W
10
0.5
115 108 /ﬁ 105 3 115
. @
e 110 Gw—"'e\ 1.06 ” \g’/o 25 e
£ 105 N o 100 Z3 10
- o
2 1m0 ) 2.0 R
00 . 05
g e 095
@ 095 c
] 10 " ‘/.\. 100
@ 090 a
098 0% 1o
£8 ) 85
Dayd Day1 Day7 Day0 Day1 Day? Day 0 Day 1 Day? Day 0 Day1 Day7? Day 0 Day1 Day? Day 0 Day 1 Day?
Days Since Admission Days Since Admission Days Since Admission Days Since Admission Days Since Admission Days Since Admission
Wave Significance & of Patients
@ Fisl @ Second || @ P05 o0 @500 @000 @s000 @20 (@200 (@ 0000
Percentage Of All And Ever-Severe Patients Tested By Wave
C-reactive protein Ferritin Fibrinogen Procalcitonin D-dimer Creatinine
100% 100% 100% 100% 100% 100%
80% 80% 80% 80% 80% 80% .
& |
§ a0 60% 60% 60% 60% 60% |
£ 40% 40% 40% 0% 40%
= T - \ FW:*:
20% 0% - sy 20% T 0% + - 0%
A =Ssecgpes~_ bttt bt 'ku:..w
0% 0% % 0% 0% 0%
100% 100% 100% 00% 100% 100%
2 )
g s 80% 80% 0% 80% 80% M?W
£ s 60% 60% 60% 60% 0% ‘
@ w
5 !
40% 40% 40% A0% 40% 40%
% 1 S \ I eusan
5 0% 20% 0% L&ctt:m 20% -+ 20% 1 v s
2 -t t Y :
0% 0% 0% 0% 0% (3
0 2 4 6 8 10121 002z 4 6 8 101214 02 4 6 8 10 1214 0 2 4 6 8 101214 002 4 6 8 101214 0 2 4 6 & 101214

Days Since Admission Days Since Admission Days Since Admission

Wave
@ First @ Second

When comparing the overall laboratory testing rates during
hospitalization, asreported in Figure 5, we observed that overall
testing rates among all patients for procalcitonin were
significantly lower across hospitalization days in the second
wave than in the first wave. Overall procalcitonin testing rates
among patients with severe disease were similarly significantly
lower across hospitalization days in the second wave than in
thefirst wave. There were no other significant changesin overall
laboratory testing rates. We report laboratory testing rateswithin
each country in Figure 6; creatinine laboratory data were not
available from participating health care systems in Germany.
Laboratory testing rates among countries varied significantly
between the first and second waves. European countries
exhibited the most changes in testing rates at admission (day
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0). In the second wave, there was a significant increase in the
D-dimer testing rate in France, Germany, and Spain, and in the
CRP, creatining, and fibrinogen testing rates in Spain. In
Germany, there were significant decreases in the testing rates
for CRP, ferritin, and procal citonin at admission. In Brazil, there
was a significant decrease in the testing rate for D-dimer at
admission. In contrast, the United States did not have any
significant changes in laboratory testing rates at admission. In
all countries, except Brazil and Spain, laboratory testing rates
in the second wave were generally lower during the second
week of hospitalization. In Spain, second hospital week testing
rates for CRP, fibrinogen, and creatinine were higher in the
second wave than in the first wave.
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Figure 6. Laboratory testing rates across hospitalization days in each country. Error bars indicate 95% Cls. Laboratory data for creatinine were

unavailable for health care systemsin Germany. NA: Not Available.
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Discussion

Principal Findings

In this large EHR-based study, we employed a federated
approach to rapidly aggregate and harmonize clinical dataacross
315international hospitalsfrom 6 countriesthat included 79,613
hospitalized patients with SARS-CoV-2 to offer insights on the
evolving clinical trgjectory of COVID-19 across the first and
second waves. Wefound that patients hospitalized in the second
wave were at significantly lower risk for severe COVID-19,
corresponding to lower mean laboratory values for several
inflammatory markers during the first week of hospitalization
in the second wave than in the first wave.

In this study, we capitalized on the availability of real-world
EHR data from participating international health care systems
within the 4CE to capture pertinent clinical characteristics
effectively and accurately. Despite the high heterogeneity in
the health systems, we were able to rigorously perform quality
checks across al health care centers using a multidisciplinary
team approach that engages statisticians, informaticians, and
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clinicians. Additionally, the multinational nature of our data
allowed us to identify country-level variations in temporal
trends, as well as distinguish different clinical phenotypes and
trajectories in the second wave compared with the first wave of
the pandemic.

Notably, our federated approach demonstrated severa
advantages over methods where hospitalstransfer patient-level
data to a central repository [30]. By keeping data local within
hospitals, we avoided privacy concerns and regulatory barriers
that often delay multisite research studies. By comparing the
results from different hospitals, rather than treating all the data
as a single combined data set, we could identify outliers that
suggested data quality problems. Finally, by having local data
experts at each site running the database queries, we could
leverage their help in addressing these data quality concerns
[31,32]. Although more sophisticated analyses, such as machine
learning models or robust multivariable models that can adjust
for multiple sources of various types of bias, are harder to
implement in a federated architecture than in a central
repository, this study demonstrated that our federated approach
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enabled us to abtain early clinical insights into the evolving
pandemic and helped us gain confidence in the data.

Our data demonstrated a near uniform peak in country-specific
hospitalizations in the first wave and a variable peak in
country-specific hospitalizationsin the second wave, reflecting
country-specific patternsin the resurgence of COVI1D-19—related
hospitalizations that were consistent with international tracking
sites [1,9,10]. In al countries, except Brazil and the United
States, the second wave peak was characterized by a lower
intensity compared to the first wave peak, possibly reflecting
the effects of successful COVID-19 mitigation measures
implemented after the first wave [33,34].

Consistent with previous single-country studies, we observed
that patients hospitalized in the second wave had an overall
lower risk for severe COVID-19 than patients hospitalized in
the first wave [6,12,35,36]. On further stratifying our analyses
by country, we were able to observe that patients in Spain
instead had a significantly higher risk for severe disease in the
second wave, contrary to what we observed in France and the
United States. Although the reasons for the increased risk of
severe COVID-19 during Spain’s second wave are unclear and
likely complex, it is consistent with international tracking sites
that indicated increased mortality rates and health care resource
use in Spain’s second wave, and it reflects the importance of
being able to identify country-specific variations in our data
[37]. We further note that the data from Spain originated from
1 hospital and were likely subject to some forms of bias. Even
when stratifying by demographic subgroups, we observed
similar patterns indicating reduced risk for severe COVID-19
in the second wave, particularly among patients aged 26 to 49
and among black patients. However, while the risk of severe
disease for the entire population was lower in the second wave
for patients aged 26 to 49, country-specific results demonstrated
possible collider biasand small-sample biasin that the individual
estimates for Brazil, France, Germany, and Spain were not
statistically significant and wereimprecise with wide Cls. This
islikely duein large part to the smaller sample size of this age
group in each country and reflects the need for multicenter
studies to improve power. While one might expect to see aless
severe disease later in the course of the pandemic due to changes
in patient populations over time, improved clinical care, and
greater utilization of health care resources compared to the
beginning of the pandemic, it isunclear why wedid not observe
similar relationships for other patient groups. These possible
discrepancies are likely dueto a variety of different factors, as
noted above, as well as sources of bias in our data. Further
investigation into these country-specific demographic
differencesin the change in severe disease risk over the course
of the pandemic is warranted and is ongoing in the 4CE.

Our observations comparing laboratory val ues between thefirst
and second waves support our finding that patients hospitalized
during the second wave compared to the first wave had alower
risk for severe disease. We found that mean laboratory values
in the second wave exhibited considerableimprovement toward
typica physiologica values compared to the first wave,
especialy those of inflammatory markers. In particular, the
mean values of the positive acute phase reactant CRP were
lower acrossthefirst week of hospitalization in the second wave
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than in the first wave, while the mean values of the positive
acute phase reactantsferritin, fibrinogen, and procal citonin were
lower at day 7 [38]. This indicates that, on average, patients
hospitalized during the second wave may have had less overall
systemic inflammation at admission and had improved
inflammatory states during the first week of hospitalization in
comparison to patients admitted in the first wave [39-41].
Considering that there were no new maor effective
pharmacol ogic therapiesfor patientswith COVID-19 introduced
between the first and second waves, these general patterns may
bereflective of alessvulnerable patient population in the second
wave, as well as improved general clinical management
strategies of COVID-19 in the second wave [42-50]. Ongoing
4ACE analyses are further investigating these findings.

Wefurther observed variationsin laboratory testing rates among
countries between the first and second waves. These changes
in laboratory testing rates at admission may be reflective of
greater understanding of COVID-19 pathophysiology and
clinical trajectoriesleading to changesin clinical protocols. For
example, there was a significant increase in the testing rate of
D-dimer at admission in France, Germany, and Spain in the
second wave. This particular change in clinical practice may
have been driven in part by the growing literature supporting
the association of high D-dimer values with worse outcomesin
COVID-19 and the possibility of using D-dimer to clinically
classify and evaluate the prognosis of COVID-19 patients
[51-55]. Further, although there were no significant changesin
laboratory testing at admission in the United States, we observed
that testing rates across hospitalization days were generally
higher than in other European countries regardless of wave.
Future investigations are warranted to infer why we observed
these patterns.

Study Limitations

We acknowledge several limitations for this EHR-based
observational cohort study. This study was limited to patients
who were admitted to ahospital, either because they experienced
more severe illness or because they had other possibly biasing
conditions; as with many EHR-based studies, we were unable
to ascertain the precise reasons for admission. Similar to other
EHR-based studies, wewere not ableto validateif patientswere
hospitalized due to COVID-19 or happened to have a positive
test when admitted for an unrelated medical condition. Thus,
we could not completely mitigate selection bias or
misclassification bias in our cohort identification. Due to the
limited scope of the extracted aggregate data, we could not
effectively control for patient-level potentially confounding
variables such as comorbidities, medication use (both prior to
and during hospitalization), and other societal and environmental
factors, all of which can induce many types of biases[56]. Data
pertaining to certain countries, most notably Brazil and
Germany, may have been subject to small sample bias.
Furthermore, mean laboratory values at later days of
hospitalization were subject to censoring (transfer, discharge,
and death) and thus dropout bias, so we could not effectively
compare mean laboratory values within a single wave at
different timepoints. However, we believe that facilitating
comparisons at identical timepoints between different wavesis
not subject to as much dropout bias. In an effort to provide
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information regarding the nature of censoring that existed in
the data, we report in Multimedia Appendix 3 the proportion
of patients who were alive and remained in the hospital across
hospitalization days for each country by wave. Further,
considering the aforementioned limitations, we took special
caution to make conclusions that were mostly descriptive in
nature. In the future, we hope to disaggregate EHR data to the
patient level in order to adjust for many of these biases, if
possible, under institutional review board approval.

Conclusions

Weber et al

EHR datain alargeinternational cohort of hospitalized patients
with SARS-CoV-2 to rapidly characterize the clinical course
of patients admitted to hospital during the first 2 major waves
of the pandemic. We were able to characterize changes in
hospitalization rates, demographic characteristics, severity risk,
and mean laboratory values using data from 79,613 patients
across 315 health care systems in 6 countries. Our study’s
federated approach demonstrates the feasibility and power of
leveraging real-world EHR data from multiple countries to
support our understanding of evolving pandemics such as
COVID-19.

For assessing the evol ving epidemiol ogy, pathophysiology, and
health care dynamics of the COVID-19 pandemic, weleveraged
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Multimedia Appendix 1

Descriptions of CSV files generated at participating health care systems.
[DOCX File, 13 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Prevalence of demographic subgroupsin the first and second waves for the entire cohort and by country, and estimated absolute
risk for severe COVID-19 by demographic subgroups inclusive of 5 Veterans Affairs health care systems. Error bars indicate
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