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ABSTRACT
Objective  To assess changes in international mortality 
rates and laboratory recovery rates during hospitalisation 
for patients hospitalised with SARS-CoV-2 between the 
first wave (1 March to 30 June 2020) and the second 
wave (1 July 2020 to 31 January 2021) of the COVID-19 
pandemic.
Design, setting and participants  This is a retrospective 
cohort study of 83 178 hospitalised patients admitted 
between 7 days before or 14 days after PCR-confirmed 
SARS-CoV-2 infection within the Consortium for Clinical 
Characterization of COVID-19 by Electronic Health Record, 
an international multihealthcare system collaborative 
of 288 hospitals in the USA and Europe. The laboratory 
recovery rates and mortality rates over time were 
compared between the two waves of the pandemic.
Primary and secondary outcome measures  The 
primary outcome was all-cause mortality rate within 
28 days after hospitalisation stratified by predicted low, 
medium and high mortality risk at baseline. The secondary 
outcome was the average rate of change in laboratory 
values during the first week of hospitalisation.
Results  Baseline Charlson Comorbidity Index and 
laboratory values at admission were not significantly 
different between the first and second waves. The 
improvement in laboratory values over time was faster 

in the second wave compared with the first. The average 
C reactive protein rate of change was –4.72 mg/dL vs 
–4.14 mg/dL per day (p=0.05). The mortality rates within 
each risk category significantly decreased over time, with 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ Our federated approach avoided privacy concerns 
and regulatory barriers common in multicentre 
studies while facilitating timely international analy-
ses of 83 178 patients from five countries.

	⇒ Our common data model along with iterative quali-
ty control efforts provide assurance on harmonised 
data quality.

	⇒ The current study may include patients who were 
either hospitalised due to COVID-19 or had a posi-
tive test for SARS-CoV-2 when admitted for an un-
related medical condition.

	⇒ For most Consortium for Clinical Characterization of 
COVID-19 by Electronic Health Record participating 
healthcare systems, we were unable to capture all 
out-of-hospital mortality. However, most COVID-19-
related mortality among inpatients occurs in the 
hospital and many discharged patients have post-
discharge follow-up visits, which allow us to capture 
28-day mortality reasonably well.
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the most substantial decrease in the high-risk group (47.1% in March–
April 2020 vs 30.8% in November 2020 to January 2021, p<0.001) and a 
moderate decrease in the intermediate-risk group (21.5% in March–April 
2020 vs 14.3% in November 2020 to January 2021, p<0.001).
Conclusions  Admission profiles of patients hospitalised with SARS-CoV-2 
infection did not differ greatly between the first and second waves of the 
pandemic, but there were notable differences in laboratory improvement 
rates during hospitalisation. Mortality risks among patients with similar 
risk profiles decreased over the course of the pandemic. The improvement 
in laboratory values and mortality risk was consistent across multiple 
countries.

INTRODUCTION
Mortality rates among hospitalised patients with SARS-
CoV-2 infection have decreased over the course of the 
COVID-19 pandemic.1–5 It has been hypothesised that 
this may reflect a higher proportion of younger patients 
being hospitalised later in the pandemic, but a recently 
published study reported significant decreases in 
mortality after stratification by age group.6 7 A variety of 
factors are likely responsible, including, but not limited 
to, improvements in clinical management, resource 
allocation and earlier detection of disease.8–15 There 
is limited evidence to shed light on these hypotheses; 
few studies have examined improvements of in-hospital 
recovery and outcomes over the course of the pandemic. 
In this international multihealthcare system retrospec-
tive cohort study, we leveraged electronic health records 
(EHRs) data from hospitalised patients with COVID-1916 
to examine temporal shifts in (1) The rate of change for 
laboratory values towards normal during hospitalisation 
and (2) Mortality rates stratified by baseline mortality risk.

METHODS
Individual-level EHR data on hospitalised patients with 
COVID-19 from 18 healthcare systems of the Consor-
tium for Clinical Characterization of COVID-19 by EHR 
(4CE)17 18 were extracted and harmonised for this study. 
Onlineonline supplemental eTable 1 reports further 
metadata on the participating healthcare systems, which 
represent 288 hospitals across five countries: France, 
Germany, Italy, Spain and the USA. Each healthcare 
system ran the analyses locally and reported summary 
results to the central institution for federated analyses. 
This study followed the Strengthening the Reporting 
of Observational Studies in Epidemiology reporting 
guidelines.19

Cohort identification and data collection
Our study included 83 178 patients admitted 7 days before 
to 14 days after the date of their first positive reverse tran-
scription PCR SARS-CoV-2 test result recorded in their 
EHR. We included patients admitted between 1 March 
2020 and 31 January 2021 with follow-up data up to June 
2021.

We obtained patient-level data on demographics 
including age groups (18–25 years, 26–49 years, 50–69 

years, 70–80 year, 80+ years), sex and race; laboratory test 
values during hospitalisation; International Classification 
of Disease (ICD) codes, date of discharge, and mortality 
information. Only US sites reported race. We calculated 
the Charlson Comorbidity Index (CCI) based on ICD 
codes.20–22 We focused on 10 laboratory tests: C reac-
tive protein (CRP), albumin, alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), total bilirubin, 
creatinine, D-dimer, leucocyte count, lymphocyte count 
and neutrophil count.10 23–27 A schematic of our workflow 
is presented in online supplemental eFigure 1.

Primary and secondary outcomes
We defined all-cause mortality up to 28 days after the 
admission date as the primary outcome and excluded 
patients who died on the day of admission in the survival 
analysis. Each 4CE healthcare system used local criteria to 
identify in-hospital mortality. We defined laboratory test 
values during hospitalisation as secondary outcomes.

Statistical analysis
To assess temporal changes over the course of the 
pandemic, we performed stratified analyses by every two 
calendar months and between two waves of the pandemic, 
where we defined the first wave as from 1 March to 30 
June 2020 and the second wave as from 1 July 2020 to 31 
January 2021.

We summarised demographic characteristics, the 
average CCI at admission, hospitalisation duration and 
absolute mortality risk over time. Since the Veteran Affair 
(VA) population has a distinct demographic composi-
tion, we reported demographic summaries excluding the 
VA. We further compared the distributions of admission 
laboratory values between the two waves.

To summarise the laboratory trajectories during hospi-
talisation, we fit log-linear mixed-effects models to the 
longitudinal laboratory data with cubic splines for time 
since admission, where we used three knots at days 3, 7 
and 17 in the fixed effects to capture non-linear trends. 
Since laboratory trajectories may vary by how quickly 
patients recover, we stratified the trajectory analysis by the 
hospitalisation duration ≤1 week, 1–2 weeks and 2+ weeks. 
For each laboratory test, we summarised the average daily 
rate of change during the first week of hospitalisation in the 
first and second waves, denoted by R1 and R2. The labora-
tory trajectory analyses only included data from the USA, 
France and Spain since few patients from the Germany 
and Italy sites had repeated laboratory tests.

To study temporal changes in mortality risks, we fit 
least absolute shrinkage and selection operator (LASSO) 
penalised Cox proportional hazards models for mortality 
using baseline covariates adjusted for calendar time 
of the admission date.28 29 We considered three sets of 
covariates: (1) Age, sex and race; (2) The 10 labora-
tory tests; and (3) CCI. We modelled the calendar time 
effect using a cubic spline with knots every 2 weeks. We 
performed a loge-transformation to D-dimer, CRP and 
ALT due to the skewness in their distributions. Due to the 
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high correlation between ALT and AST, we include AST 
to ALT ratio (AST/ALT) and logeALT as measures of liver 
function30 31 instead of logeAST and logeALT. We imputed 
missing baseline laboratory measures and CCI via multi-
variate imputation by the chained equation method and 
averaged over five imputed sets.32 The mortality analyses 
excluded Italy since a very small number of deaths was 
reported after April 2020 in the participating healthcare 
systems.

Using the trained penalised Cox model, we obtained a 
mortality risk score for each patient constructed using their 
baseline covariates. The candidate covariates included 
in the model training were determined according to 
existing clinical knowledge. We calculated the area under 
the receiver operating characteristics curve (AUC) of the 
risk score for predicting 28-day mortality.33 We classified 
patients into three mortality risk groups according to 
their risk score: high risk if score>chigh, medium risk if 
score ε (clow, chigh), and low risk if score ≤clow, where clow 
and chigh are classification thresholds. We chose clow and 
chigh to attain a sensitivity of 85% (clow) and a specificity 
of 85% (chigh) for predicting 28-day mortality, which 
ensures a good separation between the low-risk and high-
risk categories. Stratifying by the calendar time window 
of the admission date, we calculated the AUC of the risk 
model, the proportions of patients belonging to each risk 
category and their corresponding mortality risks. The 
accuracy parameters were estimated via tenfold cross-
validation to correct for overfitting.34 We used bootstrap 
to estimate SE.35

Patient-level analyses were performed within each 
4CE healthcare system to obtain site-specific results. We 
integrated results from all sites using fixed-effects meta-
analysis. Since the number of hospitalised patients had 
a different temporal trend across healthcare systems and 
across countries, we assigned the same weight across 
different calendar months for each healthcare system to 
facilitate effective comparisons between waves. All statis-
tical analyses were performed using R software V.4.0.2.

RESULTS
Characteristics of the study cohort
The majority of patients were hospitalised March–April 
2020 and November 2020 to January 2021 (figure  1). 
The most prevalent age group at any time was ages 
50–69 years. In the USA—excluding VA patients which 
are summarised in eFigure 2—the prevalence of patients 
who were white increased (49.1% in March–April 2020 to 
64.1% in November 2020–January 2021, p<0.001), while 
the prevalence of patients who were black decreased 
(30.0% in March–April 2020 to 17.4% in November 2020–
January 2021, p<0.001). The average CCI at admission 
remained relatively constant across time. The absolute 
28-day mortality risk decreased from 20.7% in March–
April 2020 to 11.9% in July–August 2020 (p<0.001), then 
increased slightly to 12.4% in November 2020–January 
2021 (p<0.001). The temporal shifts in the number of 
hospitalised patients, demographics, CCI and mortality 

Figure 1  Demographic shifts. For demographic variables, we set male sex, age 50–69 years and white race as reference 
groups.
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rate were generally consistent across countries (eFigure 
2).

As shown in figure  2, observed CRP, creatinine and 
D-dimer values at admission were lower in the first wave 
compared with the second but these differences were 
not statistically significant. The between-wave CRP mean 
difference was higher for France (18.5 mg/dL; 95% CI 
16.5 to 20.5) and Spain (8.4 mg/dL; 95% CI 4.8 to 12.0) 
compared with USA (7.5 mg/dL; 95% CI 6.1 to 8.8) and 
Germany (6.7 mg/dL; 95% CI 2.5 to 16.1) (eFigure 3).

Change in laboratory trajectory during hospitalisation
Patients’ laboratory trajectories during hospitalisation 
improved faster in the second wave compared with the 
first (figure 3). CRP values decreased more rapidly (R1= 
–4.14 vs R2= –4.72 mg/dL per day, p=0.05), while D-dimer 
values increased substantially faster during the first wave 
but remained relatively stagnant during the second 
(R1=21.01 vs R2=1.25 ng/dL per day, p<0.001).

Hospitalisation duration decreased, with 53.4% of 
patients discharged within 1 week in the second wave 
compared with 49.2% in the first (p<0.001). Patients hospi-
talised for longer generally had worse laboratory profiles 
compared with those with shorter stays. The average day 3 
CRP among those hospitalised for ≤1 week and 2+ weeks 
was 41.68 mg/dL and 63.64 mg/dL (p<0.001) during the 
first wave and 27.33 mg/dL and 43.52 mg/dL (p<0.001) 
during the second wave. The between-wave difference in 
the rate of decline, ΔR=R1−R2, also varied by the duration 
of hospitalisation. For CRP, ΔR was 1.01 (p<0.001), 2.04 
(p<0.001) and 0.95 (p=0.001) mg/dL per day among 
those hospitalised for ≤1, 1–2 and 2+ weeks, respectively. 
For creatinine and D-dimer, ΔR had similar patterns but 
was not statistically significant.

Improvement in laboratory values was more pronounced 
in the USA than in France and Spain (eFigure 4). For 
CRP, ΔR = 1.07 mg/dL per day (95% CI 0.86 to 1.28) in 

Figure 2  Distribution of laboratory values at admission.

Figure 3  Patient-level laboratory recovery rate. CRP, C reactive protein.
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the USA, which is significantly higher than that of France 
(–0.69 mg/dL per day, 95% CI –1.08 to –2.92) and Spain 
(–0.3 mg/dL per day, 95% CI –0.79 to –0.19). The reduc-
tion in hospitalisation duration varied greatly between 
countries. The proportion of patients discharged within 
1 week increased in the second wave compared with the 
first in the USA (53.4% vs 61.1%, p<0.001), Italy (2.5% 
vs 14.9%, p<0.001), Germany (32.7% vs 48.6%, p<0.001) 
and Spain (57.1% vs 62.3%, p<0.001), but decreased in 
France (46.1% vs 42.4%, p<0.001).

Temporal changes in mortality risk
In our survival analysis, the variables significantly asso-
ciated with increased risk of mortality were older age, 
male sex, CCI, lower albumin and lymphocyte count, and 
higher CRP, total bilirubin, leucocyte count, neutrophil 
count, D-dimer, ALT, and AST/ALT at baseline (figure 4). 
The HRs of these risk factors were concordant between 
countries (eFigure 5).

Over the course of the pandemic, the models’ predic-
tive capabilities did not significantly change with AUC 
ranging from 0.752 to 0.787; the temporal patterns were 
similar across countries (eFigure 6).

The proportion of high-risk patients decreased 
from March-April 2020 to July-August 2020 but grad-
ually increased from September 2020 to January 2021 
(figure 5). However, the mortality rates within each risk 
category decreased over calendar time, with the decrease 
from March–April 2020 to November 2020 to January 
2021 most substantial in the high-risk category (47.1% 
vs 30.8%, p<0.001), moderate in the intermediate-risk 
category (25.6% vs 14.8%, p<0.001) and the low-risk cate-
gory (9.5% vs 4.7%, p<0.001). From March–April 2020 to 
November 2020 to January 2021, USA had a more consis-
tent decrease over time while France and Spain decreased 

from March–April 2020 to July–August 2020 but plateaued 
afterwards (eFigure 7). In the high-risk category, the 
decrease in mortality risk from March–April 2020 to July–
August 2020 was the highest in Spain (42.7% vs 25.0%, 
p=0.002), followed by the USA (50.0% vs 38.4%, p<0.001) 
and France (40.1% vs 31.7%, p=0.11). By November 2020 
to January 2021, the mortality risk further decreased to 
29.5% (95% CI 28.3% to 30.7%) in the USA, but slightly 
increased to 34.9% (95% CI 31.7% to 38.0%) in France 
and 28.6% (95% CI 22.9% to 34.3%) in Spain.

DISCUSSION
In this large, international, multihealthcare system retro-
spective cohort study, we found decreasing mortality 
rates and faster physiological recovery based on labora-
tory profiles between the first and second waves of the 
COVID-19 pandemic. Given the minimal changes in 
patient demographic and clinical profiles at admission 
between the two waves, our findings cannot be entirely 
explained by a less severely ill cohort of patients admitted 
in the second wave.7 36–38 There were no new major effec-
tive pharmacological therapies introduced between the 
two waves.39–48 However, some existing therapies, such 
as corticosterids, achieved widespread use as healthcare 
providers gained experience with managing the disease. 
Moreover, evolving protocols for hospital care, including 
adapted ventilatory support and the higher proportion 
of patients managed without mechanical ventilation, 
probably contributed to improving streamlined care and 
resource allocation. Potential explanations for the differ-
ences between the two waves include timing for emergency 
visits and hospital admissions, iterative improvement in 
management strategies of the severe cases, and increased 
preparedness of healthcare systems in the latter stages of 

Figure 4  HRs of the Cox model for mortality risk prediction (excluding Italy). ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; CRP, C reactive protein.
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the pandemic. As diverse healthcare systems and popu-
lations in different countries learnt to improve the care 
of patients with COVID-19 through diverse experiences, 
knowledge rapidly disseminated. For example, hospitals 
may have benefited from improved resource allocation 
strategies and management in smaller surges in hospi-
talisations.49 Negative trial data for hydroxychloroquine, 
azithromycin and other pharmacological agents may 
have led to reduced usage of these drugs and reduced 
drug-related adverse effects over the course of the 
pandemic.41 50–53 Further investigations into the potential 
explanations are warranted as this study was not designed 
to infer the specific reasons for this improvement.

Overall, we observed greater improvements in positive 
and negative acute phase reactants and markers of organ 
function (eg, creatinine, ALT and AST) in the second 
wave compared with the first, which suggests that systemic 
inflammation and multiorgan dysfunction all improved 
faster in the second wave. Interestingly, we observed 

greater improvements in CRP, ALT, AST and creatinine in 
the second wave in patients with longer hospitalisations; 
while this may be reflective of a sicker patient population, 
this could be due to time-dependent (ie, survivor) bias.54 
Alternatively, there may have been increased corticoste-
roid use in patients with severe COVID-19 in the second 
wave following preliminary results of the controlled, 
open-label Randomized Evaluation of COVID-Therapy 
(RECOVERY) Trial, which may have improved inflam-
matory markers and mortality.14 55 56 In addition, there 
may have been increased remdesivir in combination with 
dexamethasone between the first and second waves that 
may confound these associations.13 55 Further studies are 
warranted to investigate the alteration of biochemical 
trajectories of dexamethasone with remdesivir in contrast 
to dexamethasone or remdesivir monotherapy.57 It is also 
unclear why we observed between-country differences 
in the between-wave CRP trajectories, whereupon Spain 
and France had blunted improvement rates; this could 

Figure 5  Risk model results with event rate information and risk stratification.
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certainly be due to differential clinical management 
across countries.

One potential explanation for the blunted D-dimer 
trajectories in the second wave compared with the first 
is increased prophylactic anticoagulation use after the 
release of International Society on Thrombosis and 
Haemostasis guidelines in May and September 2020, 
which recommended prophylactic anticoagulation with 
low molecular weight heparin in all hospitalised patients 
with COVID-19 who had no anticoagulation contraindi-
cations.58 This may have reduced the higher incidence 
of thrombotic events observed in the first wave, which 
could be associated with high D-dimer levels. Further-
more, as D-dimer is often correlated with disease severity 
and systemic inflammation, increased glucocorticoid use 
in patients with severe disease could blunt increases in 
D-dimer.50 59–61

Our study suggests that older age, male sex, higher CCI, 
low albumin and lymphocyte count values, and higher 
CRP, total bilirubin, leucocyte count, neutrophil count, 
D-dimer, ALT, and AST/ALT were significantly associated 
with higher mortality risk. While male sex, older age and 
existing comorbidities are established major risk factors 
for COVID-19-related mortality, our observations of the 
associations between higher AST/ALT, ALT and bilirubin 
with mortality51 52 62 63 are unique. While derangements 
in liver function tests are well described in prior studies 
of patients with COVID-19, the patterns of liver dysfunc-
tion associated with worse outcomes have been inconsis-
tent.53 64 Furthermore, these prior observations tended to 
be derived from single-centre studies which likely intro-
duce significant sources of bias. In particular, our obser-
vation of a combination of elevated markers of cholestatic 
liver function (bilirubin, AST/ALT ratio), inflammatory 
markers and cell counts suggests that cholestatic liver 
dysfunction may be involved in the disease course, as is 
observed in patients who are critically ill.65–67 Further-
more, emerging, though limited, COVID-19 postmortem 
studies have suggested that SARS-CoV-2 may directly infect 
hepatocytes and lead to altered bile duct morphology, 
reinforcing the possible role of viral-induced cholestatic 
hepatitis in severe COVID-19.67 Alternatively, medication-
related liver injury could certainly contribute to liver 
dysfunction. Future investigations using patient-level data 
validated by thorough chart review is warranted to better 
define these associations.

Although cross-country and cross-healthcare system 
heterogeneities exist in demographics and laboratory 
distributions, we observed concordant improvement 
patterns in both laboratory recovery during hospitalisa-
tion and mortality risk over time across different coun-
tries. However, the admission profile-adjusted temporal 
change in mortality risk over calendar months differed 
slightly between USA and Europe (Spain and France). 
In addition to an increase in hospitalisation duration in 
the latter half of the pandemic in France, in Spain and 
France the mortality risk plateaued overall and actually 
increased in the high-risk group. Further investigation 

into these between-country differences in mortality using 
chart review and other validation steps is warranted.

Limitations
This study has several limitations. First, similar to other 
EHR-based studies, the current study might have included 
patients with incidental hospitalisation (ie, a positive test 
for SARS-CoV-2 when admitted for an unrelated medical 
condition).68 Further, information regarding each 
patient’s in-hospital care settings, such as admission to 
intensive care units and their specific respiratory status 
was not available. Second, most 4CE participating health-
care systems were unable to capture all out-of-hospital 
mortality. However, most COVID-19-related mortality 
occurs in the hospital, and most discharged patients 
would have postdischarge follow-up visits, which would 
reasonably capture 28-day mortality. A further limitation 
was the lack of data on patient-specific timing of symptom 
onset relative to hospital course. Additionally, our study 
may have potential time-dependent bias given that 4CE 
defines a first hospital admission that occurs between 
7 days before and up to 14 days after the first positive 
SARS-CoV-2 PCR test. This may also affect the results 
stratified by duration of hospitalisation. Future analyses 
accounting for medication administration and procedure 
use and the subsequent effect on inflammatory markers 
and creatinine are necessary to infer why these outcomes 
improved in the second wave.

CONCLUSION
Patients’ admission profiles did not differ substantially 
between waves of the COVID-19 pandemic, but there 
were notable differences in laboratory recovery rates and 
mortality in the second wave compared with the first.

The lead author affirms that the manuscript is an 
honest, accurate and transparent account of the study 
being reported; that no important aspects of the study 
have been omitted; and that any discrepancies from the 
study as originally planned have been explained.
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