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Risks and burdens of incident dyslipidaemia in long COVID:
a cohort study
Evan Xu, Yan Xie, Ziyad Al-Aly

Summary

Background Non-clinical evidence and a few human studies with short follow-ups suggest increased risk of
dyslipidaemia in the post-acute phase of COVID-19 (ie, >30 days after SARS-CoV-2 infection). However, detailed
large-scale controlled studies with longer follow-ups and in-depth assessment of the risks and burdens of incident
dyslipidaemia in the post-acute phase of COVID-19 are not yet available. We, therefore, aimed to examine the risks
and 1-year burdens of incident dyslipidaemia in the post-acute phase of COVID-19 among people who survive the first
30 days of SARS-CoV-2 infection.

Methods In this cohort study, we used the national health-care databases of the US Department of Veterans Affairs to
build a cohort of 51 919 participants who had a positive COVID-19 test and survived the first 30 days of infection
between March 1, 2020, and Jan 15, 2021; a non-infected contemporary control group (n=2647654) that enrolled
patients between March 1, 2020, and Jan 15, 2021; and a historical control group (n=2539941) that enrolled patients
between March 1, 2018, and Jan 15, 2019. Control groups had no evidence of SARS-CoV-2 infection, and participants
in all three cohorts were free of dyslipidaemia before cohort enrolment. We then used inverse probability weighting
using predefined and algorithmically-selected high dimensional variables to estimate the risks and 1-year burdens of
incident dyslipidaemia, lipid-lowering medications use, and a composite of these outcomes. We reported two measures
of risk: hazard ratios (HRs) and burden per 1000 people at 12 months. Additionally, we estimated the risks and
burdens of incident dyslipidaemia outcomes in mutually exclusive groups based on the care setting of the acute
infection (ie, participants who were non-hospitalised, hospitalised, or admitted to intensive care during the acute
phase of SARS-CoV-2 infection).

Findings In the post-acute phase of the SARS-CoV-2 infection, compared with the non-infected contemporary control
group, those in the COVID-19 group had higher risks and burdens of incident dyslipidaemia, including total
cholesterol greater than 200 mg/dL (hazard ratio [HR] 1-26, 95% CI 1-22-1-29; burden 22.-46, 95% CI 19-14-25-87
per 1000 people at 1year), triglycerides greater than 150 mg/dL (1-27,1-23-1-31; 2203, 18 -85-25- 30), LDL cholesterol
greater than 130 mg/dL (1-24, 1-20-1-29; 18-00, 14-98-21-11), and HDL cholesterol lower than 40 mg/dL (1-20,
1-16-1-25; 15-58, 12-52-18-73). The risk and burden of a composite of these abnormal lipid laboratory outcomes
were 1-24 (95% CI 1-21-1-27) and 39-19 (95% CI 34-.71-43.73), respectively. There was also increased risk and
burden of incident lipid-lowering medications use (HR 1-54, 95% CI 1-48-1-61; burden 25- 50, 95% CI 22.- 61-28 - 50).
A composite of any dyslipidaemia outcome (laboratory abnormality or lipid-lowering medications use) yielded an
HR of 1-31 (95% CI 1-28-1-34) and a burden of 54-03 (95% CI 49-21-58-92). The risks and burdens of these post-
acute outcomes increased in a graded fashion corresponding to the severity of the acute phase of COVID-19 infection
(ie, whether patients were non-hospitalised, hospitalised, or admitted to intensive care). The results were consistent
in analyses comparing the COVID-19 group to the non-infected historical control group.

Interpretation Our findings suggest increased risks and 1-year burdens of incident dyslipidaemia and incident lipid-
lowering medications use in the post-acute phase of COVID-19 infection. Post-acute care for those with COVID-19
should involve attention to dyslipidaemia as a potential post-acute sequela of SARS-CoV-2 infection.

Funding US Department of Veterans Affairs.

Copyright © 2023 Published by Elsevier Ltd. All rights reserved.

Introduction

Evidence  suggests substantial alterations in
metabolomic and proteomic profiles, oral and gut
microbiome, and lipid metabolism following SARS-
CoV-2 infection in previously healthy individuals,"* with
some of these abnormalities persisting even in the
post-acute stage (ie, >30 days after SARS-CoV-2
infection) of COVID-19.° Although total cholesterol,

LDL cholesterol, and HDL cholesterol are often reduced
during the acute phase of SARS-CoV-2 infection,
emerging evidence from small observational studies
with short follow-ups (of up to 6 months) suggest
increased risk of dyslipidaemia in the post-acute
phase of COVID-19.4> A study of 501 young adults
(aged 18-30 days) of the Swiss Armed Forces showed
that compared with non-infected controls, those with
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Research in context

Evidence before this study

We searched PubMed for human studies published between
Dec 1, 2019, and Dec 31, 2021, using the search terms
“COVID-19", “SARS CoV-2" or “Long COVID", and
“dyslipidaemia”, with no language restrictions. Experimental
evidence suggests substantial alterations in lipid metabolism
following SARS-CoV-2 infection that could persist in the post-
acute phase. A study of 501 young adults (aged 18-30 years)
from the Swiss Armed Forces suggested that compared with

a non-infected serologically negative control group, those with
COVID-19 had an increased risk of developing metabolic
disorders, including dyslipidaemia 180 days after SARS-CoV-2
diagnosis. An uncontrolled study from the USA that evaluated
records of more than 2 million people reported that
approximately 3% of those with COVID-19 developed
dyslipidaemia after the first 30 days of infection. A large-scale
controlled study with long-term follow-up and in-depth
assessment of the risks and burdens of incident dyslipidaemia
in people who survive the acute phase of COVID-19 has not
been done, to the best of our knowledge. In this study, we
aimed to examine the 1-year post-acute risk and burden of
incident dyslipidaemia in people who survived the first 30 days
of SARS-CoV-2 infection.

Added value of this study
In this national study involving 5239 514 participants, we
provide evidence that compared with non-infected controls,

COVID-19 had a higher blood cholesterol and LDL
concentrations 180 days after their first positive PCR
test.® A large observational study of more than 2 million
people of all ages with COVID-19 from FAIR Health,
with no control group, reported that approximately 3%
developed dyslipidaemia after the first 30 days of
infection.” Together, these observations suggest the
hypothesis that SARS-CoV-2 infection is associated with
increased risk of post-acute dyslipidaemia. However,
large-scale controlled studies addressing this hypothesis
and evaluating the risks of incident dyslipidaemia as
a potential post-acute sequela of SARS-CoV-2 infection
are not yet available. Addressing the question of whether
survivors of the acute phase of COVID-19 are at
increased risk of incident dyslipidaemia is important to
deepen our understanding of the scope and scale of
post-acute sequelae of SARS-CoV-2 infection and could
help inform post-acute COVID-19 care strategies.

In our study, we aimed to estimate the risks and 1-year
burdens of incident dyslipidaemia, incident lipid-
lowering medication use, and a composite outcome of
these endpoints in individuals who survived the first
30 days of COVID-19 infection. We also estimated the
risk and burden according to care setting of the acute
infection (non-hospitalised, hospitalised, and admitted to
intensive care).
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and beyond the first 30 days of infection, COVID-19 survivors
exhibited increased risks and burdens of incident dyslipidaemia
outcomes at 12 months, including increased risks of elevated
total cholesterol, triglycerides, and LDL cholesterol and reduced
levels of HDL cholesterol.

The risks were significant among those who were
non-hospitalised and increased in a graded fashion according to
the care setting of the acute phase of the disease (ie, whether
people were non-hospitalised, hospitalised, or admitted to
intensive care during the acute phase of COVID-19). Altogether,
the findings suggest that SARS-CoV-2 infection might be
associated with higher risk of dyslipidaemia in the post-acute
phase of COVID-19.

Implications of all the available evidence

Our study provides evidence that dyslipidaemia is a facet of
the multifaceted long COVID. Woven together with the body
of evidence that has emerged thus far suggesting increased
risk of diabetes, cardiovascular disease, and kidney disease in
the post-acute phase of COVID-19, the totality of evidence
suggests cardiometabolic disease as a long-term consequence
of SARS-CoV-2 infection. Post-acute care strategies of people
with COVID-19 should include attention to dyslipidaemia
and more broadly cardiometabolic disease potential facets

of long COVID.

Methods

Study design and participants

In this cohort study, we used the US Department of
Veterans Affairs (VA) national health-care databases to
build a cohort of US veterans who survived the
first 30 days of COVID-19 infection and two control
groups: a contemporary cohort consisting of users of the
US Department of Veterans Health Care System (VHA)
with no evidence of SARS-CoV-2 infection and a historical
cohort consisting of VHA wusers during 2017 We
identified 169476 users of the VHA in 2019 who had
a positive COVID-19 test between March 1, 2020, and
Jan 15, 2021. Those who were alive 30 days after the
positive test result and did not have any history of
abnormal lipid laboratory results or lipid-lowering
medications prescriptions in the year before having
a positive COVID-19 test were further enrolled to the
COVID-19 cohort. For each participant, T, was set as the
date of the first positive COVID-19 test; participants were
followed-up until Dec 31, 2021.

A contemporary cohort and a historical cohort were
then constructed. The contemporary cohort was com-
prised of veterans who used the VHA from Jan 1, 2019,
to Dec 31, 2019; who were alive by March 1, 2020; and
who were not already part of the COVID-19 cohort.
The historical control cohort consisted of users of the
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VHA from Jan 1, 2017, to Dec 31, 2017; who were alive on
March 1, 2018; and who were not already in the COVID-19
cohort.

The beginning of follow-up for participants in both
control groups were assigned randomly and corresponded
to the same date distribution of the first positive
COVID-19 test result in the COVID-19 cohort to ensure
that the proportion of participants with a start of follow-
up on a certain date was identical in both groups. This
ensured that the COVID-19 and the control cohorts had
a similar distribution of follow-up. Participants with
any history of abnormal lipid laboratory results or lipid-
lowering medications prescriptions in the year prior to T,
were excluded. The follow-up data was collected until
Dec 31, 2021, for the contemporary control group and
until Dec 31, 2019, for the historical control group.

The COVID-19 group was further categorised into
those who were not hospitalised (n=46568) hospitalised
for COVID-19 (n=4169), or admitted to an intensive care
unit during the acute phase of the disease (n=1182).

This study was approved by the Institutional Review
Board of the VA St. Louis Health Care System, which
granted a waiver of informed consent (protocol number
1606333).

Data sources

Data from the US Department of VA Veterans Health
Administration were used to build datasets for this study.
The VA Corporate Data Warehouse (CDW) provided
demographic and clinical information.”” Diagnoses were
obtained from VA CDW inpatient and outpatient encoun-
ters domains, corresponding to clinical information
gathered during hospitalisations and outpatient visits. The
CDW outpatient pharmacy domain and CDW bar code
medication administration domain provided medication
use information and laboratory measurements were
collected from the CDW laboratory results domain.”" The
VA COVID-19 shared data resource provided information
on COVID-19 test results.”” The exposure was defined as
the first positive SARS-CoV-2 test result based on PCR
tests done between March 1, 2020, and Jan 15, 2021.

We used the area deprivation index as a composite
measure of contextual disadvantage at participants’
residential locations; the area deprivation index is
composed of income, education, employment, and
housing data for a specific residential district.

Outcomes

Dyslipidaemia outcomes consisted of either incident
abnormal lipid laboratory results (comprised of total
cholesterol >200 mg/dL, triglycerides >150 mg/dL,
LDL >130 mg/dL, or HDL <40 mg/dL) or incident lipid-
lowering medications prescriptions (consisting of
prescription of statins, bile acid resins, and fibrates).
All  abnormal lipid laboratory results and all
prescription outcomes were aggregated into composite
outcomes called “any abnormal lipid laboratory result”

and “lipid-lowering medications prescription”, respec-
tively. Furthermore, we specified the composite of any
dyslipidaemia outcome as the first incident occurrence
of any of the predefined dyslipidaemia outcomes
(abnormal lipid laboratory results or lipid-lowering
medications prescription) examined during this study.

We also examined additional outcomes, including the
association between COVID-19 and various thresholds of
lipid levels (including total cholesterol >210 mg/dL,
>220 mg/dL, and >230 mg/dL; triglycerides >160 mg/dL,
>170 mg/dL, and >180 mg/dL; LDL >140 mg/dL,
>150 mg/dL, and >160 mg/dL; and HDL <35 mg/dL,
<30 mg/dL, and <25 mg/dL). In consideration of the
relationship between dyslipidaemia and BMI, we also
examined the association between COVID-19 and an
increase in BMI greater than 3%, 5%, and 10%.

Post-acute COVID-19 outcomes were examined in the
period following the first 30 days after T, until the end of
follow-up.

Covariates

In recognition that our knowledge about COVID-19 and
long COVID is still evolving, we used a two-pronged
strategy to select covariates for this study. Pre-defined
covariates were selected based on previous knowledge
and algorithmically-selected covariates were used during
modelling, both were assessed in the year before T,.

Pre-defined covariates consisted of four groups com-
posed of demographic characteristics, clinical char-
acteristics, comorbidities, and medication usage.””
Demographic characteristics included age, race (White,
Black, and other [Asian or Pacific Islander; Hispanic or
Latino; or Native American or multiracial]), sex (male or
female), BMI category (underweight, normal, overweight,
or obese), smoking status (never, former, or current), and
area deprivation index. Clinical characteristics were
composed of the number of outpatient encounters (zero,
one, and two or more), long-term care (assessed 1 year
before enrolment and was defined as admission to
a nursing home or assisted living facility), estimated
glomerular filtration rate, and systolic and diastolic blood
pressure readings. Comorbidities consisted of cancer,
cardiovascular disease, cerebrovascular disease, chronic
kidney disease, chronic lung disease, type 2 diabetes, and
hypertension. Prescription medications that could affect
the risk of dyslipidaemia included anti-epileptic drugs,
anti-psychotics, B-blockers, corticosteroids, diuretics, HIV
protease inhibitors, immunosuppressants, hormone ther-
apeutics, and SGLI-2 inhibitors. Continuous variables
were transformed into restricted cubic spline functions to
account for potential non-linear relationships.

Because our understanding of the covariates that could
confound the relationship between COVID-19 and
post-acute health outcomes is still developing, we also
used algorithmically-selected covariates from several
data domains, including comorbidities, medications, and
laboratory test results.” We achieved this by categorising
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all comorbidities, prescriptions, and laboratory data into
540 comorbidities groups, 543 medication classes, and
62 laboratory test abnormalities, respectively.** For
all participants in our cohort, we selected variables
from these three data domains that occurred in at
least 100 participants within each of the groups. This
was done in acknowledgement that rare variables
(eg, alkaptonuria) occurred in fewer than 100 participants
in these large cohorts (smallest cohort was comprised
of 51919 participants) and they might not sufficiently
describe the characteristics of the cohort or materially
influence the examined associations. All cohort partici-
pants (COVID-19, contemporary control, or historical
control) were used to quantify the prevalence of each
variable within the group. The univariate relative risk
between each variable and the exposure (defined as the
first positive SARS-CoV-2 test result based on PCR tests
done between March 1, 2020, and Jan 15, 2021) was then
estimated based on the prevalence of the variables in
each group from all participants within the group and
the top 100 variables with the highest relative risk were
selected.”* This algorithmic selection process for high
dimensional covariates was done independently for each
comparison (eg, the COVID-19 vs contemporary control
analysis and the COVID-19 vs historical control analysis).
The algorithmically selected variables were used along
with the predefined variables in the propensity score
models.

Statistical analyses

Baseline characteristics and standardised mean differ-
ences of the COVID-19, contemporary, and historical
groups were reported. Logistic regression was built for
the COVID-19, contemporary, and historical control
groups conditional on all predefined variables and
algorithmically-selected variables to estimate the proba-
bilities of belonging to the target population of VHA
users in 2019 (equivalent to the combination of the
COVID-19 and contemporary control group). Pre-defined
and comparison-specific algorithmically-selected high
dimensional variables were used to estimate the proba-
bilities, which were subsequently used as the propensity
score. This propensity score was then used in the
calculation of the inverse probability weight (given as the
propensity score divided by 1 minus the propensity
score). After the application of weighting, covariate
balance was assessed by standardised mean differences.
For all covariates, a standardised mean difference of less
than 0-15 was considered good balance.”

Once inverse probability weights were applied, cause-
specific hazard models with death considered as
competing risk were used to estimate the hazard ratios
(HRs) of incident dyslipidaemia outcomes between both
the COVID-19 and contemporary groups and the
COVID-19 and historical control groups. Estimates of
burdens per 1000 participants at 1 year of follow-up in the
COVID-19 and control groups were calculated using
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survival probability at 1 year. The survival probability
at 1 year was defined as the cumulative probability
of those that did not experience the event or were
not censored until 1 year given the exposure group
(S(t.A)=[[;,(PR(D=0|D,,=0,A))) where D is the event, A is
the exposure group, and ¢ is the time. Differences between
the estimated burdens in the COVID-19 and control
groups was used to compute the excess burdens
per 1000 participants at 1 year.

Furthermore, subgroup analyses consisting of age
(=65 years or >65 years), race (White or Black), sex (male
or female), obesity (<30 kg/m2 or =30kg/m2), smoking,
diabetes, cardiovascular disease, chronic kidney disease,
hypertension, and dyslipidaemia risk score (based on
risk quartiles) were done. The dyslipidaemia risk score to
quantify the baseline risk (before exposure to COVID-19)
of having dyslipidaemia was defined as the probability of
developing any dyslipidaemia outcome within 1 year, and
was estimated from the logistic regression, which was
calculated within control groups and included previously
recognised dyslipidaemia risk factors, including age,
race, sex, BMI, cardiovascular disease, type 2 diabetes,
and hypertension.” The parameter estimated from the
logistic regression was then applied to the COVID-19
group to generate the risk score given the baseline covari-
ates before COVID-19 exposure. We then categorized the
risk into quartiles and examined the association between
COVID-19 and risk of developing incident dyslipidaemia
in each risk quartile.

To further understand the association between
COVID-19 and risks of post-acute dyslipidaemia out-
comes, the COVID-19 cohort was stratified into mutually
exclusive groups based on each participants’ care setting
during the first 30 days of COVID-19 infection (ie,
whether participants were non-hospitalised, hospitalised,
or admitted to intensive care). Inverse probability weights
were estimated for each care setting group using the
approach outlined in the previous paragraph. Cause-
specific hazard models with inverse probability weight-
ing were applied and HRs, burdens, and excess burdens
were calculated.

We then subjected our study design to multiple sensi-
tivity analyses to test the robustness of our results. First,
during construction of inverse probability weights, our
covariate selection was restricted to only pre-defined
variables (ie, we did not include any algorithmically
selected covariates). Second, when constructing the inverse
probability weights, our covariate selection was expanded
to 300 algorithmically-selected variables (instead of the 100
used in the original analysis). Third, alternatively, we
applied a doubly robust approach, where the associations
were estimated by additionally adjusting for covariates in
the inverse probability weighted survival models.*

Robust sandwich variance estimators were used to
provide estimation of variance in models with application
of weights. Evidence of statistical significance was
determined by a 95% CI that excluded unity for all
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Total cholesterol >200 mg/dL : * —
Triglycerides >150 mg/dL - -
LDL>130 mg/dL : - —
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0 1.0 15 20 0 1 5 20 60
Hazard ratio (95% Cl) Excess burden per 1000 people
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Figure 1: Risks and 1-year burdens of incident post-acute COVID-19 dyslipidaemia outcomes compared with
the contemporary control cohort

Outcomes were ascertained 30 days after the COVID-19-positive test until the end of follow-up. Adjusted HRs and
95% Cls are presented. The length of the bar represents the excess burden per 1000 people at 1 year and associated

95% Cls are also shown.

See Online for appendix
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analyses. All analyses were done using SAS Enterprise
Guide (version 8.2) and results were visualised using R
(version 4.04).

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report.

Results

There were 51919 participants in the COVID-19 group
(enrolled between March 1, 2020, and Jan 15, 2021),
2647654 participants in the contemporary group (enrolled
between March 1, 2020, and Jan 15, 2021), and 2539941
participants in the historical control group (enrolled
between March 1, 2018, and Jan 15, 2019; (appendix p 3).
The median follow-up time was 408 (IQR 378-500) days
in the COVID-19 group, 409 (379-506) days in the con-
temporary control group, and 409 (379-506) days in the
historical control group, corresponding to 62715 person-
years, 3184253 person-years, and 3070573 person-years
of follow-up, respectively; altogether corresponding to
6317541 person-years of follow-up.

The demographic and clinical characteristics of the
COVID-19, contemporary control, and historical control
groups before weighting are presented in the appendix
(pp 8-9)-

The COVID-19 and contemporary control groups
were balanced using the inverse probability weighting
method. The demographic and clinical characteristics of
the COVID-19 and contemporary control groups after
weighting are presented in the appendix table (appendix

pp 10-11). Evaluation of standardised mean differences
of these characteristics after weighting showed dif-
ferences of less than 0-15, suggesting good balance
(appendix pp 4, 10-11).

The risks of a set of pre-specified dyslipidaemia
outcomes were estimated in the COVID-19 versus
contemporary control groups. Additionally, the adjusted
excess burden of dyslipidaemia outcomes due to
COVID-19 per 1000 people at 12 months was estimated
based on the difference between the estimated inci-
dence rate in participants with COVID-19 and the
contemporary control group. The risks and burdens of
individual dyslipidaemia outcomes are presented in
figure 1 and the appendix (p 12).

Those who survived the first 30 days of COVID-19
exhibited an increased risk of incident total cholesterol
greater than 200 mg/dL (hazard ratio [HR] 1-26, 95% CI
1-22-1-29; burden 22-46, 95% CI 19-14-25-87),
triglycerides greater than 150 mg/dL (1-27, 1-23-1.31;
22-03, 18-85-25-30), LDL greater than 130 mg/dL (1-24,
1-20-1-29; 18-00, 14-98-21-11), and HDL lower than
40 mg/dL (1-20, 1-16-1-25; 15-58, 12-52-18-73). The
risk and burden of a composite of these abnormal
lipid laboratory results were 1-24 (1-21-1-27) and
39-19 (34-71-43-73), respectively (appendix p 12).

Those who survived the first 30 days of COVID-19
exhibited increased risk of incident use of statins
(HR 1-55, 95% CI 1-48-1-61; burden 24-94, 95 % CI
22-09-27-91 per 1000 people at 12 months), bile acid
resins (1-48, 1.11-1-97; 0-48, 0-11-0-97), and fibrates
(1-53, 1-15-2-02; 0-50, 0-14-0-96). The risk and burden
of a composite of these lipid-lowering medications were
1-54(95% CI1-48-1-61) and 25-50 (95% CI 22-61-28- 50),
respectively (appendix p 12).

We examined the risk and burden of developing any
dyslipidaemia outcome (defined as the occurrence of any
incident prespecified dyslipidaemia outcome included in
this study). Compared with the contemporary control
group, there was an increased risk and burden of any
dyslipidaemia outcome (HR 1-31, 95% CI 1-28-1-34;
burden 54-03, 95% CI 49-21-58-92; appendix p 12).

We examined the association between COVID-19 and
various thresholds of lipid levels. COVID-19 was
associated with increased risk of total cholesterol greater
than 210 mg/d, 220 mg/dL, and 230 mg/dL,; triglycerides
greater than 160 mg/dL, 170 mg/dL, and 180 mg/dL; LDL
greater than 140 mg/dL, 150 mg/dL, and 160 mg/dL; and
HDL lower than 35 mg/dL, 30 mg/dL, and 25 mg/dL.
COVID-19 was also associated with a higher risk of more
than 3%, 5%, and 10% increase in BMI (appendix p 13).

The risks of incident composite dyslipidaemia
outcomes were evident in subgroups based on age, race,
sex, obesity, smoking, diabetes, chronic kidney disease,
hypertension, and dyslipidaemia risk score (figure 2 and
appendix pp 14-16). Risks of incident composite
dyslipidaemic outcomes were evident in all subgroups
based on age, race, sex obesity, smoking, cardiovascular
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disease, chronic kidney disease, diabetes, hypertension,
and dyslipidaemia risk score.

The risks and burdens of incident dyslipidaemia
outcomes in mutually exclusive groups were based on
the care setting of the acute infection (participants who
were non-hospitalised [n=46 568], hospitalised [n=4169],
or admitted to intensive care [n=1182]). Demographic and
clinical characteristics of these three groups before and
after weighting are presented in the appendix (pp 17-22).
Standardised mean differences after application of
inverse probability weighting showed diferences of less
than 0-15, suggesting that the covariates were well
balanced (appendix p 4).

Compared with the contemporary control group, the
risks and burdens of the pre-specified dyslipidaemia
outcomes were evident even among those who were not
hospitalised during the acute phase of COVID-19 infection.
The risks and burdens increased in a graded manner in
accordance with the severity of the acute infection from
non-hospitalised to hospitalised, to those admitted to
intensive care (figure 3 and appendix pp 23-25).

We tested the reliability of our study design by evaluating
the associations between COVID-19 and the prespecified
dyslipidaemia outcomes in analyses using a historical
control group (from an era predating the COVID-19
pandemic) as the reference category. Demographic and
health characteristics before weighting and after weighting
are available in the appendix (pp 8-11). Covariate balance
was assessed through standardised mean differences and
suggested that covariates were balanced after application
of inverse probability weighting (appendix p 4). Our
results showed increased risks and associated burdens of
the dyslipidaemia outcomes in comparisons of COVID-19
versus the historical control group (appendix p 31), in
subgroup analyses (appendix pp 33-35), and by care
setting of the acute phase of COVID-19 infection (appendix
pp 36-37). The direction and magnitude of risks were
consistent with analyses using the contemporary control
as the reference category.

The robustness of our results was challenged in
multiple sensitivity analyses (including varying the
covariate specification approach and modeling strategy
as described in the methods section) and the results were
consistent with those generated using the primary
approach. All sensitivity analyses provided results
consistent with those generated using the primary
approach (appendix pp 38-39).

Discussion

In this study involving participants with COVID-19,
contemporary controls, and historical controls (altogether
contributing to 6 317 541 person-years), we found that
people who survive the first 30 days of SARS-CoV-2
infection exhibited increased risk and 1-year burden of
incident dyslipidaemia (including elevated total
cholesterol >200 mg/dL, triglycerides >150mg/dL, LDL
>130 mg/dL, and HDL <40 mg/dL) and incident use of
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laboratory results medication prescription outcome
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Figure 2: Subgroup analyses of the risks of incident post-acute COVID-19 composite dyslipidaemia outcomes

compared with the contemporary control cohort

Composite outcomes consisted of lipid laboratory abnormalities (total cholesterol >200 mg/dL, triglycerides
>150 mg/dL,LDL >130 mg/dL, and HDL <40 mg/dL), lipid-lowering medication prescription (statins, bile acid
resins, and fibrates), and any dyslipidaemia outcome (incident occurrence of any dyslipidaemia outcome studied).
Outcomes were ascertained 30 days after the COVID-19 positive test until the end of follow-up. Adjusted hazard

ratios and 95% Cls are presented.

lipid-lowering agents (including statins, bile acid resins,
and fibrates). The increased risks and burdens were
evident in people whose acute disease did not necessitate
hospitalisation and increased in a graded fashion
according to the care setting of the acute phase of the
disease (lowest in non-hospitalised, higher in
hospitalised, and highest in those who needed intensive
care). The results were consistent in analyses considering
varying levels of lipid parameters to define the outcomes
and in analyses using a contemporary and historical
control groups as the reference category. The results
were robust to challenge in multiple sensitivity analyses.

Over the past 2 years, it has become increasingly clear
that SARS-CoV-2 infection could lead to post-acute
sequelae in several organ systems—collectively referred to
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Figure 3: Risks and 1-year burdens of incident post-acute COVID-19 dyslipidaemia outcomes compared with
the contemporary control cohort by care setting of the acute infection

Risks and burdens were assessed at 1 year in mutually exclusive groups comprising non-hospitalised individuals
with COVID-19, individuals hospitalised for COVID-19, and individuals admitted to intensive care for COVID-19
during the acute phase (first 30 days) of COVID-19. Outcomes were ascertained 30 days after the COVID-19-
positive test until the end of follow-up. The contemporary control cohort served as the reference category. Within
the COVID-19 cohort, there were those who were non-hospitalised, hospitalised, and admitted to intensive care.
Adjusted hazard ratios and 95% Cls are presented. The length of the bar represents the excess burden per

1000 people at 1year and related 95% Cls are also presented.
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as long COVID. We and others have previously reported
increased risk of cardiometabolic disease (including
increased risk of cardiovascular disease, diabetes, and
kidney disease) in the year following acute SARS-CoV-2
infection.”?*%*%% Qur current study adds to that body of
evidence suggesting increased risk of both dyslipidaemia
and lipid-lowering medication use. Woven altogether, the
evidence suggests that people with COVID-19 are at
increased risk of developing cardiometabolic disorders.
Whether and to what extent this increased risk will
influence the global burden of cardiometabolic disease
and how will it affect health systems and health-care costs
will need to be examined in future studies.

The possible mechanisms driving the increase in
dyslipidaemia are wunclear. Experimental evidence
suggests that the immune and inflammatory response
following the initial infection could alter hepatic
lipoprotein metabolism, which might transiently result
in depressed levels during the acute phase with putative

over compensatory rebound in the post-acute phase.”
Evidence from studies of patients with MERS-CoV
infections suggests abnormalities in sterol regulatory
element-binding proteins.® Studies also suggest
substantial changes in oral and gut microbiome and
proteomic and metabolomic profiles of individuals
infected with SARS-CoV-2 that could last well beyond the
acute phase and contribute to changes in lipid
profiles.**¥ Behavioural changes, such as a change in
diet and exercise, other COVID-19 pandemic stressors
(including lockdowns, social isolation, and loneliness),
grief, and other stressors might have differentially
affected people with COVID-19 and could also be
responsible for some of the effect seen here. We observed
a higher risk of an increase in BMI in people with
COVID-19 versus both the contemporary and historical
controls; the extent to which this increase in BMI
following SARS-CoV-2 infection might mediate incident
dyslipidaemia or whether, conversely, occurrence of
dyslipidaemia following infection might mediate the
increase in BMI will need to be examined in future
studies. Regardless of whether the increased risk of
dyslipidaemia is a direct result of the viral infection or
driven by indirect effects of the infection or the COVID-19
pandemic, the risks and burdens noted in people with
COVID-19 reflects the realised excess burden of disease
that will require care and attention by health-care
systems.

Disorders of lipid metabolism have been reported to
be associated with both incidence and severity of acute
SARS-CoV-2 infection.**** Our results suggest that in
people who do not have any previous history of
dyslipidaemia, SARS-CoV-2 infection is associated with
increased risk of incident dyslipidaemia. These
observations suggest a likely bidirectional link that is
consistent with the broader observation that
cardiometabolic disease is both a risk factor and
a sequelae of SARS-CoV-2 22353

The constellation of findings from this report and
previous research suggests that SARS-CoV-2 infection is
associated with post-acute and long-term risks of not
only dyslipidaemia, but other metabolic abnormalities,
including diabetes, cardiovascular disease, kidney
disease, neurological, and other disorders.?223033%4546
Collectively, this evidence suggests the need to address
cardiometabolic health in people with previous infection
with SARS-CoV-2.7 It is also important to contextualise
these findings within the broader spectrum of infection-
associated chronic illnesses; these risks are probably not
unique to SARS-CoV-2 and could reflect a much broader
connection between infections (viral and non-viral) and
post-acute and chronic illnesses.” The COVID-19 global
pandemic represents a historical opportunity (a natural
experiment) to investigate and deepen our understanding
of the post-acute and chronic consequences of viral (and
other infections). This improved understanding will
unlock mysteries surrounding other infection-associated
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chronic illnesses and position us to be better prepared to
address the challenges posed by future pandemics.”*

This study has several strengths. We leveraged the
national health-care databases of the US Department of
VA to build a cohort of 51 919 people who had COVID-19
and two control groups of more than 5 million individuals
each. The use of two control groups allowed us to verify
that the association between COVID-19 and the risk of
dyslipidaemia was evident in comparisons involving
a contemporary control group of those without COVID-19
but exposed to the broader contextual forces of the
COVID-19 pandemic, and in comparisons involving
a pre-pandemic era historical control group that is
undisturbed by the pandemic. We leveraged advances in
causal interference and wused advanced statistical
methodologies to balance the cohorts and estimate the
risks of both abnormal lipid laboratory results and lipid
lowering medication prescriptions.

This study has several limitations. Our cohort was
predominately White and male, which could limit the
generalisability of our findings. National electronic
health-care databases were used to construct out cohort,
and although pre-defined outcomes were carefully
selected and our analyses were adjusted for a large set of
pre-defined and algorithmically selected variables, we
cannot completely rule out misclassification bias and
residual  confounding. For example, potential
confounding might exist if there are substantial
differences in unknown or unmeasured characteristics
that might be associated with risk of SARS-CoV-2
infection and dyslipidaemia that were not accounted for
in this study, including potential genetic susceptibility,
environmental exposures, or other factors. A positive
COVID-19 test was a requirement for enrolment in the
COVID-19 group, yet we cannot rule out the possibility
that those enrolled in the contemporary cohort might
have contracted COVID-19 and did not test for it; if these
people were present in large numbers in the
contemporary control group, this could have biased the
results. Although we balanced characteristics at baseline,
low lipid levels as a risk or as a consequence of SARS-
CoV-2 infection might be associated with short term
acute mortality, and our cohort evaluating post-acute
outcomes could have selected survivors who have higher
lipid levels. Because we needed to follow-up people for at
least 1 year to characterise risks and burdens of
dyslipidaemia at 1 year, the study enrolled people with
SARS-CoV-2 infection between March 1, 2020, and
Jan 15, 2021. Although genotyping data was not available,
the period of enrolment in this study corresponded to the
era of the COVID-19 pandemic predominated by the
ancestral wild type SARS-CoV-2,” therefore the risk
estimates in this study might not necessarily represent
the outcomes associated with infections due to
subsequent and future variants. Finally, as the COVID-19
pandemic continues to evolve, the SARS-CoV-2 virus
continues to mutate and new variants or subvariants
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emerge. Therefore vaccine and antiviral use continues to
expand and it is possible that the epidemiology of post-
acute COVID-19 sequelae, including dyslipidaemia, will
continue to evolve and change over time.

Altogether, our results suggest that patients who
survive the first 30 days of COVID-19 infection exhibit
increased risk and burden of incident dyslipidaemia and
incident lipid-lowering medications use. These risks and
burdens were evident among those who were non-
hospitalised during the acute phase of infection and
increased in a graded fashion based on the severity of
the acute infection (ie, those who were non-hospitalised,
hospitalised, and admitted to intensive care). The body
of evidence suggests that dyslipidaemia should be
considered as a component of the multifaceted long
COVID. Post-acute care strategies of people with
COVID-19 should integrate screening and management
of dyslipidaemia.
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