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Abstract

Background BMI variability has been associated with increased cardiovascular disease risk in individuals with type
2 diabetes, however comparison between clinical studies and real-world observational evidence has been lacking.
Furthermore, it is not known whether BMI variability has an effect independent of HbATc variability.

Methods We investigated the association between BMI variability and 3P-MACE risk in the Harmony OQutcomes
trial (n=9198), and further analysed placebo arms of REWIND (n=4440) and EMPA-REG OUTCOME (n=2333) trials,
followed by real-world data from the Tayside Bioresource (n=6980) using Cox regression modelling. BMI variability
was determined using average successive variability (ASV), with first major adverse cardiovascular event of non-fatal
stroke, non-fatal myocardial infarction, and cardiovascular death (3P-MACE) as the primary outcome.

Results After adjusting for cardiovascular risk factors, a+ 1 SD increase in BMI variability was associated with
increased 3P-MACE risk in Harmony Outcomes (HR 1.12,95% Cl 1.08-1.17, P<0.001). The most variable quartile of
participants experienced an 87% higher risk of 3P-MACE (P < 0.001) relative to the least variable. Similar associations
were found in REWIND and Tayside Bioresource. Further analyses in the EMPA-REG OUTCOME trial did not replicate
this association. BMI variability’s impact on 3P-MACE risk was independent of HbA1c variability.

Conclusions In individuals with type 2 diabetes, increased BMI variability was found to be an independent risk factor
for 3P-MACE across cardiovascular outcome trials and real-world datasets. Future research should attempt to establish
a causal relationship between BMI variability and cardiovascular outcomes.

Keywords BM|I variability, Type 2 diabetes, 3P-MACE risk, Cardiovascular disease, HbA1c variability, Diabetes
management, Health outcomes

*Correspondence: 4Centre for Primary Care, Wolfson Institute of Population Health, Queen
Adem Y. Dawed Mary University of London, London, UK

aydawed@dundee.ac.uk SLilly Deutschland GmbH, Bad Homburg, Germany

'Division of Population Health and Genomics, School of Medicine, 6|RCCS MultiMedica, Via Milanese 300, 20099 Sesto San Giovanni, M, Italy
University of Dundee, Dundee DD1 9SY, UK ’Center for Thrombosis and Haemostasis, University Medical Center of the
2Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, IN, USA Johannes Gutenberg University Mainz, Mainz, Germany

*Translational Medicine and Clinical Pharmacology, Boehringer Ingelheim
Pharma GmbH & Co. KG, Ingelheim, Germany

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12933-024-02299-8&domain=pdf&date_stamp=2024-7-14

Massey et al. Cardiovascular Diabetology (2024) 23:256

Introduction

Repeated cycles of weight loss and weight regain is often
referred to as weight “cycling’;, “fluctuation’, or “vari-
ability”. This variability may be harmful, as a variety of
studies have found that variability in clinical biomark-
ers predict worse outcomes [1-3]. Indeed, an increase in
weight variability has recently been found to be associ-
ated with an increase in the risk of cardiovascular disease
and major adverse cardiovascular events (3P-MACE) [4,
5]. We recently performed a literature review and meta-
analysis which observed an increase in the risk of cardio-
vascular morbidity and mortality associated with body
weight and BMI variability independent of type 2 diabe-
tes status [6]. Despite these findings however, the topic of
weight variability remains controversial, as not all studies
have observed this relationship between weight variabil-
ity and 3P-MACE [7, 8], whilst others have observed that
weight variability predicted lower cardiovascular disease
risk [9].

A potential explanation for this observed heterogene-
ity may be due to differences in the statistical models
utilised. These models frequently control for disparate
confounding variables or may be inadequately adjusted
for important variables. For example, no BMI variability
study to date has controlled for the established effect of
HbA1c variability on cardiovascular health in individuals
with type 2 diabetes [1]. Given the intrinsic link between
HbAlc and BMI variability, it is possible that the car-
diovascular risk signal associated with BMI variability
is influenced by HbAlc variability [10]. Moreover, while
previous analyses have separately examined clinical and
observational cohorts, none have explored the impact of
BMI variability in both types of cohorts using a standard
statistical model. This is important as differences inher-
ent to these cohorts may explain some of the observed
variability between studies.

Therefore, the primary aim of this study was to com-
prehensively investigate the association between BMI
variability and the risk of 3-point major adverse cardio-
vascular event (3P-MACE; non-fatal stroke, non-fatal
myocardial infarction, and cardiovascular death) within
clinical trial datasets and observational cohorts com-
prised of individuals with type 2 diabetes using standard
statistical models. The secondary aim of this study was
to investigate if BMI variability and glycaemic variability
are independent risk factors for 3P-MACE. A Cox pro-
portional hazards model was created to assess the asso-
ciation between BMI variability and 3-point MACE using
the Harmony Outcomes trial as a discovery dataset;
this model was then used to perform separate analyses
within the placebo arms of the Researching cardiovascu-
lar Events with a Weekly Incretin in Diabetes (REWIND)
and Empagliflozin Cardiovascular Outcome Event Trial
in Type 2 Diabetes Mellitus Patients—Removing Excess
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Glucose (EMPA-REG) OUTCOME trials. We then used
the same model for a further analysis within the real-
world observational data collected from the Genetics
of Diabetes Audit and Research Tayside and Scotland
(GoDARTS) and the Scotland Health Research Register
(SHARE) cohorts, combined into a single cohort referred
to as Tayside Bioresource. BMI variability was defined as
absolute successive variability (ASV), which is the mean
absolute difference between successive BMI measure-
ments for an individual. The reason that ASV was chosen
is that we observed in a previous systematic review and
meta-analysis that ASV was the most commonly used
measure of BMI variability within the currently published
literature [6], and thus will allow our results to be more
readily compared to other published research. Further-
more, we believe it is the most easily interpreted measure
of variability, and as such poses the greatest chance of
generating clinically meaningful results.

Methods
Study design and participants
Trial data sets: Post-hoc analyses of trial data from the
Harmony Outcomes consisting of 9,463 participants was
used as a discovery cohort. First round replication was
performed using the placebo arm of the REWIND study
(n=4440) and final replication attempt was performed
using data from the placebo arm of the EMPA-REG
OUTCOME trial (n=2333). All three trials, involving
patients with type 2 diabetes, were international multi-
centre, randomised, double-blind, placebo-controlled
studies that independently investigated the effect of
antidiabetic medications on 3P-MACE risk; Harmony
Outcomes and REWIND investigated the efficacy of
glucagon-like peptide-1 receptor agonists (GLP-1RAs)
albiglutide and dulaglutide, respectively, whereas EMPA-
REG OUTCOME investigated the efficacy of sodium-glu-
cose cotransporter-2 inhibitor (SGLT2i) empagliflozin.
Detailed descriptions of the included clinical cohorts can
be found in the supplementary material (Appendix 1).
Real-world data analysis: A retrospective follow-up
survival study was performed among participants from
a combination of observational cohorts from the GoD-
ARTS and the SHARE studies. Further details on these
cohorts can be found in the supplementary material
(Appendix 1). Electronic health records (from primary
and secondary care), biochemistry, prescribing records,
and data from the Scottish death register are pooled from
the Scottish Care Information — Diabetes Collaboration,
GoDARTS, and SHARE to form the Tayside Bioresource.
Data collected between January 1st 1994 to January 1st
2020 were considered for this study. Entry to study for
each individual was either the date of 1st recorded BMI
measurement or date of type 2 diabetes diagnosis, which-
ever was latest. Our analysis of Tayside Bioresource
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consisted of 2 phases: a 5 year exposure phase where we
calculated BMI variability and other baseline variables,
followed by a 10 year longitudinal phase for the observa-
tion of 3P-MACE where the Cox regression analysis was
performed. We identified individuals with type 2 diabetes
that had at least 3 recorded measurements of BMI dur-
ing the exposure phase. Participants that experienced a
primary outcome event during this exposure phase were
removed from the study as we believed this would impact
calculated BMI variability. Similarly, patients recorded as
pregnant or having undergone a limb amputation dur-
ing these five years were also excluded. Patients meeting
these criteria entered the longitudinal phase of the study
where they were then followed either until they experi-
enced a primary outcome event or their final BMI mea-
surement within the 10 years of follow-up; whichever
came first. If an individual’s 10-year follow-up period
extended beyond January 1st, 2020, they were excluded
from the analysis. This meant the latest possible entry to
the study was January 1st, 2005; individuals entering the
study after this date could not undergo the full 15 years of
analysis and were thus removed.

Study outcomes

The primary outcomes of Harmony Outcomes,
REWIND, EMPA-REG OUTCOME, and Tayside Biore-
source were similar, each defined as the first occurrence
of 3-point MACE, which was a composite of cardiovas-
cular death, non-fatal myocardial infarction, and non-
fatal stroke (fatal and non-fatal in Harmony Outcomes).
In our study, we defined the primary outcome as the first
occurrence of 3-point MACE, as defined in each study by
their respective study designs [11-13].

The primary outcome of the analysis of Tayside Bio-
resource was also defined as 3-point MACE, the first
incidence of non-fatal myocardial infarction, non-fatal
stroke, and cardiovascular mortality.

Measurements of variability

For post-hoc analyses, BMI and HbAlc variability were
defined as the fluctuation in BMI or HbAlc across visits,
respectively, measured using average successive variabil-
ity (ASV). This is defined as the mean absolute difference
between successive BMI or HbAlc measurements for a
given individual. In Harmony Outcomes, REWIND, and
EMPA-REG OUTCOME, at least 3 BMI or HbAlc mea-
surements per person were required for ASV calcula-
tion. ASV was based on all available data until 3P-MACE
occurrence or censoring.

In Tayside Bioresource analysis, BMI and HbAlc vari-
ability was defined similarly but adjusted for irregular
visit patterns by dividing the absolute difference between
measurements by the time interval between them. A
minimum 90-day interval between measurements and at
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least 3 recorded measurements per person were required
for inclusion.

Statistical analyses

The association between BMI variability as calculated by
ASV and the risk of 3P-MACE outcomes was analysed
by considering body-weight variability as both a continu-
ous and categorical variable. Within the trial cohorts, any
individuals that experienced 3P-MACE events before 4
months of follow up were excluded as this was the mini-
mum date at which BMI variability could be calculated.

To analyse the risk of 3P-MACE associated with BMI
variability as a continuous variable within the Harmony
Outcomes trial, 5 Cox proportional-hazards regression
models were created to estimate the hazard ratios (HR)
and 95% confidence intervals. Each model investigated
the HR of 3P-MACE associated with an increase of ASV
BMI by 1 standard deviation (SD). Model 1 was unad-
justed; model 2 included trial arm (treatment vs. placebo)
as a covariate; model 3 added baseline BMI to model 2
as a covariate; model 4 further included baseline age,
sex, type 2 diabetes duration at baseline, smoking his-
tory, baseline systolic blood pressure, statin use, base-
line HbA1lc, the number of BMI measures, and baseline
cardiovascular risk to model 3; model 5 was then created
with ASV of HbAlc (+1 SD) added to model 4. This was
primarily to test whether the 3P-MACE risk associated
with BMI variability was independent of the 3P-MACE
risk associated with HbAlc variability. The analyses of
models 4 and 5 were then created within the REWIND,
EMPA-REG OUTCOME, and Tayside Bioresource
cohort data, with a few adjustments due to data avail-
ability: in REWIND, the covariate for history of previous
cardiovascular disease was included instead of baseline
cardiovascular risk, and type 2 diabetes duration at base-
line was not included; for the EMPA-REG OUTCOME
trial data the models were constructed with a covariate
for lipid controlling drug use at baseline instead of statin
use at baseline; the models constructed within the Tay-
side Bioresource cohort did not include covariates for
cardiovascular risk, statin use, or baseline systolic blood
pressure, but instead included covariates for lipid-con-
trolling and antihypertensive drug use. Additionally, the
age covariate within the models constructed within the
Tayside Bioresource cohort was split into quartiles in
order to allow the models to meet the proportional haz-
ards assumption.

To analyse the risk of 3P-MACE associated with BMI
variability as a categorical variable, participants were
divided into quartiles based on calculated ASV BMI val-
ues. Cox proportional-hazards regression analyses were
performed to estimate the relative risk of 3P-MACE of
each quartile of BMI variability compared to the lowest
quartile.
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Further analyses were performed using continu-
ous BMI variability in order to investigate the effect of
baseline BMI on the risk relationship observed between
BMI variability and 3P-MACE. We assigned individu-
als in each trial to one of 3 groups: normal baseline BMI
(€25 kg/m?); overweight (>25 to <30 kg/m?); and obese
(>30 kg/m?). Cox proportional-hazards regression anal-
yses (fitting model 5 as above) were then performed to
estimate the risk of 3P-MACE per +1 SD increase in ASV
BMIL.

Finally, we performed two meta-analyses of trial results
using summary statistics from Harmony Outcomes,
REWIND, and EMPA-REG OUTCOME, for continu-
ous and categorical BMI variability. We then performed
an additional two meta-analyses for continuous and cat-
egorical BMI variability, this time including Tayside Bio-
resource. For continuous BMI variability, this was done
by taking the HR estimates for +1 SD increase in ASV
BMI from model 5 of each cohort and pooling them via
a fixed effects model. The meta-analysis of categorical
BMI variability was conducted by the same methodology,
whereby HR estimates for the most fluctuating quartiles
from model 4 of each were combined. These meta-analy-
ses were performed using the ‘metafor’ package in R (ver-
sion 4.1.1).

Data availability statement

The datasets generated during and/or analysed in the
current study are available from the corresponding
author upon reasonable request.

Results

Population characteristics

The study population sizes from the Harmony Outcomes
and the placebo arms of REWIND, and EMPA-REG
OUTCOME trials were 9198, 4440, and 2171, respec-
tively. The number of individuals from the Tayside Biore-
source cohort that met inclusion criteria for the current
investigation was 6980. The clinical features of the par-
ticipants of each of these 4 cohorts are listed in Table S1.

BMI variability and 3P-MACE

In our post-hoc analysis of the discovery cohort from the
Harmony Outcomes 6.75% of participants experienced
a 3P-MACE event (n=621). When BMI variability was
considered as a continuous covariate in the fully adjusted
model (model 4), an increase in ASV BMI of 1 SD was
associated with an increase in the risk of a 3P-MACE
outcome (HR 1.12, 95% confidence intervals (CI) 1.08—
1.17, P<0.001; Fig. 1). This was independent of tradi-
tional cardiovascular risk factors. Furthermore, this effect
was independent of GLP1RA drug use, where albiglutide
treatment was still associated with decreased 3P-MACE
risk (HR 0.70, 95% CI 0.60-0.82, P<0.001). When BMI
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variability was treated as a categorical variable, indi-
viduals in the top quartile of BMI variability compared
to individuals in the lowest quartile of variability had an
increased risk of 3P-MACE outcomes (HR 1.87, 95% CI
1.49-2.36, P<0.001; Figure Sla).

When we performed this analysis within the placebo
arm of the REWIND trial, we found similar results. In
this cohort, 11.58% experienced a 3P-MACE outcome
(n=514). When BMI variability was included into model
4 as a continuous covariate, we found that an increase
in ASV BMI of 1 SD was associated with an increase in
3P-MACE risk (HR 1.09, 95% CI 1.02-1.16, P=0.016;
Fig. 2). This increase was again independent of the
3P-MACE risk associated with classic cardiovascular
risk factors. Treating BMI variability categorically, there
was a significantly increased risk of 3P-MACE for indi-
viduals in the top quartile of BMI variability compared to
the lowest quartile (HR 1.95, 95% CI 1.50-2.54, P<0.001;
Figure S1b).

We then performed our analysis within the placebo
arm of the EMPA-REG OUTCOME trial. In this cohort,
9.40% experienced a 3P-MACE outcome (1=204). When
BMI variability was included into model 4 as a con-
tinuous variable, an increase in ASV BMI of +1 SD was
shown to be associated with a decrease in 3P-MACE
risk (HR 0.80, 95% CI 0.65-0.97, P=0.0251; Fig. 3). This
association was independent of the classic 3P-MACE
risk factors included into the model. Similarly, when BMI
variability was considered as a categorical variable, the
individuals in the most fluctuating quartile experienced
a significantly decreased risk of 3P-MACE (HR 0.61, 95%
C10.42-0.90, P=0.0115; Table S2).

Finally, we performed our analysis with the Tayside
Bioresource cohort. Among the 6980 individuals in
this cohort, 11.60% experienced a 3P-MACE outcome
(n=812). When BMI variability was included into model
4 as a continuous variable, an increase in ASV BMI of
+1 SD was associated with an increase in the risk of a
3P-MACE event (HR 1.14, 95% CI 1.09-1.20, P<0.001;
Fig. 4) after controlling for classic cardiovascular risk fac-
tors. When BMI variability was treated as a categorical
variable, the risk of 3P-MACE for individuals in the most
fluctuating quartile was significantly increased (HR 1.47,
95% CI 1.18-1.80, P<0.001; Figure Slc) relative to the
least fluctuating quartile.

Baseline BMI, BMI variability, and 3P-MACE

The majority of participants of all cohorts were either
overweight or obese. In the Harmony Outcomes trial,
90.01% (n=8287) of individuals had a BMI>25 kg/m?
within REWIND, 93.53% (n=4153); within EMPA-REG
OUTCOME, 87.52% (1=1900); and within the Tayside
Bioresource cohort, 88.17% participants (n=5867) were
either overweight or obese.
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Covariate Sample size HR Estimate and CI P
BMI Variability 9198 HiH 1.13[1.09, 1.17] <0.001
Albiglutide’ 4501 —E—] 0.70[0.60, 0.82] <0.001
Baseline BMI 9198 1.01[1.00, 1.03] 0.08
Male? 6241 1.32[1.08, 1.61] 0.01
Age 9198 . 1.02[1.01, 1.03] <0.001
Current Smoker® 1393 P 1.32[1.04, 1.68] 0.03
Former Smoker® 3870 ] 1.25[1.02, 1.53] 0.02
Diabetes Duration 9198 ] 1.02[1.01, 1.03] <0.001
SBP 9198 L ] 1.00 [1.00, 1.00] 0.05

Statin Use* 7562 ] 1.08[0.86, 1.35] 0.5
Baseline HbA1c 9198 - 1.12[1.06, 1.18] <0.001
Number of BMI 9198 HEH 0.64[0.59, 0.70] <0.001
T T 1 1
0 0.5 1 1:8 2

Hazard Ratio

Fig. 1 A forest plot summarising the adjusted hazard ratio (HR) and 95% confidence interval (Cl) of 3-point major adverse cardiovascular events (3P-
MACE) risk associated with a+ 1 standard deviation (SD) increase in BMI variability within the Harmony Outcomes trial cohort (n=9198) after adjustment
for treatment, baseline BMI, sex, age, smoking, type 2 diabetes duration, systolic blood pressure, statin use, baseline HbA1c, and number of BMI measure-
ment. Risk estimates (HR and 95% confidence interval (Cl)) presented based on Cox regression model versus reference for categorical variables and for
a one-unit increase for continuous variables. ! reference Placebo, n=4473; 2 reference Female, n=2733; * reference Never Smoked, n=3710; * reference

No Statin Use, n=1411

When stratifying participants in Harmony Outcomes,
REWIND, EMPA-REG OUTCOME, and Tayside Bio-
resource into normal weight, overweight, or obese cat-
egories, we found that baseline BMI did not appear to
modify the association between BMI variability and
3P-MACE risk. Detailed results of the statistical analyses
can be found in Appendix 2.

HbA1c variability, BMI variability, and 3P-MACE

In the Harmony Outcomes cohort, a+1 SD increase in
ASV HbA1c was associated with an increase in 3P-MACE
risk (HR 1.14, 95% CI 1.03-1.27, P=0.014; Figure S2(a))
and this increase in risk was independent from the
increase in risk associated with a+1 SD increased in ASV
BMI (HR 1.20, 95% CI 1.12-1.29, P<0.001; Figure S2(a)).
When we analysed the REWIND cohort we observed
that a+1 SD increase in ASV HbAlc was not associ-
ated with an increase in 3P-MACE risk (HR 0.99, 95%

CI0.86-1.15, P=0.924; Figure S2(b)), however the inclu-
sion of ASV HbAlc as a covariate did not attenuate the
observed 3P-MACE risk associated with a+1 SD increase
in ASV BMI (HR 1.09, 95% 1.02-1.16, P=0.016; Figure
S2(b)). When this analysis was performed in the EMPA-
REG OUTCOME cohort, a+1 SD increase in HbAlc
was not associated with an increase in 3P-MACE risk
(HR 1.04, 0.93-1.17, P=0.4764; Table S3), and this was
independent of an association between a+1 SD increase
in ASV BMI and significantly decreased 3P-MACE risk
(HR 0.80, 95% CI 0.66-0.97, P=0.0261;Table S3). Within
the real-world data of the Tayside Bioresource cohort
however, a+1 SD in the variability of HbAlc was again
associated with significantly increased risk (HR 1.05, 95%
CI 1.01-1.10, P=0.014; Figure S2(c)), independent of the
risk associated with a+1 SD increase in BMI variability
(HR 1.14, 95% CI 1.09-1.20, P<0.001; Figure S2(c)).
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Covariate Sample size HR Estimate and ClI P
BMI Variability 4440 - 1.09 [1.02, 1.16] 0.016
Age 4440 ] 1.02[1.01, 1.03] 0.007
Male' 2380 1.41[1.17, 1.69] <0.001
Baseline BMI 4440 0.99[0.98, 1.01] 0.16
SBP 4440 g 1.01[1.00, 1.02] 0.002
Baseline HbA1c 4440 | 1.04[0.96, 1.13] 0.311
Prev CAD? 810 ——— = 1.90[1.57, 2.29] <0.001
Statin Use? 3680 n | 1.64[1.25,2.15] <0.001
Current Smoker* 691 - 1.40 [1.12, 1.74] 0.003
Number of BMI 4440 I 0.50[0.47, 0.53] <0.001

[ I I |
0 05 1 15 2

Hazard Ratio

Fig. 2 A forest plot summarising the adjusted hazard ratio (HR) and 95% confidence interval (Cl) of 3-point major adverse cardiovascular events (3P-
MACE) risk associated with a+ 1 standard deviation (SD) increase in BMI variability within the REWIND trial placebo-arm cohort (n=4440) after adjustment
for age, sex, baseline BMI, systolic blood pressure, baseline HbA1c, history of coronary artery disease (CAD), statin use, smoking, and number of BMI mea-
surement. Risk estimates (HR and 95% confidence interval (Cl)) presented based on Cox regression model versus reference for categorical variables and
for a one-unit increase for continuous variables. ! reference Female, n=2060; % reference No CAD, n=3630; ? reference No Statin Use, n=760; * reference

No Smoking, n=3749

Meta-analysis of BMI variability and 3P-MACE outcomes
To investigate the overall effect of BMI variability on
3P-MACE risk we performed 2 separate meta-analyses
using effect estimates from model 5 in each trial. The
first meta-analysis investigated 3P-MACE risk associated
with BMI variability as a continuous variable. The second
meta-analysis investigated 3P-MACE risk associated with
BMI variability treated as a categorical variable. These
meta-analyses involved a total of 15,809 participants of
whom 1,339 (8.47%) experienced a 3P-MACE outcome.
We then performed 2 more meta-analyses identical to
the meta-analyses described above with the addition of
the summary effect estimate from model 5 of Tayside
Bioresource. These latter two meta-analyses involved a
total of 22,789 participants of whom 2,151 (9.45%) expe-
rienced a 3P-MACE outcome.

The meta-analysis of BMI variability as a continu-
ous variable within Harmony Outcomes, REWIND,

and EMPA-REG OUTCOME found that an increase
in ASV BMI by +1 SD was significantly associated with
an increase in the summary risk estimate of 3P-MACE
(HR 1.12, 95% CI 1.07-1.17, P<0.001; Figure S8), with
significant heterogeneity observed (I*=87.50%; P for
heterogeneity<0.001). The meta-analysis of BMI vari-
ability as a categorical measure found that individuals in
the top quartile of BMI variability compared to those in
the least variable quartile had a significantly increased
summary risk estimate of 3P-MACE (HR 1.56, 95% CI
1.33-1.83, P<0.001; Figure S7), with this meta-analysis
again showing significant heterogeneity (I=92.50%; P for
heterogeneity <0.001).

The inclusion of Tayside Bioresource into the meta-
analysis caused little adjustment to these results: an
increase in ASV BMI by +1 SD was significantly associ-
ated with an increase in the summary risk estimate of
3P-MACE (HR 1.13, 95% CI 1.09-1.17, P<0.001; Figure
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Covariate Sample size HR Estimate and CI P

BMI Variability 2333 —a— 0.80[0.65, 0.98] 0.0251
Baseline BMI 2333 b 0.94[0.77, 1.14] 0.5089
Baseline SBP 2333 1.00[0.99, 1.01] 0.3757
Baseline DBP 2333 1.01[0.99, 1.03] 0.2509
Female" 607 B 0.89[0.63, 1.26] 0.5058
Age 2333 m 1.02[1.01, 1.04] 0.0779
Number of BMI 2333 0.25[0.22, 0.29] <0.001
Lipid Controlling Drugs? 1744 = 1.33[0.93, 1.91] 0.1219
Current Smoker® 281 I - | 1.13[0.72, 1.77] 0.5903
Former Smoker® 1010 —a— 0.80[0.57, 1.12] 0.1926
Diabetes Duration (1<xs5)* 346 I £ 3.01[0.70, 12.98] 0.1398
Diabetes Duration (5<x<10)* 538 : B 2.95[0.69, 12.58] 0.1431
Diabetes Duration (x>10)* 1251 1 P 3.11[0.74, 13.05] 0.1212
Baseline HbA1c 2333 = 0.83[0.69, 0.99] 0.0409

I T T 1

0 0.5 1 15 2

Hazard Ratio

Fig. 3 A forest plot summarising the adjusted hazard ratio (HR) and 95% confidence interval (Cl) of 3-point major adverse cardiovascular events (3P-
MACE) risk associated with a+ 1 standard deviation (SD) increase in BMI variability within the EMPA-REG OUTCOME trial placebo-arm cohort (n=2171)
after adjustment for baseline BMI, systolic blood pressure, diastolic blood pressure, sex, age, number of BMI measurements, lipid controlling drug use,
smoking status, type 2 diabetes duration, and baseline HbA1c. Risk estimates (HR and 95% confidence interval (Cl)) presented based on Cox regression
model versus reference for categorical variables and for a one-unit increase for continuous variables. ! reference Male, n=2060; % reference No Lipid Con-
trolling Drugs, n=3630; > reference No Smoking, n=760; * reference Diabetes Duration x< 1, n=3749. Diabetes duration is split in to categories: less than
1 year (x< 1); between 1 and 5 years (1 <x<5); between 5 and 10 years (5 <x < 10); over 10 years (x> 10)

S9), with significant heterogeneity observed (I°=81.80%;
P for heterogeneity<0.001). The meta-analysis of BMI
variability as a categorical measure found that individuals
in the top quartile of BMI variability compared to those
in the least variable quartile had a significantly increased
summary risk estimate of 3P-MACE (HR 1.52, 95% CI
1.34-1.73, P<0.001; Figure S10), with this meta-analysis
again showing significant heterogeneity (I*=88.90%; P for
heterogeneity <0.001).

Discussion

In our post-hoc survival analyses of the participants from
three trials and a real-world observational cohort, we
found that BMI variability was significantly associated
with an increase in the risk of 3P-MACE. These observed
associations were independent of variability in HbAlc
and other classic cardiovascular risk factors.

Our results add to the growing body of evidence that
treatment plans for individuals with type 2 diabetes may
also need to consider the risk to cardiovascular health
contributed by weight variability. Several studies have
previously investigated the effect of weight variability
on cardiovascular health within individuals with type 2
diabetes in a variety of demographics [4, 5, 14—18]. The
majority of these studies also observed the association
between weight variability and cardiovascular disease,
however, some studies found contradictory results. We
have previously proposed that this contradiction may be
attributed to discrepancies in cohorts and methodology.
Heterogeneity in cohort demographic, type of cohort
analysed (i.e. clinical trial versus observational), data col-
lection, definition of cardiovascular events, and the defi-
nition of weight variability (e.g. coefficient of variation,
SD, ASYV, etc.) may lead to heterogeneity in observation
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Covariate Sample size HR Estimate and CI P
BMI Variability 6980 HEH 1.14[1.09, 1.20] <0.001
Male! 3698 ] 1.15[1.00, 1.32] 0.059
Age Q22 1745 = 2.65[1.95, 3.60] <0.001
Age Q32 1745 = 4.66 [3.45, 6.29] <0.001
Age Q42 1745 B 12.82[9.56, 17.19] <0.001
Mean BMI 6980 " 1.01[1.00, 1.02] 0.109
Number of BMI 6980 + 1.01[0.98, 1.04] 0.442
Lipid Controlling Drugs® 1910 ] 0.63[0.40, 1.00] 0.049
Antihypertensive Drugs* 4856 f B { 0.95[0.61, 1.49] 0.814
Current Smoker® 3095 = 1.30[1.11, 1.52] 0.002
Former Smoker® 1615 - 1.81[1.49, 2.20] <0.001
Diabetes Duration 6980 = 1.02[1.00, 1.04] 0.042
Baseline HbA1c 6980 HH 1.09[1.04, 1.14] <0.001
T T T 1
0 0.5 1 1.5 2

Hazard Ratio

Fig. 4 A forest plot summarising the adjusted hazard ratio (HR) and 95% confidence interval (Cl) of 3-point major adverse cardiovascular events (3P-
MACE) risk associated with a+ 1 standard deviation (SD) increase in BMI variability within the Tayside Bioresource cohort (n=6980) after adjustment for
sex, age, mean BMI, number of BMI measurements used, lipid-controlling drug use, antihypertensive drug use, smoking status, type 2 diabetes duration,
and baseline HbA1c. The covariate “age” has been split into quartiles for this model in order to allow the model to meet proportional hazards assump-
tions. Risk estimates (HR and 95% confidence interval (Cl)) presented based on Cox regression model versus reference for categorical variables and for a
one-unit increase for continuous variables. ! reference Female, n=3282; 2 reference Age Quartile 1, n=1745; 3 reference No Lipid Controlling Drug Use,
n=5070; * reference antihypertensive drug use, n=2124; 5 reference Never Smoked, n=2270

[6]. One novel finding of our study is that this hetero-
geneity does not appear to be caused by any inherent
difference between trial and observational cohorts, as
the results seen in our analyses of Harmony Outcomes,
REWIND, and Tayside Bioresource were similar. Further-
more, the similarity of these results provides reinforce-
ment to the idea that heterogeneity in the literature may
be in large part due to differences in how BMI variabil-
ity is defined as well as the covariates controlled for by
the statistical models employed. However, despite almost
identical methodology used for our analyses, we did not
see a replication of our results within the EMPA-REG
OUTCOME cohort. The reason for this discrepancy is
unclear; there are few differences between the popula-
tions of each cohort, and each analysis was adjusted for
the same covariates that are typical predictors of car-
diovascular disease. Our results suggest that inter-study

heterogeneity in the association between BMI variability
and 3P-MACE risk is not sufficiently explained by dif-
ferences between cohorts and methodology, and that
further research into this phenomenon may reveal some
other explanatory variable.

HbAlc variability has been previously observed to
increase cardiovascular disease risk [1, 19, 20]. It is
known that BMI and type 2 diabetes, as well as glycae-
mic control, are strongly correlated [21-23]. It therefore
stands to reason that the increased cardiovascular risk
associated with BMI variability may instead be generated
by HbA1c variability. However, to our knowledge, no one
has yet investigated the contribution of HbAlc variabil-
ity to the increased risk of cardiovascular events associ-
ated with weight variability. Whilst we did also find that
HbA1c variability is associated with increased cardiovas-
cular risk among the majority of our cohorts, inclusion of
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HbA1c variability into our fully adjusted models did not
attenuate the estimated risk contributed by BMI variabil-
ity. This would suggest that BMI variability is a risk factor
for cardiovascular events independent of HbAlc vari-
ability, as well as other classic cardiovascular risk factors.
Indeed, our adjusted models suggest that an increase in
BMI variability contributes similar cardiovascular risk
estimate to that associated with a history of smoking,
of the need for lipid-controlling drugs, being male, and
having elevated HbAlc. This highlights the clinical rel-
evance of BMI variability, as well as the necessity of fur-
ther research into how BMI variability develops and how
it can be effectively managed or controlled. Treatment of
type 2 diabetes in the future may need to take BMI and
HbA1c variabilities into consideration.

A further question our research addresses is whether
baseline BMI modulates the cardiovascular risk associ-
ated with weight variability. Previous studies performed
by Bangalore et al. have observed that obese individu-
als experience a greater cardiovascular risk associated
with weight fluctuations when compared to individuals
of a normal weight [4, 15]. Our analysis of the Harmony
Outcomes and REWIND cohorts found no such asso-
ciation: weight variability was associated with a similar
3P-MACE risk estimate in obese, overweight, and normal
weight populations, with no real trend in risk estimates
observed. This was also true within our analysis of the
Tayside Bioresource cohort. Furthermore, our analysis
of the EMPA-REG OUTCOME cohort found no differ-
ence in the association of weight variability and MACE
across normal weight, overweight, and obese individuals.
These findings are consistent with the results of our pre-
viously published meta-analysis which also observed that
in the literature baseline BMI did not modify the associa-
tion between BMI variability and cardiovascular events
[6]. It is worth noting here that BMI may not be the most
accurate measure of obesity and associated cardiovascu-
lar risk. Indeed, a recent analysis with the placebo arm
of REWIND has shown the waist to height ratio and
waist circumference were risk factors for cardiovascular
events, but not BMI, which is also reflected in our mod-
els [24]. However, this does not change the fact that BMI
variability does appear to be robustly associated with an
increase in cardiovascular disease. Further analysis into
waist circumference variability, or waist to height ratio
variability, compared to BMI variability may elucidate
whether the association we observe is due to changes in
abdominal adiposity or general body composition.

There are a few limitations to our current study. The
key limitation of this and other studies is that we have
only investigated an association between weight vari-
ability and cardiovascular events; from this data we
cannot prove causation. While our current study has
gone further to show that the increased cardiovascular
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risk associated with weight variability is independent of
other cardiovascular risk factors, it is still possible that
an unmeasured variable could cause the increased risk,
such as emotional stress or depression. Another limita-
tion persistent in studies investigating the relationship
between weight variability and cardiovascular events,
and a limitation to the present study, is the impact of
intentionality of weight loss on cardiovascular disease.
While it could be argued that the majority of individu-
als with type 2 diabetes will be intentionally trying to lose
weight, and thus intentionality may have little effect on
the cardiovascular risk observed, our current research
cannot state this conclusively. Further, in the assessment
of BMI variability we do not differentiate between weight
loss and weight gain, which could both contribute to an
increase in variability, and both may have different effects
on the risk of cardiovascular events. Similarly, we cannot
conclusively state that medication has no effect of body
weight variability and cardiovascular risk. It is possible
for instance that the sickest patients changed their gly-
caemic and cardiovascular care more frequently, result-
ing in greater body weight variability with or without
change in cardiovascular risk.

Conclusions

Our analyses found that variability in BMI is associated
with increase in the risk of 3P-MACE outcomes to a
similar extent in both clinical and observational cohorts.
This effect appears to be independent of HbAlc variabil-
ity and other traditional cardiovascular risk factors. Fur-
ther research into establishing a causative relationship
between weight variability and cardiovascular events is
recommended. A future investigation into the effect of
antidiabetic treatment on the relationship between BMI
variability and 3P-M ACE may also prove consequential.
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