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ORIGINAL ARTICLE

Long-Term Effect of Weight Regain Following 
Behavioral Weight Management Programs on 
Cardiometabolic Disease Incidence and Risk: 
Systematic Review and Meta-Analysis
Jamie Hartmann-Boyce , DPhil; Annika Theodoulou , MClinSc; Jason L. Oke , DPhil; Ailsa R. Butler , DPhil;  
Anastasios Bastounis , PhD; Anna Dunnigan , MSc; Rimu Byadya, MSc; Linda J. Cobiac , PhD; Peter Scarborough , DPhil; 
F.D. Richard Hobbs , FMedSci, FRCGP, FRCP; Falko F. Sniehotta, PhD, F EHPS; Susan A. Jebb , PhD, FRCP (Hon), FMedSci* ; 
Paul Aveyard , PhD, FRCP, FRCGP, FFPH* 

BACKGROUND: Behavioral weight management programs (BWMPs) enhance weight loss in the short term, but longer term 
cardiometabolic effects are uncertain as weight is commonly regained. We assessed the impact of weight regain after 
BWMPs on cardiovascular risk factors, diabetes, and cardiovascular disease.

METHODS: Trial registries, 11 databases, and forward-citation searching (latest search, December 19) were used to identify 
articles published in English, from any geographical region. Randomized trials of BWMPs in adults with overweight/obesity 
reporting cardiometabolic outcomes at ≥12 months at and after program end were included. Differences between more 
intensive interventions and comparator groups were synthesized using mixed-effects, meta-regression, and time-to-event 
models to assess the impact of weight regain on cardiovascular disease incidence and risk.

RESULTS: One hundred twenty-four trials reporting on ≥1 cardiometabolic outcomes with a median follow-up of 28 (range, 
11–360) months after program end were included. Median baseline participant body mass index was 33 kg/m2; median age 
was 51 years. Eight and 15 study arms (7889 and 4202 participants, respectively) examined the incidence of cardiovascular 
disease and type 2 diabetes, respectively, with imprecise evidence of a lower incidence for at least 5 years. Weight regain in 
BWMPs relative to comparators reduced these differences. One and 5 years after program end, total cholesterol/HDL (high-
density lipoprotein) ratio was 1.5 points lower at both times (82 studies; 19 003 participants), systolic blood pressure was 1.5 
mm mercury and 0.4 mm lower (84 studies; 30 836 participants), and HbA1c (%) 0.38 lower at both times (94 studies; 28 083 
participants). Of the included studies, 22% were judged at high risk of bias; removing these did not meaningfully change results.

CONCLUSIONS: Despite weight regain, BWMPs reduce cardiometabolic risk factors with effects lasting at least 5 years after 
program end and dwindling with weight regain. Evidence that they reduce the incidence of cardiovascular disease or diabetes 
is less certain. Few studies followed participants for ≥5 years.

REGISTRATION: URL: https://www.crd.york.ac.uk/PROSPERO/; Unique identifier: CRD42018105744.
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Obesity is a major risk factor for premature morbidity 
and mortality worldwide, primarily driven by cardio-
vascular disease (CVD).1 There are linear associa-

tions between adiposity and adverse lipid profile, blood 
pressure, and insulin resistance that largely explain the 
higher risk of CVD in people with excess adiposity.2 
Offering treatment for overweight and obesity is recom-
mended in guidelines to prevent CVD.3 There is good 
evidence that weight loss during treatment programs 
lowers blood pressure and glycemia and improves lipid 
profile.4–6 However, weight loss is commonly followed by 
weight regain, and some observational studies suggest 
this weight change pattern may increase cardiovascular 
risk,7 but data from randomized trials are lacking.

Individual trials are commonly powered to measure 
effects on weight loss and individually lack power to 
assess the impact on cardiometabolic risk factors and 

disease incidence. Here, we draw on a large systematic 
review of trials that examined weight change after pro-
gram end of behavioral weight management programs 
(BWMPs) to conduct a meta-analysis of the legacy effects 
on cardiovascular risk factors and on the incidence of 
CVD. We did not aim to estimate the impact of particu-
lar interventions but of interventions that led to weight 
loss, which, once they cease, are likely to be followed by 
weight regain. Two hundred and forty-nine trials could be 
included in the meta-analysis of weight regain. Together, 
more intensive interventions led to −2.8 kg (95% CI, −3.2 
to −2.4) greater weight loss at program end, and thereaf-
ter, weight regain occurred at 0.12 to 0.32 kg/year more 
than comparator, with the estimate depending on model 
choice.8 With few and particular exceptions, there was 
little evidence that program characteristics altered the 
rate of weight regain.9 Here, we assessed whether weight 
regain after the programs finished was associated with 
change in cardiometabolic risk and incident disease. The 
aim was not to assess the effectiveness of any particular 
intervention but to assess the effects of interventions that 
aim to enhance weight loss which, once withdrawn, are 
typically followed by weight regain.

METHODS
The detailed methods are provided in the preregistered pub-
lished protocol.10 The review had several outcomes, and this 
report examines cardiometabolic risk factors and incident car-
diovascular and cardiovascular-related disease. The extracted 
data are available to others on reasonable request. Ethical 
review by an institutional review board was not sought as this 
is secondary research.

Search
We searched for randomized controlled trials of BWMPs ver-
sus any comparator in clinical trial registries and 11 electronic 
databases in September 2018 using terms relating to obesity, 
weight loss, diet, exercise, behavior change, and terms relevant 
to BWMPs. We searched a specialized register of weight loss 
trials hosted by the University of Aberdeen. Searches were 
run since inception but restricted to full articles published in 
English. We contacted the authors for supplementary informa-
tion. Before analysis (December 2019), we ran a forward-cita-
tion search for follow-up studies of included trials.

Eligibility Criteria
We included randomized controlled trials of BWMPs for 
adults (≥18 years) with overweight or obesity at the study 
start (body mass index of ≥25 or ≥23 kg/m2 in Asian popula-
tions). Comparators had to be another BWMP, an intervention 
of lesser intensity, or no intervention, thus allowing us to com-
pare interventions achieving greater weight loss against those 
achieving less. Trials of multiple risk factor interventions and 
interventions or control groups that also included medication 
or surgery were excluded. Our focus was on long-term out-
comes after BWMPs, so studies had to follow participants for 

WHAT IS KNOWN
• Behavioral weight management programs enhance 

weight loss in the short term, but longer term effects 
on cardiometabolic disease incidence and risk of 
weight loss interventions after treatment stops are 
uncertain as weight is commonly regained.

WHAT THE STUDY ADDS
• We systematically reviewed 124 trials reporting 

change in cardiovascular risk factor, diabetes, or 
cardiovascular disease that followed participants 
after the end of the behavioral weight manage-
ment program. The median follow-up was 28 (range, 
11–360) months after program end.

• There was clear evidence that, compared with lower 
intensity behavioral weight management programs 
or control groups, intervention lowered cardiovascu-
lar risk factors at program end, and this improvement 
was apparent for at least 5 years, albeit diminishing 
with greater weight regain in the behavioral weight 
management program than comparator groups.

• The evidence suggested that the same was true for 
cardiovascular disease and diabetes but was too 
sparse to make high-certainty conclusions.

Nonstandard Abbreviations and Acronyms

BWMP behavioral weight management program
CVD cardiovascular disease
HDL high-density lipoprotein
LDL low-density lipoprotein
SBP systolic blood pressure
SMD standardized mean difference
WOSCOPS  West of Scotland Coronary Prevention 
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D
ow

nloaded from
 http://ahajournals.org by on M

arch 28, 2023



Circ Cardiovasc Qual Outcomes. 2023;16:e009348. DOI: 10.1161/CIRCOUTCOMES.122.009348 April 2023 3

Hartmann-Boyce et al Cardiometabolic Effect of Weight Regain After Loss

≥12 months from baseline and measure weight change at pro-
gram end and afterward. Program end was not always clearly 
defined, so we defined it as the point at which the intervention 
intensity markedly stepped down (eg, when contact became 
less frequent than once every 2 months or when a step change 
in frequency or author-defined shift from weight loss to weight 
maintenance begins; see the protocol for more detail).10 We 
confined this analysis to studies reporting cardiometabolic out-
comes, namely incidence of cardiovascular morbidity/mortality 
(including both primary and secondary prevention), incidence/
remission of type 2 diabetes and hypertension, and changes 
in systolic blood pressure (SBP), serum cholesterol, blood 
glucose, and insulin measures. We extracted data on weight 
change after program end to assess its association with car-
diometabolic indicators.

Screening, Data Extraction, and Risk-of-Bias 
Assessments
Two reviewers independently screened studies for inclusion 
against the eligibility criteria using Covidence review manage-
ment software.11 The team developed a bespoke database for 
data extraction, which was piloted and agreed. Data extraction 
and risk-of-bias assessment were conducted by one reviewer 
and checked by a second reviewer. Risk of bias was assessed 
for random sequence generation, allocation concealment, 
blinding of outcome assessment, attrition, and other risk of 
bias.12 Any discrepancies throughout the screening, extraction, 
and critical appraisal processes were resolved by discussion, 
sometimes involving the whole team.

Data Synthesis
We calculated change in outcomes from baseline for outcomes 
at program end and at each time point after program end for all 
arms. Standardized mean differences (SMDs) were used where 
variables measured the same construct (eg, plasma glucose 
and HbA1c as measurements of glycemic control) to enhance 
power; they were then back converted to a common unit for 
illustrative purposes. For cholesterol, these were combined 
such that higher values represented higher cardiovascular risk. 
Where multiple measures were available, we preferred total 
cholesterol/HDL (high-density lipoprotein) ratio, followed by 
total cholesterol. We extracted results reported by authors; in 
nearly all included studies, this meant that we used complete 
case or multiple imputation data. For dichotomous outcomes 
(disease incidence and remission), we used the definitions 
used by study authors.

We calculated pooled weighted averages at program end 
to put the results in context, but our focus was on events and 
risk factors beyond program end. For each arm, we calculated 
the difference in incidence or mean risk factor between BWMP 
and its comparator at each time point after program end. Thus, 
negative values indicate that people in BWMPs have a lower 
incidence or lower cardiometabolic risk, zero represents no 
difference, and positive values that the incidence or risk fac-
tor is higher in people randomized to BWMP than comparator. 
We compared BWMPs to their comparator, providing the com-
parator was either no intervention, a minimal intervention, or a 
lower intensity BWMP. Our aim here was to examine the impact 
of weight loss and subsequent regain on cardiometabolic 

outcomes, not to estimate the effect of particular programs on 
these outcomes.

We analyzed these data using 3 methods to assess whether 
the results were sensitive to choice of synthesis method. The 3 
methods were as follows:

Mixed model with a random intercept for each study, 
regressing the difference in mean outcome between 
intervention and comparator at every time reported in 
follow-up after program end. This was the primary analy-
sis incorporating all data points nested within arms but 
was unweighted by study precision.13

Meta-regression against time since program end, 
assuming linear increases in outcomes plotted as base-
line (program end) value and outcome at the longest 
follow-up only. This weighted studies by their variance 
(precision).14

Kaplan-Meier plot of time to event, with failure repre-
sented by return of the intervention value to that of the 
comparator group.

We fitted models allowing for a curvilinear effects with time, 
but these did not improve fit, and we removed these terms for 
parsimony. Models 1 and 2, therefore, yielded linear slope coef-
ficients. Given that there was usually a difference in favor of 
BWMPs at program end, negative values imply that the differ-
ence incidence or mean value between BWMP grew larger with 
time, zero represented a constant difference, and positive values 
that the difference between the BWMP and comparator declined 
with time. We graphed these slopes to ease interpretation.

We also used meta-regression to examine whether a 
decrease in weight difference between BWMP compared with 
control, that is, faster regain in BWMP arms than in control 
arms, was associated with incidence of, or risk factors for, car-
diometabolic disease.

Preregistered sensitivity analyses excluded studies at 
high risk of bias in any domain. All analyses were performed 
in R 4.0.2.15

RESULTS
Search Results
Our initial searches retrieved 17 085 references, 4482 of 
which progressed to full-text screening. The most com-
mon reason for exclusion at full-text stage was follow-up 
duration of <12 months (Figure S1). An additional 246 
relevant references were identified through forward-cita-
tion searching and the screening of trial websites of large 
studies. Eight hundred and seventy-nine references rep-
resenting 330 studies met our inclusion criteria. Authors 
of 53 included studies provided additional data or infor-
mation. One hundred and twenty-four studies provided 
data on changes in cardiometabolic disease incidence or 
risk factors and were included here.16–138

Characteristics of Included Studies
Table 1 shows summary data for included studies. The 
median body mass index of participants at baseline was 
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33 kg/m2, and median age was 51 years. Detail on individ-
ual studies can be found in Table S1 (primary references), 
Table S2 (risk of bias assessments summary), Table S3 

(risk of bias assessments), Table S4 (key characteristics), 
Table S5 (baseline demographics), and Table S6 (interven-
tion characteristics). Programs typically lasted 7 months, 
and length of follow-up throughout refers to time since 
program end. Studies had on average 28 months follow-
up after program end (range, 11–360 months).

Risk of Bias
Fifty-two percent of studies were at unclear risk of bias, 
primarily because they did not fully report randomiza-
tion procedures, 27% at low risk and 22% at high risk 
(Table S2). Judgements for each study with reasons are 
in Table S3.

Effects of Interventions
Incidence of CVD
Eight studies (7889 participants) had data on cardio-
vascular morbidity or mortality at, or after, program end 
(longest follow-up, 288 months). The mean weight dif-
ference at program end was −2.2 (SD, 1.8) kg (Table 2). 
There was no evidence that weight gain in BWMP relative 
to that in the comparator was associated with changing 
incidence of CVD. The estimated difference in incidence 
for 1 kg regain in intervention relative to the comparator 
group was −10.3 (−41.9 to 21.4)/1000 person-months.

At program end, there was also no evidence that the 
observed incidence of CVD was higher in intervention 
than comparator at 2.7/1000 person-months (−1.36 to 
6.83; Table 2), but only 2 studies reported data at this 
time point. However, the fitted incidence from the ran-
dom effects model (accounting for data from all studies 
at all time points) favored intervention over comparator 
with a difference in incidence of −15.4/1000 person-
months at program end.

After program end, the incidence was estimated to 
decline relative to the comparator group by −0.40/1000 
person-months (−0.47 to −0.33; Figure 1A; Table 2). This 
means that the predicted CVD incidence 1 year after 
BWMP program end would be −20.2/1000 person-
months and at 5 years −39.3/1000 person-months lower 
than in comparator groups. The results using meta-regres-
sion were similar, giving a slope coefficient predicting a 
decline in incidence of CVD with time at −0.34/1000 
person-months (−0.49 to −0.19; Figure 1A; Table 2). Only 
4 studies remained after removing studies at high risk of 
bias, so sensitivity analyses were not conducted.

Incidence and Remission of Type 2 Diabetes
Fifteen intervention arms from 10 studies (4202 partici-
pants) reported incidence of type 2 diabetes (hereafter, 
diabetes; longest follow-up, 288 months post-program 
end). The mean difference in weight between intervention 
and comparator at program end was −4.1 (SD, 2.5) kg 
(Table 2). There was no evidence that weight change was 

Table 1. Summary Information on Characteristics of Studies 
Contributing to Statistical Analyses

Characteristics No. of studies (total N=124) 

Geographical region North America: 63

South America: 1

Europe/UK: 40

Asia: 8

Australia and New Zealand: 11

Africa: 0

Mixed (Australia and Europe): 1

Recruitment method Self-initiated: 34

Prompted: 59

Required: 0

Not reported: 31

Inclusion criteria restricted to those 
with a preexisting condition (eg, 
type 2 diabetes and arthritis)

70

Intervention content, by study arm 
(n=292)

Diet and exercise: 175

Diet only: 40

Exercise only: 12

No diet or exercise: 57

Not reported: 8

Intervention characteristics, by 
study arm (not mutually exclusive)

Partial meal replacements: 20

Total meal replacements: 10

Intermittent fasting: 2

Financial incentives (contingent on 
weight loss): 4

Intervention delivery mode, by 
study arm (some arms may include 
>1 mode)

In person: 228

Telephone: 18

Internet: 39

App: 2

Print: 111

Video: 6

Text message: 4

Other: 22

Unclear: 1

Intervention setting, by study 
arm (some arms may include >1 
setting)

Inpatient: 6

Residential: 1

Health care: 125

Community: 114

Workplace: 3

Home: 57

 Median (IQR)

Age, y 50.7 (10.4); n=278 study arms

Baseline BMI 32.6 (4.8) kg/m2; n=279 study arms

 Mean (min to max); n=124 studies

Length of follow-up, mo 28.0 (11.1–360.0)

Programme length, mo (most 
intensive intervention arm)

7.3 (1–72)

BMI indicates body mass index; IQR, interquartile range; max, maximum; min, 
minimum; m, months; UK, United Kingdom; and Y, years.
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associated with diabetes incidence difference (estimated 
change per kilogram of weight difference, 0.0022/1000 
person-months [95% CI, −0.0072 to 0.012]).

There was also no evidence that the observed mean 
incidence of diabetes at program end in people random-
ized to BWMP was lower than comparator (5 studies), 
with a mean difference in incidence (95% CI) of −31 
cases per 1000 people (−72 to 10; Table 2). The mod-
eled incidence (accounting for all other data points) 
was lower at −62/1000 person-months at program 
end and was estimated to stay approximately constant, 
with a slope coefficient of −0.018/1000 person-months 
(−0.17 to 0.12) in the random effects model (Figure 1B). 
This gave a predicted lower incidence of type 2 diabetes 
1 year after program end of −62/1000 person-months 
and 5 years after of −63/1000 person-months in people 
randomized to BWMP than to comparator groups. The 
meta-regression predicted a slightly greater advantage 
over time for BWMP than random effects (Figure 1B). 
Sensitivity analyses removing studies at high risk of bias 
left 7 studies with maximum follow-up of 18 months. 
These analyses gave estimates of trend that implied 
that the incidence of diabetes would return toward that 
in the comparator group. The slope coefficients from 
the random effects and meta-regression models were 
0.7/1000 person-months (−4.5 to 9.3) and 5.2/1000 
person-months (−2.8 to 13.0; Table 2).

Two studies reported diabetes remission at program 
end.64,130 One study reported a nonsignificant difference 
in remission rates of 5/1000 person-months (95% CI, 
−11/1000 to 25/1000 person-months) and one reported 
a significantly higher rate of remission in the intervention 
arm (risk difference, −5/1000 [95% CI, −9 to −0/1000] 
person-months). No studies reported remission after pro-
gram end, and hence, we could not analyze the associa-
tion of weight regain with diabetes remission.

Incidence and Remission of Hypertension
Two intervention arms from a single study provided 
follow-up data on hypertension incidence beyond pro-
gram end compared with minimal control.24 Given there 
was only one study, we did not estimate the association 
between weight change after program end and differ-
ence in incidence of hypertension. Average difference in 
hypertension incidence was −67/1000 person-months 
(95% CI, −130 to 0) at program end and −28/1000 
person-months (95% CI, −93 to 37) at 12 months after 
program end (Table 2).

Four studies reported hypertension remission data at 
program end (n=1266). There was no evidence of a dif-
ference in hypertension remission between arms at pro-
gram end (pooled mean, −11 per 1000 [95% CI, −390 
to 370]) or at the last follow-up time (estimated differ-
ence in hypertension remission, 230 per 1000 [95% CI, 
−330 to 780]).
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Cholesterol
One hundred and eight intervention arms from 82 stud-
ies (n=19 003) were included. The longest follow-up 
was 288 months. The mean weight difference at pro-
gram end was −2.0 kg (2.8), and observed SMD in lipid 
indices was −0.19 ([95% CI, −0.22 to −0.15] equating 
to a reduction in total cholesterol/HDL ratio [median 
(interquartile range)] of 1.2 [1.0–1.4]; Table 2). There was 
evidence that weight regain was associated with change 
in cholesterol. Each kilogram gained in the intervention 
group relative to the control group decreased the dif-
ference in favor of BWMP relative to control by 0.034 
(0.022–0.047).

Forty studies had follow-up data beyond program end, 
and using these, the modeled SMD at program end was 
−0.23. After program end, there was no evidence that 
cholesterol in people randomized to BWMP returned 
to that of the comparator group, although the central 
estimate implied a convergence. The random effects 
coefficient was 0.0017 per month (−0.003 to 0.007; 
Figure 2A; Table 2). The meta-regression results gave 
a similar slope estimate (Figure 2A; Table 2). Thus, from 
the random effects model, the predicted SMD at 1 and 
5 years after program end was the same, at −0.23 lower 
in BWMP than control groups, equivalent to 1.5 lower 
total cholesterol/HDL ratio. From Kaplan-Meier analy-
sis, the median time for the difference in lipid indices to 
return to the comparator group was 12 months (Figure 
S2). Sensitivity analyses removing studies at high risk of 
bias did not meaningfully alter findings from any of the 3 
models (Table S7). Thus, the random effects and meta-
regression models favored at least a 5-year reduction 
in adverse lipid profile for people randomized to BWMP 
versus comparators, while Kaplan-Meier suggested 
around 1 year.

Glycemic Control
One hundred and twenty-eight intervention arms from 
94 studies (n=28 083) reported data on HbA1c (47 
studies) or fasting plasma glucose (47 studies), pooled 
as SMD. The longest follow-up was 288 months. The 
mean weight difference between BWMP and compara-
tor at program end was −2.4 (SD, 2.8) kg. There was no 
evidence of an association between weight regain and 
SMD in glycemic control. For each kilogram of weight 
regain in BWMP compared with comparator, the esti-
mated change in SMD of glycemic control was 0.00071 
(−0.010 to 0.012).

The observed SMD in glycemic control at program 
end was −0.19 (−0.22 to −0.16), equivalent to a median 
(interquartile range) difference in HbA1c (%) of 0.18 to 
0.37 (Table 2). Using random effects modeling incorpo-
rating all data, the modeled SMD at program end was 
−0.26, equivalent to an HbA1c (%) of 0.25 to 0.51. 
There was no evidence that the improved glycemic con-
trol in BWMPs changed with time, with a slope coef-
ficient of 0.000057 (−0.0021 to 0.0022; Figure 2B; 
Table 2). The meta-regression coefficient was similar: 
0.00027 (−0.0012 to 0.0007; Figure 2B; Table 2). Thus, 
the modeled estimate was that glycemic control at 1 year 
would be −0.26 and at 5 years −0.26 lower in BWMPs 
than comparator. The Kaplan-Meier analysis suggested 
that the median time for glycemic control to return to 
control was 18 months (Figure S3). Sensitivity analyses 
removing studies at high risk of bias did not meaningfully 
change the estimates, with no evidence that the benefit 
of BWMP on glycemic control changed with time (Table 
S7). Thus, the random effects and meta-regression mod-
els favored at least a 5-year reduction in glycemic control 
for people randomized to BWMP versus comparators, 
whereas Kaplan-Meier suggested around 1.5 years.

Figure 1. Difference in disease incidence.
A, Cardiovascular disease incidence (cases per 1000 per month) between intervention and comparator arms by time since program end. B, 
Type 2 diabetes incidence (cases per 1000 per month) between intervention and comparator arms by time since program end. Dot size is 
proportional to the number of participants in each study. Lines represent estimates of average trend from random effects and meta-regression.
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Insulin Resistance
Twenty-nine intervention arms from 20 studies including 
3542 participants reported data on insulin (plasma insu-
lin or HOMA-IR). The longest follow-up was 36 months, 
and the mean difference in weight change at program 
end was −2.1 (3.0) kg (Table 2). There was evidence that 
weight regain was associated with change in insulin resis-
tance. For every kilogram participants in BWMPs gained 
relative to the control group, insulin resistance decreased 
by −0.062 (95% CI, −0.11 to −0.016). Removing stud-
ies at high risk of bias meant this counterintuitive finding, 
which was no longer statistically significant (0.054 [95% 
CI, −0.022 to 0.13]).

The observed average (95%) difference between 
BWMP and control in SMD of insulin resistance was 
−0.46 (−0.69 to −0.23) at program end (Table 2). Mod-
eling from the random effects model, the estimate at 

program end was −0.46. Thereafter, there was no evi-
dence that the slope changed with time, with a random 
effects coefficient of 0.006 per month (−0.02 to 0.03; 
Figure 2C; Table 2). This would predict that at 1 year 
after program end, insulin resistance would be −0.46 
and at 3 years −0.45 lower after BWMPs than the com-
parator. The meta-regression estimate was somewhat 
different, predicting a return of BWMP to comparator by 
20 months, with a slope coefficient of 0.032 per month 
(0.007–0.057; Figure 2C; Table 2). In Kaplan-Meier 
analysis, the median time to return to no difference from 
control could not be estimated as fewer than half of the 
studies reached this. Thus, the random effects model 
favored at least a 3-year reduction in insulin resistance 
for people randomized to BWMP versus comparators, 
whereas meta-regression ≈2 years and Kaplan-Meier at 
least 3 years.

Figure 2. Difference in cardiovascular disease risk factors.
A, Difference in standardized mean lipid change between intervention and comparator arms by time since program end. B, Difference 
in standardized mean glycemic control change between intervention and comparator arms by time since program end. C, Difference in 
standardized mean insulin resistance change between intervention and comparator arms by time since program end. D, Difference in systolic 
blood pressure change between intervention and comparator arms by time since program end. Dot size is proportional to the number of 
participants in each study. Lines represent estimates of average trend from random effects and meta-regression.

D
ow

nloaded from
 http://ahajournals.org by on M

arch 28, 2023



Circ Cardiovasc Qual Outcomes. 2023;16:e009348. DOI: 10.1161/CIRCOUTCOMES.122.009348 April 2023 8

Hartmann-Boyce et al Cardiometabolic Effect of Weight Regain After Loss

Systolic Blood Pressure
One hundred and ten intervention arms from 84 stud-
ies with 30 836 participants reported data on SBP with 
the longest follow-up of 288 months. The mean differ-
ence in weight between BWMP and comparator at pro-
gram end was −2.2 (SD, 2.8) kg (Table 2). The observed 
mean (95% CI) SBP at program end was −2.1 (−2.6 to 
−1.7) mm Hg lower in BWMPs than comparators, very 
similar to the modeled estimate from random effects 
modeling of −1.8 mm (−2.6 to −1.1; Table 2). There was 
strong evidence that weight regain was associated with 
a reduction in the advantage of BWMP over compara-
tor. For every kilogram regained in the BWMP relative 
to comparator, the blood pressure difference between 
BWMP and comparator reduced by 0.45 (95% CI, 0.36–
0.54) mm Hg. Removing studies at high risk of bias did 
not significantly alter estimates (Table S7).

Random effects modeling suggested that SBP would 
converge on the comparator after program end at 0.024 
mm Hg per month (0.011–0.037), with nearly identical 
estimates from meta-regression (Figure 2D; Table 2). 
The modeled SBP difference between BWMP and com-
parator at 1 year was −1.5 mm Hg and at 5 years −0.4 
mm Hg. In Kaplan-Meier analysis, the median time to 
return to no difference from comparator was estimated 
at 42 months (Figure S4). Thus, the random effects and 
meta-regression models favored a 6-year reduction in 
SBP for people randomized to BWMP versus compara-
tors, whereas Kaplan-Meier suggested around 3.5 years.

DISCUSSION
This is the largest ever synthesis of extant evidence of 
the long-term impact of weight regain following BWMPs 
on cardiometabolic disease and risk factors. We found 
relatively few studies that examined the incidence of 
CVD or diabetes beyond program end but those that 
had suggested that the incidence was lower while the 
observation continued (up to 24 years). Too few stud-
ies examined incidence and remission of hypertension or 
remission from diabetes to draw reliable conclusions. Far 
more data were available on risk factors for cardiometa-
bolic disease, measured by glycemic control, cholesterol, 
and blood pressure. Each risk factor was lower at pro-
gram end following BWMP than for the comparator, and 
this advantage persisted through follow-up, typically for 
at least 3 and commonly at least 5 years, though these 
estimates varied by risk factor and by analysis method. 
For all but glycemic control, there was evidence that 
over time, weight regain following BWMPs relative to the 
comparator groups reduced the cardiometabolic risk fac-
tor reductions seen in BWMP relative to control groups.

This large review has limitations, partly as a result of it 
aiming to be a comprehensive overview of the long-term 
cardiometabolic effects of regain following the end of 
BWMPs. First, the large amount of handsearching meant 

our search took place in 2019, and the process of data 
extraction, contacting authors, and analysis meant we 
conducted a limited update, identifying new publications 
of subsequent data from the studies already included in 
an attempt to increase the duration of follow-up, where 
data were particularly scant. Studies meeting our inclu-
sion criteria first published after December 2019 were 
excluded. Likewise, we excluded studies in languages 
other than English. These decisions themselves should 
not bias the outcomes under investigation but mean a 
few studies are likely to have been missed.

Our results also include substantial heterogeneity (as 
demonstrated, in part, by high I2 values, which were for 
the most part driven by magnitude rather than direction 
of effect). In aiming for a comprehensive synthesis, we 
a priori planned methods to pool different measures of 
the same construct, such as HbA1c and fasting plasma 
glucose. These measures will move in the same direction, 
but not necessarily to the same extent, and so pooling 
may have introduced some heterogeneity, but pooling 
improved precision and clarity of the answer. We also 
pooled studies that compared a BWMP to no interven-
tion, a minimal intervention, or a more substantial but 
lower intensity BWMP. We did so because our aim was 
to assess the long-term, post-program effect of BWMP-
induced weight loss followed by weight regain on cardio-
metabolic risk and, in particular, what happens long term 
after weight loss has ceased and weight is regained. This 
was not designed to test the effectiveness of particular 
BWMPs, and the results might be broadly applicable to 
any weight loss intervention including pharmacotherapy 
where the intervention is pursued for some months then 
withdrawn. The estimates of weight loss provided here or 
in our companion review should not, therefore, be taken 
as estimates of treatment effect of BWMPs. The aim 
was to assess whether, and how quickly, the established 
short-term weight loss and cardiometabolic benefits are 
eroded by weight regain. This heterogeneity of compari-
son would affect point estimates at a particular point, but 
there is little evidence or reason to believe that hetero-
geneity of interventions or comparisons affect weight the 
trajectory of regain and thereby affecting change in car-
diometabolic disease or risk factors after program end.9

The bulk of evidence we have assembled relates to 
cardiometabolic risk factors, with only a little evidence 
on disease outcomes themselves, where evidence was 
sparse and conclusions more uncertain. The key to inter-
preting these data is evidence that changing cardiometa-
bolic risk factors will eventually translate to differences in 
disease incidence and mortality. For instance, the Food 
and Drug Administration mandates that new diabetes 
medications are now tested in cardiovascular outcomes 
trials following evidence that rosiglitazone led to adverse 
cardiovascular outcomes despite reducing blood glu-
cose.139 These effects, however, came about through 
adverse effects on increasing cardiovascular volume and 

D
ow

nloaded from
 http://ahajournals.org by on M

arch 28, 2023



Circ Cardiovasc Qual Outcomes. 2023;16:e009348. DOI: 10.1161/CIRCOUTCOMES.122.009348 April 2023 9

Hartmann-Boyce et al Cardiometabolic Effect of Weight Regain After Loss

adverse effects on LDL (low-density lipoprotein) choles-
terol, rather than directly caused by glucose lowering, 
which might otherwise have been expected to reduce 
the incidence of CVD.140 BWMPs lower all cardiovascu-
lar risk factors and, in the short-term, have been shown 
to reduce all-cause mortality,141 so this should allay some 
concerns that the evidence mostly relates to proxy out-
comes, where there is incontrovertible evidence that low-
ering blood pressure and improving lipid profile reduce 
cardiovascular risk.142–144

Evidence we present in a companion review sug-
gests that weight loss following a BWMP leads to at 
least a 5-year reduction in population mean weight from 
BWMPs compared with no or minimal weight loss inter-
vention.8 Data on risk factors presented here suggest a 
similar trajectory for cardiometabolic risk factors, in line 
with data that weight regain reduces the difference in 
cardiometabolic risk.4–6 Thus, BWMPs appear to lead to a 
temporary reduction in exposure to cardiometabolic risk 
factors that may last several, perhaps 5, years. Evidence 
suggests that these temporary reductions in risk factors 
are likely to lead to lifetime benefits of reduced incidence 
of CVD. For example, large, well-known studies (included 
in our review) have found that even though weight is 
regained following BWMPs, reductions in diabetes inci-
dence persist at 13 to 15 years.145,146 There is also clear 
evidence from WOSCOPS (West of Scotland Coronary 
Prevention Study) that lowering LDL concentration for 
only 5 years resulted in a 20-year reduction in CVD 
(and thereby all-cause mortality), though the reductions 
observed in WOSCOPS are greater in magnitude than 
those observed in our analyses.147 The evidence that a 
temporary period of blood pressure reduction reduces 
CVD is less clear, but evidence from animal models and 
estimates from trials suggest similar legacy effects from 
even temporary reductions in blood pressure.148–150

These observed reductions in cardiovascular risk fac-
tors were observed from BWMPs relative to compara-
tors (sometimes active treatments) of around 2 to 3 kg. 
Other analyses of this data set showed that some pro-
grams give much larger end-of-program weight losses 
compared with no weight loss support; for example, 
programs providing meal replacement.9 While larger ini-
tial weight loss is associated with faster weight regain,9 
the initial advantage in weight loss was modeled to 
last at least 5 years. Taken together, data suggest that 
achieving larger initial weight losses is likely to reduce 
cardiometabolic risk to a greater extent—a benefit that 
may well last 5 years.

In summary, temporary interventions to achieve weight 
loss, such as BWMPs, lower cardiometabolic risk fac-
tors and may reduce the incidence of CVD and diabe-
tes. This reduction in risk of exposure to adverse lipids, 
higher blood pressure, and dysglycemia lasts for several 
years after a BWMP compared with a lower intensity 
comparator but gradually erodes as weight is regained. 

This evidence reinforces the value of such programs to 
reduce the risk of CVD. It should reassure clinicians and 
patients that support for weight management will reduce 
their risk of premature morbidity and weight regain is 
unlikely to erode the lifetime benefits.
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