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Abstract

BackgroundAU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:
Weight loss is crucial for disease prevention among individuals with overweight or obesity.

This study aimed to examine associations of weight loss strategies (WLSs) with weight

change and type 2 diabetes (T2D) risk among US health professionals.

Methods and findings

This study included 93,110 participants (24 to 60 years old; 11.6% male) from the Nurses’

Health Study (NHS), NHSII, and Health Professionals Follow-Up Study (HPFS) cohorts who

were free of T2D, cardiovascular disease, and cancer at baseline (1988 for NHS/HPFS and

1989 for NHSII) for analyses of weight change and 104,180 (24 to 78 years old; 14.2%

male) for T2D risk assessment. WLSs used to achieve an intentional weight loss of 4.5+ kg

were collected in 1992 (NHS/HPFS)/1993 (NHSII) and grouped into 7 mutually exclusive

categories, including low-calorie diet, exercise, low-calorie diet and exercise, fasting, com-

mercial weight loss program (CWLP), diet pills, and FCP (selected at least 2 methods from

fasting, CWLP, and pill). The reference group was participants who did not attempt to lose

weight. Generalized estimating equations and Cox regression were applied to estimate up

to 10-year weight change trajectory and incident T2D risk through 2016 (NHS/HPFS)/2017

(NHSII), respectively.

The associations of WLSs with weight change and T2D risk were differential by baseline

body weight (Pinteraction < 0.01). Among individuals with obesity, all WLSs tended to associ-

ate with less weight gain [ranging from −4.2% (95% confidence interval (CI), −5.1% to
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−3.2%; P < 0.001) for exercise to −0.3% (−1.2% to 0.7%; P > 0.99) for FCP] and a lower

T2D risk [hazard ratios (HRs) ranging from 0.79 (0.66 to 0.95; P = 0.04) for exercise to 0.87

(0.66 to 1.13; P = 0.30) for pill]. Such a pattern was less clear among overweight individuals:

the difference of weight change varied from −2.5% (−3.0% to −2.1%; P < 0.001) for exercise

to 2.0% (1.3% to 2.7%; P < 0.001) for FCP, and HRs of T2D varied from 0.91 (0.77 to 1.07;

P = 0.29) for exercise to 1.42 (1.11 to 1.81; P = 0.02) for pill. The pattern was further inverted

among lean individuals in that weight change ranged from −0.4% (−0.6% to −0.1%; P =

0.02) for exercise to 3.7% (3.1% to 4.3%; P < 0.001) for FCP, and the HRs of T2D ranged

from 1.09 (0.91 to 1.30; P = 0.33) for exercise to 1.54 (1.13 to 2.10; P = 0.008) for pill.

Approximately 15.6% to 46.8% of the association between WLSs and the T2D risk was

attributed to weight changes. This study was limited by a single assessment of WLSs, het-

erogeneity within each WLS, and potential misclassification of the timing of weight loss and

weight regain.

Conclusions

The current study showed that individuals with obesity who attempted to lose weight,

regardless of the WLSs used, tended to gain less body weight and have a lower diabetes

risk. In contrast, lean individuals who intentionally lost weight tended to gain more weight

and have a higher diabetes risk. These data support the notion that intentional weight loss

may not be beneficial for lean individuals and the use of WLSs for achieving weight loss

shall be guided by medical indications only.

Author summary

Why was this study done?

• Weight control is one of the primary and effective strategies for the prevention and

management of obesity and related chronic diseases.

• Trying to lose weight is common not only among overweight individuals or those with

obesity, but also among lean individuals.

• Long-term weight change and risks of developing type 2 diabetes (T2D) following vari-

ous weight loss strategies (WLSs) are understudied.

What did the researchers do and find?

• Up to 10-year weight change and 24-year T2D risk were compared between individuals

who lost 4.5+ kg (10+ lbs) through various WLSs (low-calorie diet, exercise, low-calorie

diet and exercise, fasting, commercial weight loss program (CWLP), diet pills, or a com-

bination of the last 3 strategies collectively named as FCP) and those who did not

attempt to lose weight.

• Association of WLSs with weight change and T2D risk varied by baseline body mass

index status: individuals with obesity who lost 4.5+ kg intentionally were likely to have

less weight gain within 4 years since baseline and lower risk of T2D during 24 years of
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follow-up, regardless of WLS, but the beneficial associations were attenuated in individ-

uals with overweight and even inverted in lean individuals.

• Of all WLSs, exercise was associated with the least weight gain and the lowest T2D risk

among individuals with obesity.

• Approximately 15.6% to 46.8% of the association between WLSs and the T2D risk was

attributable to body weight changes after weight loss attempts.

What do these findings mean?

• Individuals with obesity may benefit from intentional weight loss regardless of the

methods used to achieve the weight loss, whereas lean individuals may not enjoy the

same health benefits from intentionally losing a significant amount of body weight.

• These data suggest that the use of weight loss methods for achieving weight loss should

be guided by medical or health indications.

Introduction

Obesity is one of the most common chronic conditions in the United States and globally. In

2017 to 2018, 42.4% of US adults were estimated to have obesity [1], which predisposed them

to numerous chronic diseases, especially type 2 diabetes (T2D) [2]. As such, weight control is

one of the primary and effective strategies for the prevention and management of chronic dis-

eases with obesity-related etiology. On average, the risk of diabetes is estimated to reduce by

16% per kilogram weight loss in individuals with overweight/obesity and prediabetes [3]. In

2013 to 2016, 49.1% of US adults reported trying to lose weight, mainly through lifestyle modi-

fications, such as exercise (62.9%) and dieting (62.9%) [4]. However, it is challenging to main-

tain weight loss, which is often accompanied by weight regain in the long run [5]. Meanwhile,

a systematic review of 8 weight loss trials suggested that the weight regain trajectory in 3 to 5

years after the interventions varied by different weight loss strategies (WLSs) [6], which may

thus exert differential impacts on the risk of developing obesity-related conditions, such as

T2D. However, to our knowledge, no study has comprehensively examined multiple com-

monly practiced WLSs in relation to long-term weight change trajectories or T2D risk in free-

living individuals who choose WLSs at will in observational study settings.

To fill the knowledge gaps, the current study aimed to investigate the association of com-

mon WLSs with weight change and T2D risk in 3 large-scale prospective cohorts of free-living

US men and women. In addition, in light of the evidence that baseline body weight may mod-

ulate the benefits of weight loss [7–9], we also evaluated the associations of interest according

to baseline body mass index (BMI) before weight loss attempts.

Materials and methods

This study is reported as per the Strengthening the Reporting of Observational Studies in Epi-

demiology (STROBE) guideline (S1 Checklist). The study protocol was drafted prospectively

in August 2019 (S1 Text).
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Study population

This study used data from the Health Professionals Follow-up Study (HPFS), the Nurses’

Health Study (NHS), and the NHSII. The HPFS began in 1986 and enrolled 51,529 male health

professionals aged 40 to 76 years from 50 US states. The NHS recruited 121,701 female nurses

aged 30 to 55 years from 11 states in 1976. The NHSII, initiated in 1989, included 116,429

female nurses aged 24 to 42 years from 14 states. Follow-up questionnaires were mailed to par-

ticipants biennially since 1976 (NHS)/1986 (HPFS)/1989 (NHSII) to update lifestyle and medi-

cal information. Additional validated semiquantitative food frequency questionnaires were

administered every 2 to 4 years thereafter to assess dietary intake. The response rates exceeded

90% in each cycle for 3 cohorts. Weight loss attempts within the last 4 years were self-reported

in 1992 (NHS/HPFS)/1993 (NHSII). Since we did not know the exact time when the weight

loss began in these 4 years, we considered 1988 for NHS/HPFS and 1989 for NHSII as study

baseline.

For the analyses with T2D as the outcome, participants were excluded if they skipped the

question of WLSs; if their weight loss was unintentional; if they reported a diagnosis of diabe-

tes, cardiovascular disease, or cancer or deceased by 1992 (NHS/HPFS)/1993 (NHSII); if they

only completed the 1992/1993 questionnaire; if they had missing information on the diagnosis

date of T2D, age, or baseline BMI; or if they were pregnant at baseline (NHSII only). Other

exclusions related to specific WLSs were listed in the next section. In analyses of weight

change, the exclusion criteria were the same as those of T2D analyses, except that participants

who only answered the 1992/1993 questionnaire remained if they provided valid body weight

assessments in that year. Participants who did not report body weight since 1992/1993 or those

aged 65+ years in 1992/1993 were further excluded. After the exclusions, 104,180 participants

were included in the T2D analyses and 93,110 were considered in the weight change analyses

(S1 Fig).

This study was approved by the institutional review boards of the Brigham and Women’s

Hospital and the Harvard T.H. Chan School of Public Health, who deemed that the return of a

complete self-administered questionnaire implied an informed consent. The last author

vouched for the accuracy and completeness of the data and the analyses.

Assessment of weight loss strategies

In the 1992 (NHS/HPFS) and 1993 (NHSII) questionnaires, participants were inquired about

the amount (2.3 to 4.1 kg [5 to 9 lbs], 4.5 to 8.6 kg [10 to 19 lbs], 9.1 to 22.2 kg [20 to 49 lbs],

22.7+ kg [50+ lbs]) and frequency (0 times, 1 to 2 times, 3 to 4 times, 5 to 6 times, 7+ times) of

intentional weight loss. Participants were asked to mark all the primary methods they had used

to achieve the most recent weight loss of 4.5+ kg (10+ lbs) within the last 4 years, including the

following possible responses: “did not lose 4.5+ kg,” “weight loss was unintentional (e.g., ill-

ness, unusual stress, depression),” “low-calorie diet,” “skipped meals/fasted,” “increased exer-

cise,” “diet pills,” “commercial weight loss program,” “gastric surgery/intestinal bypass,” and

“other” in the NHS/HPFS. Three more responses (“low fat diet,” “decreased alcohol intake,”

and “resumed/increased smoking”) were included in the NHSII questionnaire only. Based on

the responses to these questions, participants were categorized into 3 mutually exclusive

groups, including those who did not attempt to lose weight, those who lost less than 4.5 kg at a

time, and those who lost 4.5+ kg at a time in the past 4 years. We excluded those who reported

losing less than 4.5 kg since the WLS information was not collected for these individuals. Par-

ticipants who did not attempt to lose weight were treated as the reference group. For partici-

pants who lost 4.5+ kg intentionally, we first excluded those who lost weight through surgery

or other unspecific methods and then excluded NHSII participants who solely used the 3
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methods that were not considered in the NHS and HPFS questionnaires to maintain consis-

tency across 3 cohorts. To facilitate analyses and keep interpretation consistent across 3

cohorts, we grouped the WLSs into 7 mutually exclusive categories, including low-calorie diet

(LCD), exercise, LCD and exercise, fasting, commercial weight loss program (CWLP), pill, and

a combination (two or more) of fasting, CWLP, and pill (FCP for short). The grouping was

largely determined by the distribution of individual WLSs as well as the combinations of WLSs

in the study population (S1 Table).

Assessment of covariates

In this study, we considered multiple covariates assessed before or in the 1992/1993 question-

naire for multivariate adjustments, including age, ethnicity, height, BMI (weight in kilograms

divided by height in meters squared), waist circumference, alcohol intake, smoking status,

multivitamin use, physical activity (metabolic equivalents of tasks [METs]), television watch-

ing duration, total energy intake, diet quality (Alternative Healthy Eating Index [AHEI] score),

family history of diabetes, and history of hypertension or hypercholesterolemia (S2 Table).

Assessment of weight change and type 2 diabetes

Body weight and physician-diagnosed diabetes incidence were collected since baseline and

updated biennially. Weight change percentage, defined as [(current weight − baseline weight)

/ baseline weight] � 100%, was used to measure weight change in the current study. A supple-

mentary questionnaire regarding symptoms, diagnostic tests, and hypoglycemic therapy was

mailed to participants who self-reported having physician-diagnosed diabetes to confirm the

diagnosis (S2 Text).

Statistical analysis

Data from the 3 cohorts were pooled to maximize statistical power. For the weight change

analyses, follow-up was censored when participants reached aged 65 or older on the incidence

of diabetes, cardiovascular disease, cancer, death, or pregnancy (NHSII only). For the T2D

analyses, person-time for each participant was counted from the return of the 1992/1993 ques-

tionnaires to the date of T2D diagnosis, death, last return of a valid follow-up questionnaire, or

the end of follow-up (June 2016 for NHS/HPFS; June 2017 for NHSII), whichever came first.

Generalized linear model and generalized estimating equations with unstructured within-

subject correlation matrices were used to assess the association of WLSs with baseline body

weight and weight change, respectively. Least squares means of body weight and weight change

percentages since baseline were calculated to illustrate the trajectory of weight change over

time. All available body weights in 1988/1989, 1992/1993, 1994/1995, 1996/1997, and 1998/

1999 and the corresponding weight change percentage since baseline were included as a time-

varying dependent variable in these models. Because the biennial weight change percentages

were mostly differential among WLSs at year 4 and then largely converged to each other at

year 10 (1998 for NHS/HPFS or 1999 for NHSII; S2 Fig), we focused on weight change by the

end of year 4 and year 10, respectively.

Cox proportional hazards model was applied to examine the association of WLSs with the

incidence of T2D. The proportional hazards assumption was tested by including the product

terms between each exposure indicator and the log-transformed follow-up time. No violation

of the assumption was found. Multiple imputation was implemented to minimize the number

of missing values in covariates (S3 Text). Multiple comparisons were adjusted using Dunnett’s

test and false discovery rate when comparing the strength of associations of various WLSs.

Given that weight change might be a mediator between WLSs and T2D risks, the extent to
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which the association might be explained by time-varying BMI was evaluated using a SAS

macro %MEDIATE [10].

Stratified analyses were conducted by baseline BMI (<25 kg/m2 [lean], 25 to<30 kg/m2

[overweight], or�30 kg/m2 [obese]). Interactions were tested using a likelihood-ratio test

comparing models with and without product terms between WLSs and stratifying variables.

We considered several sensitivity analyses. A cubic spline regression model was fitted to

delineate the trajectory of hazard ratios (HRs) over follow-up duration. Given the strong

impact of ageing on body weight and composition, we repeated the T2D analysis in partici-

pants who were <65 years old in 1992 (NHS/HPFS)/1993 (NHSII). To reduce the possibility

of reverse-causation, we excluded participants who were diagnosed with T2D in the first 4

years of follow-up (through 1996 [NHS/HPFS]/1997 [NHSII]). To alleviate the concern that

the body weight assessments in 1988 (NHS/HPFS) or 1989 (NHSII) may misclassify the long-

term weight status before 1988/1989, we redefined individuals who were consistently lean

(BMI was less than 25 kg/m2 at each biennial follow-up from the initiation of the cohorts to

1988/1989) as the baseline lean group, and the same algorithm was used to define the over-

weight and obese groups. In another sensitivity analysis, we also used maximum BMI collected

before 1992/1993 (1972 to 1992 for HPFS, 1976 to 1992 for NHS, and 1989 to 1993 for NHSII)

to define the obesity status. In a sensitivity analysis, we included participants who skipped the

WLS question into the reference group. We also stratified the analysis by abdominal obesity

(waist circumference�102 cm for male and waist circumference�88 cm for female). Lastly,

in response to peer review comments, we restricted the weight change analyses within partici-

pants with complete, valid weight assessments since 1988 (NHS/HPFS)/1989 (NHSII) through

1998 (NHS/HPFS)/1999 (NHSII) to evaluate the impact of missing weight data on associations

of interest.

Data were analyzed using SAS software, version 9.4 (SAS Institute). Two-sided multiple

comparison adjusted P< 0.05 was considered statistically significant.

Results

Of all participants, including those who lost less than 4.5 kg of body weight, 53.2% (75,201/

141,387) reported losing 4.5+ kg intentionally, of whom 13.3% through LCD, 10.7% through

exercise, 29.2% through LCD and exercise, 12.6% through fasting, 27.4% through CWLP, 1.9%

through pill, and 5.1% through FCP (S3 Table). The age-standardized baseline characteristics

of the study populations for T2D analyses and weight change analyses are shown in Tables 1

and S4 and S5, respectively, and those of participants with/without skipping the WLS question

were shown in S6 Table.

Weight loss strategies and weight change

The temporal trend of body weight according to WLSs is shown in Fig 1A. Regardless of

whether or not participants tried to lose weight or what WLSs they had adopted, their body

weight, on average, increased over time. However, the weight gain trajectories were differential

among WLS groups. By 10 years of follow-up, all WLS groups were associated with more

weight gain than the reference group (ranging from 1.7% for exercise to 6.6% for FCP) (Tables

2 and S7).

Weight loss strategies and type 2 diabetes

During 2.14 million person-years of follow-up, 10,149 incident cases of T2D were observed

(Fig 2). After multivariate adjustments, all WLSs were significantly associated with a higher

risk of developing T2D. In comparison with the reference group, the HR varied from 1.15
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(95% confidence interval [CI] 1.05, 1.27; P = 0.005) for exercise to 1.64 (95% CI 1.41, 1.92;

P< 0.001) for pill. The proportions of the association between WLSs and T2D risk mediated

by time-varying BMI after weight loss ranged from 15.6% (95% CI 7.7%, 29.0%; P< 0.001) for

exercise to 46.8% (95% CI 37.7%, 56.1%; P< 0.001) for FCP (S8 Table).

Modification by baseline body mass index

Among participants who lost 4.5+ kg, those with higher baseline BMI were less likely to

choose exercise, LCD and exercise, or fasting and more likely to choose LCD, CWLP, and

Table 1. Age-standardized characteristics of participants at baseline in the T2D analyses.

Characteristic Reference LCD Exercise LCD and

Exercise

Fasting CWLP Pill FCP

Participants, number 28,979 9,972 8,008 21,971 9,434 20,581 1,433 3,802

Age in 1992 (year) 50.0 (12.3) 51.1 (11.6) 41.8 (9.4) 47.9 (11.2) 45.4 (10.7) 45.9 (10.4) 42.6 (9.5) 42.0 (8.5)

Ethnicity

White, % 96.6 97.8 96.6 97.5 96.1 97.5 95.4 96.1

African American, % 1.1 1.4 1.5 1.4 2.2 1.6 2.4 2.5

Asian, % 0.6 0.3 0.7 0.4 0.6 0.3 0.9 0.6

Other, % 1.6 0.5 1.0 0.6 1.0 0.6 1.0 0.8

Missing, % 0.1 0 0.1 0.1 0.1 0 0.2 0

BMI (kg/m2) 22.5 (3.5) 26.4 (4.9) 24.4 (4.2) 25.5 (4.3) 25.3 (4.7) 27.1 (4.9) 25.8 (4.6) 27.0 (5.3)

Waist circumference (centimeter) 78.1 (11.6) 85.2 (13.5) 80.4 (12.5) 82.7 (12.5) 84.6 (14.1) 84.7 (13.1) 81.9 (13.3) 85.7 (14.4)

Smoking status

Never smoker, % 58.3 51.8 59.5 56.0 51.5 55.5 55.8 54.0

Past smoker, % 26.2 31.8 27.7 32.4 29.5 32.8 26.7 29.6

Current smoker, % 14.7 15.6 12.4 10.9 18.1 11.4 17.3 16.2

Missing, % 0.8 0.8 0.5 0.7 0.9 0.3 0.1 0.2

Multivitamin use, % 40.3 36.8 44.1 42.6 40.6 41.3 44.9 44.2

Television watching (hour)

0–1, % 9.2 6.8 10.3 8.0 8.7 6.8 7.8 7.0

2–5, % 29.0 25.8 32.0 28.5 28.2 26.4 30.1 29.3

6–10, % 26.6 26.5 26.4 27.3 26.1 27.2 26.3 26.0

11–20, % 22.8 24.9 19.1 23.2 22.6 24.2 20.9 21.1

21+, % 9.7 12.4 6.4 9.6 9.8 11.5 9.4 10.8

Missing, % 2.7 3.4 5.9 3.5 4.5 3.9 5.6 5.8

Physical activity (METs-hour/week) 11.7 (4.2,

27.7)

8.1 (3.0,

20.2)

19.5 (7.7,

38.8)

15.4 (6.3, 31.2) 13.2 (4.6,

30.4)

10.8 (4.1,

23.6)

12.1 (4.5,

27.8)

12.0 (4.1,

29.0)

AHEI 43.8 (10.7) 45.1 (10.5) 46.7 (10.6) 47.0 (10.5) 43.9 (10.4) 47.3 (10.6) 43.8 (10.1) 44.9 (10.6)

Total energy intake (kilocalorie/day) 1,878 (562) 1,794 (558) 1,810 (558) 1,794 (539) 1,800 (593) 1,765 (530) 1,725 (548) 1,761 (566)

Alcohol consumption (gram/day) 1.8 (0, 7.6) 1.5 (0, 6.4) 1.1 (0, 4.9) 1.8 (0, 6.3) 1.9 (0, 7.3) 1.1 (0, 4.0) 1.1 (0, 4.7) 1.1 (0, 4.7)

Self-reported hypertension, % 13.5 23.9 11.1 19.8 17.6 20.8 14.2 17.7

Self-reported hypercholesterolemia,

%

24.2 33.7 21.5 30.6 26.8 31.7 27.2 31.3

Family history of diabetes, % 18.6 23.6 17.8 22.5 21.0 23.4 22.2 22.9

Values are means (standard deviation) or medians (Q25, Q75) for continuous variables; percentages for categorical variables, and are standardized to the age

distribution of the study population. Values of polytomous variables may not sum to 100% due to rounding.

AHEIAU : AbbreviationlistsinTables1and2havebeenupdated:Pleaseverifythattheaddedentriesarecorrect:, Alternative Healthy Eating Index; BMI, body mass index; CWLP, commercial weight loss program; FCP, select at least 2 strategies among fasting, CWLP, and

pill; kg/m2, kilogram per square meter; LCD, low-calorie diet; MET, metabolic equivalent of tasks; T2D, type 2 diabetes.

https://doi.org/10.1371/journal.pmed.1004094.t001
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FCP than leaner participants (S3 Table). We observed significant interactions between

overall/individual WLSs and baseline BMI on the associations of interest (Pinteraction <

0.001). Among individuals with obesity, all WLSs tended to be associated with less weight

gain during the first 4 years of follow-up, whereas among lean individuals, all WLSs except

exercise tended to be associated with more weight gain than the reference group (Table 2).

Of all WLSs, exercise was associated with the least absolute weight change percentage in all

BMI categories: −0.7%, 2.0%, and 2.6% among individuals who were originally obese, over-

weight, and lean, respectively (S3 Fig). During the extended follow-up (10 years), CWLP,

pill, and FCP had more weight gain than the other WLSs for all BMI categories. The weight

change over time is shown in Fig 1B–1D.

Similar effect modification by baseline BMI on the associations between WLSs and T2D

was also observed (Pinteraction < 0.01). Compared with the reference group, all WLSs tended to

be associated with a lower risk of developing T2D in individuals with obesity (HRs ranging

from 0.79 to 0.87), whereas in lean individuals, the opposite pattern of association was

observed (HRs ranging from 1.09 to 1.54) (Fig 2). Of all WLSs, exercise was the only WLS that

was not significantly associated with T2D risk among lean participants (HR 1.09 [95% CI 0.91,

1.30; P = 0.33]). The effect modification remained when BMI was treated as a continuous vari-

able. The T2D risk compared with the reference group was significantly lowered by 4.0% (95%

CI 2.6%, 5.4%; P< 0.001) for exercise to 8.1% (6.8%, 9.5%; P< 0.001) for FCP for each unit

increment of baseline BMI (S9 Table).

Fig 1. WLSs and weight change trajectories by baseline BMI. (A) Overall population. (B) BMI<25 kg/m2. (C) BMI

25 to<30 kg/m2. (D) BMI�30 kg/m2. All body weights were calculated based on baseline weight and weight change

percentage since baseline. For weight change percentage, the multivariable model was adjusted for cohort (HPFS,

NHS, or NHSII), age (in month, continuous), ethnicity (white, African American, Asian, or other), baseline body

weight (in kilogram, continuous), baseline waist circumference (in centimeter, continuous), physical activity (in

quintiles), television watching (0–1, 2–5, 6–10, 11–20, or>20 hour/week), smoking status (never, past, or current

smokers), alcohol intake (0,<5.0, 5.0–9.9, 10.0–14.9, 15.0–29.9, or>30.0 gram/day), hypertension (yes or no),

hypercholesterolemia (yes or no), family history of diabetes (yes or no), multivitamin use (yes or no), AHEI score (in

quintiles), and total energy intake (in quintiles) before weight loss. For baseline body weight, all abovementioned

covariates were adjusted for except that body weight and waist circumference were replaced with height (in meter,

continuous). AHEIAU : AbbreviationlistsinFigs1and2havebeenupdated:Pleaseverifythattheaddedentriesarecorrect:, Alternative Healthy Eating Index; BMI, body mass index; CWLP, commercial weight loss

program; FCP, select at least 2 strategies among fasting, CWLP, and pill; HPFS, Health Professionals Follow-Up Study;

kg, kilogram; kg/m2, kilogram per square meter; LCD, low-calorie diet; NHS, Nurses’ Health Study; WLS, weight loss

strategy. 1 kg = 2.2 lbs.

https://doi.org/10.1371/journal.pmed.1004094.g001
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Secondary and sensitivity analyses

HRs for T2D across different WLSs were generally consistent over time (S4 Fig). Results were

similar when aged participants or those who were diagnosed T2D in the first 4-year follow-up

were excluded from the analyses, when the analysis was based on individuals who were consis-

tently lean/overweight/obese before 1988/1989, when the stratification was based on maxi-

mum BMI before 1992/1993, or when participants who skipped the WLS question were

included into the reference group (S5–S9 Figs and S10–S12 Tables). When analyses were

stratified by baseline abdominal obesity status, by 10 years of follow-up, all WLSs tended to

associate with more weight gain, and the association was stronger in individuals without

Fig 2. Pooled HRs for association between WLSs and the incidence of T2D by baseline BMI. (A) All BMI categories

have the same reference (individuals whose BMI was<25 kg/m2 and who did not attempt to lose weight). (B) Each

BMI category has its own reference. Multivariable models were adjusted for cohort (HPFS, NHS, or NHSII), age (in

month, continuous), ethnicity (white, African American, Asian, or other), baseline BMI (in kg/m2, continuous),

baseline waist circumference (in centimeter, continuous), physical activity (in quintiles), television watching (0–1, 2–5,

6–10, 11–20, or>20 hour/week), smoking status (never, past, or current smokers), alcohol intake (0,<5.0, 5.0–9.9,

10.0–14.9, 15.0–29.9, or>30.0 gram/day), hypertension (yes or no), hypercholesterolemia (yes or no), family history of

diabetes (yes or no), multivitamin use (yes or no), AHEI score (in quintiles), and total energy intake (in quintiles)

before weight loss. P for interaction for overall and individual WLSs were less than 0.01. AHEI, Alternative Healthy

Eating Index; BMI, body mass index; CI, confidence interval; CWLP, commercial weight loss program; FCP, select at

least 2 strategies among fasting, CWLP, and pill; FDR, false discovery rate; HPFS, Health Professionals Follow-Up

Study; HR, hazard ratio; kg/m2, kilogram per square meter; LCD, low-calorie diet; NHS, Nurses’ Health Study; T2D,

type 2 diabetes; WLS, weight loss strategy.

https://doi.org/10.1371/journal.pmed.1004094.g002
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abdominal obesity (Pinteraction < 0.001; S13 Table and S10 and S11 Figs). Accordingly, all

WLSs tended to associate with a higher risk of T2D in participants without abdominal obesity,

with HRs varying from 1.02 to 1.69 (S12 Fig). Among individuals with abdominal obesity,

none of the WLSs was associated with the risk of T2D. The T2D risk compared with the refer-

ence group significantly reduced by 1.4% (95% CI 0.8% to 2.1%; P< 0.001) for exercise to

2.9% (95% CI 2.2% to 3.6%; P< 0.001) for FCP for each unit increment of waist circumference

(S14 Table). Lastly, the results of weight changes among participants with complete weight

assessments (S15 Table) remained largely unchanged, compared with those in Table 2.

Discussion

Principal findings

In 3 cohorts of US men and women, about half of participants reported intentionally losing 4.5

+ kg of body weight using various strategies, ranging from lifestyle modifications (e.g., LCD,

exercise, and their combinations) to fasting or other commercial interventions (e.g., CWLP

and pill). The primary finding is that the associations of various WLSs with weight change and

T2D risk are dependent on body weight status before weight loss. Specifically, among individ-

uals with obesity, compared with those who did not attempt to lose weight, those who lost 4.5

+ kg gained less weight and had lower T2D risk, regardless of the WLSs used to achieve the

weight loss. This pattern of favorable associations was less clear among overweight individuals

and even reversed among lean individuals. Of all WLSs, exercise was associated with the least

weight gain and the lowest T2D risk among individuals with obesity.

Comparison with other studies

Weight maintenance after weight loss is notoriously challenging [5]. In our cohorts, we

observed universal weight gain from baseline across all groups that underwent weight loss,

although different WLSs were associated with differential weight gain trajectories. This is in

accordance with previous findings in a systematic review of prospective studies with a mini-

mum 3-year follow-up after weight loss. This review indicated that most individuals who had

lost at least 5% of body weight using diet, diet and exercise, or cognitive behavioral treatment

regained weight to the preintervention baseline weight without sustained intervention after

approximately 4 years [6]. Nonetheless, of all strategies, exercise appeared to associate with the

least weight gain in our study. This was supported by the result of a trial where the exercise

group lost 2.9 kg after 1-year intervention and regained 0.2 kg after another year without inter-

vention, whereas the diet group lost 6.8 kg but regained 7.7 kg, and the diet and exercise group

lost 8.9 kg and regained 6.7 kg [11]. It is worth noting that, in addition to the inclusion of a ref-

erence group and the use of prospective study design, our study is substantially different from

these prior studies in that our focus was long-term weight change since baseline, which is not

necessarily equivalent to weight maintenance (weight change since the end of weight loss) in

intervention study settings. Nonetheless, the current evidence thus far collectively highlights

the role of exercise in long-term weight control after intentional weight loss [12].

Although all strategies except exercise were associated with more weight gain, we observed

a gradient in the weight gain trajectory in that participants who took pills, used CWLPs or

their combinations with fasting (FCP) tended to gain more weight than those who followed a

LCD or fasted. Evidence for comparisons of long-term weight changes between CWLPs or

pills and other WLSs is scarce. Nonetheless, this observation is in line with previous studies

showing that individuals who used a self-guided approach were better at maintaining their ini-

tial weight loss compared with those who commenced a CWLP [13]. Regarding LCD versus

fasting as weight loss methods, a pilot study suggested that there was no significant difference
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in weight regain between intermittent fasting and daily caloric restriction, but more % fat mass

was lost and more % lean mass was regained by the end of the 24-week follow-up in the fasting

group [14]. In contrast, a recent randomized trial showed that time-restricting eating did not

lead to additional weight loss than calorie restriction alone within 12 months [15]. Apparently,

more research is needed to further compare the efficacy of different WLSs on promoting

weight loss.

Intriguingly, the pattern of associations with T2D risk clearly mirrors that for long-term

weight change in that exercise was associated with the least-elevated T2D risk. We further esti-

mated that a significant proportion of these positive associations might be ascribed to the

weight changes following weight loss attempts, highlighting the role of long-term weight con-

trol following weight loss in the primary prevention of T2D.

Although it is not entirely clear why exercise may outperform other WLSs, some potential

mechanisms may explain the less weight gain and more favorable T2D risk associated with

exercise. A series of compensatory physiological adaptations favoring weight regain are trig-

gered by weight loss, such as increases in orexigenic hormones (e.g., ghrelin) and fat accumula-

tion and decreases in anorexigenic hormones (e.g., leptin, cholecystokinin, peptide YY) and

energy expenditure [16–19]. Exercise was demonstrated to mitigate weight regain via counter-

acting some of these adaptations. For example, exercise has been reported to restore the hor-

mone perturbations, increase energy expenditure and fat oxidation, and reduce the adipocyte

size, which has not been observed in the context of caloric restriction [19–21]. In addition,

exercise was suggested to facilitate weight maintenance by breaking the vicious cycle of stress

and obesity [22]. Importantly, exercise might be more sustainable. In a weight loss trial, 44% of

participants in the exercise group reported exercising often after intervention, but only 6.7% in

the diet group reported adhering often to previous dietary recommendations [11]. The better

retention of fat-free mass (FFM) and greater fat reduction compared to caloric restriction may

explain the minimally increased T2D risk associated with exercise, given the potential protec-

tive effect of FFM and the adverse effect of excess body fat on T2D [23,24]. A systematic review

summarized that exercise was shown to decrease the percentage weight loss as FFM (%FFML),

whereas the degree of caloric restriction was positively associated with %FFML [25]. Another

systematic review revealed that 5% loss in body weight was associated with 21.3% reduction in

visceral adiposity after exercise but with 13.4% reduction after a hypocaloric diet, and exercise

was related to 6.1% decrease in visceral adiposity even in the absence of weight loss while the

corresponding number was only 1.1% for a hypocaloric diet [26]. Moreover, exercise has been

shown to improve insulin sensitivity independent of weight loss [27].

The effectiveness of CWLP and pills on weight maintenance particularly depends on the

duration of use and degree of compliance [28,29]. However, in free-living participants, the

retention rate decreased dramatically over time: 73% at 1 month, 42% at 3 months, 22% at 6

months, and 6.6% at 12 months in the Jenny Craig Platinum program [30]. The greater weight

regain in the CWLP group compared with conventional self-directed WLSs might partially be

ascribed to their differences regarding to confidence, motivation, and cost [13], which may

result in less sustainable low-calorie dietary habits after weight loss [16]. In the early 1990s, the

most popular diet pills, such as phentermine, fenfluramine, diethylpropion, and others, were

restricted to short-term use (a few weeks) because of safety concerns [31,32], such as addiction

and side effects of elevation of heart rate and dizziness [33]. Weight regain is common once

the medication is terminated unless the medication is combined with healthy eating habits and

increasing physical activity [34]. Current long-term diet pills (e.g., orlistat, top-dose [15/92

mg] phentermine plus topiramate-extended release), when used in adjunction with lifestyle

interventions, have been indicated to increase the likelihood of achieving clinically meaningful

1-year weight loss compared with placebo [33]. As for fasting, adherence to various regimens
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was inconclusive [35]. Some investigators speculated that intermittent fasting might reduce

adaptive responses induced by energy restriction by regularly raising energy intake on fed

days, but evidence was limited with insufficient power [36].

Despite the differences among WLSs used to achieve weight loss, we observed universal

health benefits associated with all WLSs among individuals with obesity. Another notewor-

thy point is that among individuals with obesity, although the body weight of LCD, fasting,

CWLP, and FCP groups was consistently larger than that of the reference group after

weight loss (Fig 1D), their T2D risk continued to be lower, suggesting that 4.5+ kg of

weight loss, even though transient, can still lead to a decreased T2D risk in individuals with

obesity in a long run. This notion was also supported by results from the Diabetes Preven-

tion Program, which suggested that even a one-time weight loss intervention could have

lasting effects on reducing T2D risk for at least 10 years [37]. This is also the case for over-

weight individuals who lost 4.5+ kg through exercise or LCD and exercise. Similar long-

lasting beneficial effects of limited duration lifestyle interventions on T2D incidence were

demonstrated in several well-known trials focusing on T2D prevention among those with

overweight/obesity [38].

Weight loss attempts are remarkably prevalent among lean individuals [4], as was

observed in our study population (50.7% [34,987/68,946] of participants who lost 4.5+ kg

intentionally were lean at baseline), which might be partly attributed to their weight misper-

ception influenced by the sociocultural pressure of being lean [39]. Indeed, as a previous

study reported, 53.8% of lean women and 22.7% of lean men perceived themselves as being

slightly overweight, and 58.1% and 24.7% of them tried to lose weight, respectively [40].

Our observations of divergent pattern of associations by baseline BMI status were consistent

with findings from Finnish cohorts that the risk of having a major weight gain (>10 kg) or

increases in BMI or waist circumference in lean dieters versus lean non-dieters was gener-

ally higher than that in overweight counterparts [7,41]. Other prospective studies also dem-

onstrated stronger inverse associations between exercise and T2D risk in overweight

participants than their lean counterparts [8,9]. For example, the relative risks of diabetes in

the exercise group compared with the sedentary group were 1.22, 0.87, 0.69, and 0.61 from

the lowest to the highest quartiles of BMI [9]. As a result, the high proportion of lean indi-

viduals in those who lost 4.5+ kg in our population, together with the effect modifications

by BMI, may explain our unintuitive finding that participants who lost 4.5+ kg were likely

to gain more weight and have higher risk of T2D than those who did not attempt to lose

weight. The reason that might explain the modification of baseline BMI was that fat over-

shooting and FFM loss were more severe in lean individuals than in those with overweight

or obesity upon weight loss [23,24,42]. A critical mechanism could be that in the process of

weight regain, fat is fully regained much earlier than FFM, and such desynchronization

results in a state of hyperphagia that persists until FFM is fully recovered, during which fat

continues to accumulate, leading to fat (and weight) overshooting [42]. A reanalysis of data

from the Minnesota Semi-Starvation Experiment further showed that the extent of fat over-

shooting was inversely correlated with the initial percentage of body fat [42]. Consistently,

hyperphagic responses followed by long-term exercise have been reported in lean individu-

als but not in overweight individuals or those with obesity [43,44]. In addition, the %FFML

usually exceeded 35% in normal-weight individuals, while the number was approximately

20% to 30% in the overweight/obese [45]. Taken together, the current and prior evidence

suggests that lean individuals may not benefit from intentional weight loss, possibly due to

the physiological process that predisposes lean individuals to fat overshooting or excess

weight regain after they lose weight.
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Strengths and limitations

To our knowledge, this is the first study that comprehensively examined the long-term associa-

tions of multiple WLSs with weight change and T2D risk in a large group of free-living individ-

uals in a real-world setting. Another noteworthy strength is that we only considered intentional

weight loss through the strategies and thus minimized the strong impact of chronic diseases and

other causes of unintentional weight loss on associations of interest. Several limitations are

worth mentioning. First, we could not further distinguish the methods in each broad category

of WLSs, which can be rather heterogeneous. As such, what we observed are “average” associa-

tions that may not be fully generalizable to a more specific strategy. Second, the homogeneous

ethnicity and socioeconomic status, although can help alleviate the confounding by these fac-

tors, further limit the generalizability of our observations to other populations with different

characteristics. Third, we were unable to evaluate the impact of previous or subsequent WLSs

on the associations of interest. Fourth, we did not assess the exact amount nor the exact time of

weight loss. We thus cannot assess the role of weight loss amount on weight gain and T2D risk

and may pool person-time of heterogeneous scenarios (e.g., weight change right after weight

loss versus weight change after several years since weight loss). Lastly, as for any epidemiological

studies, we cannot exclude the role of residual/unmeasured confounding or chance in our

observations. More studies are needed to further elucidate these important associations.

Conclusion and policy implications

In conclusion, in individuals with obesity, losing 4.5+ kg of body weight intentionally was

associated with less weight gain and lower T2D risk, regardless of the methods used to achieve

the weight loss. However, for individuals who were lean, losing 4.5+ kg was not associated

with these health benefits. Of all WLSs, exercise was optimal for long-term weight control and

T2D prevention. Our data support current guidelines for body weight management, such as

that issued by the Obesity Society, which recommend a weight loss of 5% to 10% of baseline

weight for individuals who are overweight or obese and exercise of 200 to 300 minutes per

week to maintain the weight loss [46].
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