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Abstract
Background: Lifestyle interventions to reduce excess body weight associated with high cardiometabolic
risk have resulted in weight loss and improved risk short-term. However, rates of recidivism are high,
averaging weight regain of 50% after 12-24 months. Understanding what factors are associated with
successful weight maintenance and weight regain as well as the cardiometabolic implications of partial or
total weight regain will help formulate strategies to improve long term outcomes.
Objectives: We compared published categorization criteria that differentiate maintainers and regainers
using agreement statistics in the Action for Health in Diabetes (Look AHEAD) trial with replication in the
Diabetes Prevention Program (DPP) (Aim 1). Next, we examined the association between weight regain at
varying magnitudes and cardiometabolic risk factors in the Look AHEAD trial (Aim 2). Finally, we
developed and internally validated a prediction model of weight regain using factors from physical,
psychological and behavioral domains in the Look AHEAD trial (Aim 3).
Methods: Publically available data from Look AHEAD (n=1791) and DPP (n=613) were used to identify
participants with ≥3% initial weight loss (IWL) after lifestyle interventions. Four-year follow-up data were
used for all analyses. For Aim 2, fewer Look AHEAD participants (n=1561) were included due to
medication use exclusions. For Aim 1, eight previously published criteria defining body weight loss
maintainers and regainers were compared with respect to concordance using agreement statistics. Criteria
were assessed separately among those with 3-9% and ≥10% IWL. Next, weight regain and weight loss
maintenance were defined by dichotomization with five cut points (0%, 25%, 50%, 75% and 100%) of
percent of weight loss regained (weight change from years 1 to 4 as percent of weight loss during the first
year). Change in cardiometabolic risk factors after IWL was compared in maintainers and regainers
according to each cut point using ANCOVA models. The effect was assessed separately in those with
<10% and ≥10% IWL, and in women and men. Finally, a prediction model of weight regain was developed
and internally validated. Predictors from demographic, psychosocial, clinical and behavioral domains were
entered into a stochastic gradient boosting prediction model. Outputs from the model were added to a
stepwise logistic regression for interpretability.
Results: When assessing concordance among weight loss criteria, agreement was dependent on IWL, but
many criteria were in high agreement (% agreement ≥80%). The definition of successful weight loss
maintenance “regaining ≤25% of IWL during maintenance” showed high agreement with most commonly
used definition: “staying ≥10% below initial weight” among those with ≥10% IWL (% agreement=85% in
Look AHEAD; 87% in DPP). The same ≤25% regain definition showed high agreement with the definition
of staying ≥5% below initial weight among those with 3-9% IWL (% agreement=92% in Look AHEAD;
91% in DPP). When assessing cardiometabolic risk, maintainers had significant improvements from years
1 to 4 for cardiometabolic risk factors compared to regainers for all risk factors assessed. No single weight
regain cut point maximized the risk difference between maintainers and regainers across risk factors and
sex/ IWL subgroups. For many risk factors, increasing the cut point to allow for more regain as part of
maintenance resulted in decreased cardiometabolic benefit among maintainers. On the basis of the
prediction model, the top predictors of weight loss maintenance were IWL, baseline BMI, interaction
between IWL and BMI, and use of meal replacements. The model performed fairly in training and test
models (ROC AUC [95%CI]: 0.79 [0.76, 0.82] and 0.67 [0.64, 0.70], respectively). The logistic regression
model performed similarly.
Conclusion: We found percentage of weight loss regained is a favorable way to calculate weight change
and derive a cut point for maintainers and regainers. Within this calculation, we found that the 25% cut
point (allowing up to 25% of weight to be regained as part of maintenance) is the best criteria for sample
size and second best for maximizing the risk difference between maintainers and regainers. The 0% cut
point (no regain) is the best for cardiometabolic risk reduction but has sample size limitations because a
small proportion of people keep off all weight lost. Finally, we identified key predictors of weight regain.
The models performed fairly and should be tested in external settings. The findings move efforts forward to
define successful weight maintenance and regain and can assist the development of strategies to lower rates
of post-loss weight regain.

iv
Table of Contents
Chapter 1 Introduction..................................................................................................... 1
1.1 Statement of the Problem and Significance .............................................................. 2
1.2 Specific Aims ............................................................................................................ 4
1.3 Literature Review ...................................................................................................... 6
Obesity ........................................................................................................................................ 6
Lifestyle Interventions for Weight Loss ..................................................................................... 6
Weight Loss Maintenance and Weight Regain ........................................................................... 7
Conclusion ................................................................................................................................ 13

1.4 References ............................................................................................................... 15
Chapter 2 Comparison among criteria to define successful weight loss maintainers
and regainers in the Look AHEAD and DPP trials ..................................................... 21
2.1 Abstract ................................................................................................................... 23
2.2 Introduction ............................................................................................................. 24
2.3 Methods ................................................................................................................... 25
2.4 Results ..................................................................................................................... 28
2.5 Discussion ............................................................................................................... 32
2.6 Acknowledgements ................................................................................................. 37
2.7 Tables and Figures .................................................................................................. 38
2.8 Supplemental Material ............................................................................................ 45
2.9 References ............................................................................................................... 62
Chapter 3 Change in cardiometabolic risk factors associated with magnitude of
weight regain 3 years after a 1-year intensive lifestyle intervention – Look AHEAD
trial. .................................................................................................................................. 66
3.1 Abstract ................................................................................................................... 68
3.2 Introduction ............................................................................................................. 69
3.3 Methods ................................................................................................................... 70
3.4 Results ..................................................................................................................... 72
3.5 Discussion ............................................................................................................... 77

v
3.6 Acknowledgments ................................................................................................... 81
3.7. Tables and Figures ................................................................................................. 82
3.8 References ............................................................................................................... 92
Chapter 4 Development and validation of a prediction model of 3-year weight
regain after a 1-year intensive lifestyle intervention – Look AHEAD trial ............... 95
4.1 Abstract ................................................................................................................... 97
4.2 Introduction ............................................................................................................. 98
4.3 Methods ................................................................................................................. 100
4.4 Results ................................................................................................................... 106
4.5 Discussion ............................................................................................................. 113
4.6 Tables and Figures ................................................................................................ 120
4.7 Supplemental Material .......................................................................................... 129
4.8 References ............................................................................................................. 143
Chapter 5 Summary ..................................................................................................... 146
5.1 Summary ............................................................................................................... 147
5.2 Public health relevance.......................................................................................... 151
5.3 Considerations and future directions ..................................................................... 152
5.3.1 Limitations ..................................................................................................................... 152
5.3.2 Methodological Considerations and Future Direction .................................................. 152

5.4 Overall conclusion................................................................................................. 155
5.5 References ............................................................................................................. 156
5.5 List of dissertation publications ............................................................................ 158
Appendix ........................................................................................................................ 159
A.1 Appendix Introduction ......................................................................................... 160
A.2. Utilization of machine learning classification trees and health outcomes to identify
cut points ..................................................................................................................... 161
A.2.1 Abstract ............................................................................................................. 162
A.2.2 Methods ............................................................................................................. 163
A.2.3 Results ............................................................................................................... 165

vi
A.2.4 Conclusion ......................................................................................................... 166
A.2.5. Acknowledgments ............................................................................................ 166
A.2.6 Tables and Figures............................................................................................. 167
A.3

A method for capturing weight fluctuation ...................................................... 173

A.4

An update to methodology assessing diet quality in Look AHEAD................ 175

A.4.1.

Redefining food groups based on updated guidelines.............................................. 175

A.4.2.

Factor loadings and factor scores representing diet quality ..................................... 175

A.4.1.

Redefining food groups based on updated guidelines.............................................. 176

A.4.2. Factor loadings and factor scores representing diet quality ......................................... 179

List of Tables
Table 2.1. The relationship between each calculation approach to define weight regain
and initial weight loss. ...................................................................................................... 38
Table 2.2. Agreement in maintenance or regain status among the categorization criteria in
Look AHEAD by initial weight loss subgroups ............................................................... 39
Table 2.3. Agreement in maintenance or regain status among the categorization criteria in
DPP by initial weight loss subgroups ............................................................................... 40
Supplemental Table 2.1. Body weight measures (mean ± SD) at baseline and after the
intensive weight loss intervention between maintainers and regainers for each criteria in
Look AHEAD among those with 3-9% initial weight loss (n=927) ................................. 46
Supplemental Table 2.2. Annual weight measures in the Look AHEAD trial ................. 47
Supplemental Table 2.3. Body weight measures in the Look AHEAD trial .................... 48
Supplemental Table 2.4. Body weight measures in the Look AHEAD Trial ................... 50
Supplemental Table 2.5. Baseline and post-intervention weight measures (mean ± SD)
between maintainers and regainers for each criteria in DPP among those with 3-9% initial
weight loss (n=367) .......................................................................................................... 51
Supplemental Table 2.6. Body weight measures in DPP.................................................. 52
Supplemental Table 2.7. Body weight measures in DPP.................................................. 53
Supplemental Table 2.8. Baseline and post-intervention weight measures (mean ± SD)
between maintainers and regainers for each criteria in DPP among those with ≥10%
initial weight loss (n=246) ................................................................................................ 54
Supplemental Table 2.9. Body weight measures in DPP.................................................. 55
Supplemental Table 2.10. Weight measures (mean ± SD) during months 30-48
maintenance between maintainers and regainers for each criteria in DPP among those
with ≥10% initial weight loss (n=246) ............................................................................. 56

vii
Supplemental Table 2.11. Weight measures (mean ± SD) during months 30-48
maintenance between maintainers and regainers for each criteria in DPP among those
with ≥10% initial weight loss (n=246) ............................................................................. 56
Supplementary Table 2.12. N (%) of maintainers and regainers according to each
categorization criteria in Look AHEAD and DPP. ........................................................... 57
Supplemental Table 2.13. Frequencies across categorization criteira in Look AHEAD .. 58
Supplemental Table 2.14. Frequencies for each categorization criteria in Look AHEAD59
Supplemental Table 2.15. Frequencies for categorization criteria in DPP ....................... 60
Supplemental Table 2.16. Frequencies for categorization criteria in DPP ....................... 61
Table 3.1. Sample size [n(%)] in each maintainer and regainer group according to each
weight regain categorization criteria. Percentages are of maintainers and regainers within
sex by each categorization criteria. Each row corresponds to the entire sample (n=1561)
........................................................................................................................................... 82
Table 3.2. Characteristics of participants by initial weight loss and sex .......................... 83
Table 4.1. List of variables in prediction models.............................................................. 98
Table 4.2. Variable importance for primary model (Model 1). Variable importance scores
are relative rankings of each variable’s predictive capability. ........................................ 123
Table 4.3. Logistic regression beta coefficients and odds ratios for primary model (Model
1) after stepwise elimination. .......................................................................................... 125
Supplemental Table 4.1. List of variables identified for prediction models ................... 130
Table 4.2. Subsets of correlated variables, variable importance scores from random forest
models and status for prediction model inclusion /exclusion. ........................................ 132
Supplemental Table 4.3. List of data transformations .................................................... 134
Table 4.5. Top interactions from each stochastic gradient boosting model based on twoway partial dependence plots. ......................................................................................... 138
Table 4.6. Logistic regression beta coefficients and odds ratios for model 2: using 25%
cut point in entire sample (n=1791) after stepwise elimination. ..................................... 139
Table 4.7. Logistic regression beta coefficients and odds ratios for model 3: using 0% cut
point in subset that lost <10% initial weight loss (n=927) after stepwise elimination. .. 139
Table 4.8. Logistic regression beta coefficients and odds ratios for model 4: using 25%
cut point in subset that lost <10% initial weight loss (n=927) after stepwise elimination.
......................................................................................................................................... 140
Table 4.9. Logistic regression beta coefficients and odds ratios for model 5: using 0% cut
point in subset that lost >10% initial weight loss (n=864) after stepwise elimination. .. 140
Table 4.10. Logistic regression beta coefficients and odds ratios for model 6: using 25%
cut point in subset that lost >10% initial weight loss (n=864) after stepwise elimination
......................................................................................................................................... 141
Table A.2.1. Definition used to dichotomize each cardiometabolic risk factor according to
metabolic syndrome criteria ............................................................................................ 168

viii
Table A.2.2. Cut points generated by machine learning (ML) that maximize risk
reduction n maintainers for each outcome by initial weight loss (IWL) subgroup. ....... 169
Table A.2.3. Adjusted mean difference in the year 1 to 4 change of each risk factor
between maintainers and regainers defined by average of machine learning cut points and
published cut points. ....................................................................................................... 172
Table A.4.1. Original Food Groups ................................................................................ 177
Table A.4.2. Updated Food Groups ................................................................................ 178
Table 4.3. Factor loadings. .............................................................................................. 180

List of Figures
Figure 1.2 Pattern of eight-year weight change in both ILI and DSE groups in Look
AHEAD. Mean (SE) weight losses over 8 years for participants randomly assigned to an
intensive lifestyle intervention (ILI) or diabetes support and education (DSE; usual care
group). ............................................................................................................................... 13
Figure 1.1. Mean weight changes for originally assigned treatment group since DPP
randomization for all partiicipants. The horizontal axis represents years since DPP
randomization (0-10). ....................................................................................................... 13
Figure 2.1. A) Schematic of percentage calculations used in the literature used to
determine successful weight maintenance or weight regain and B) Eight criteria identified
in the literature to differentiate maintainers from regainers. ............................................ 41
Figure 2.2. Differences in weight (kg) over four years in the Look AHEAD trial between
maintainers and regainers among the different categorization criteria by initial weight
loss subgroups. .................................................................................................................. 42
Figure 2.3. Differences in weight (kg) over four years in DPP between maintainers and
regainers among the different categorization criteria by initial weight loss subgroups ... 43
Figure 2.4. Percentage of participants categorized as maintainers and regainers in each
categorization criteria by initial weight loss subgroup in A) Look AHEAD and B) DPP.
........................................................................................................................................... 44
Supplemental Figure 2.1. Participant flow chart of Look AHEAD participants. ............ 45
Supplemental Figure 2.2. Participant flow chart of DPP .................................................. 45
Figure 3.1. Flow chart of included Look AHEAD trial participants. ............................... 85
Figure 3.2. Adjusted mean difference in change in A) HDL cholesterol, B) triglyceride,
C) systolic blood pressure and D) diastolic blood pressure from years 1 to 4 between
maintainers and regainers defined by five cut point percentages of weight regain. ......... 86
Figure 3.4. Adjusted mean change in A) HDL cholesterol, B) triglyceride, C) systolic
blood pressure and D) diastolic blood pressure from years 1 to 4 among maintainers
defined by five cut point percentages of weight regain. ................................................... 88

ix
Figure 3.5. Adjusted mean change in A) waist circumference, B) fasting glucose and C)
HbA1c from years 1 to 4 among maintainers defined by five cut point percentages of
weight regain. .................................................................................................................... 89
Figure 3.6. Adjusted mean change in A) HDL cholesterol, B) triglyceride, C) systolic
blood pressure and D) diastolic blood pressure from years 1 to 4 among regainers defined
by five cut point percentages of weight regain. ................................................................ 90
Figure 3.7. Adjusted mean change in A) waist circumference, B) fasting glucose and C)
HbA1c from years 1 to 4 among regainers defined by five cut point percentages of weight
regain................................................................................................................................. 91
Figure 4.1. Schematic of methodology and statistical analysis ...................................... 120
Figure 4.2. Two-way partial prediction plot for the interaction between baseline BMI
(BMI) and percent of initial weight loss in the first year (PCTWT01). ......................... 124
Figure 4.3. Variable importance scores from predictors with a top 10 variable importance
score in at least one model (primary or sensitivity analyses). ........................................ 126
Figure 4.4. ROC AUC values for the primary and sensitivity analysis machine learning
and logistic regression models for both train and test sets.............................................. 127
Figure 4.5. Classification rates for all participants (all) maintainers (M) and regainers (R)
in the test set of each model. ........................................................................................... 128
Figure 4.1. Participant flow chart of Look AHEAD participants ................................... 129
Figure 4.2. ....................................................................................................................... 142
Figure A.2.1. Summary of Methods ............................................................................... 167
Figure A.2.1. Schematic of Percentage Calculation ....................................................... 168
Figure A.2.2. Sample of Machine Learning Classification Tree Output ........................ 168
Figure A.2.3.Forest plots of the odds of maintainers having a higher cardiometabolic risk
compared to regainers among those with A) 3-9% IWL and B) ≥10% IWL in first year.
......................................................................................................................................... 170
Figure A.3.1. Annual mean body weight from baseline through year 4 for A) Regainers
with higher fluctuation, B) Regainers with lower fluctuation, C) Maintainers with higher
fluctuation and D) Maintainers with lower fluctuation................................................... 174

1

Chapter 1 Introduction
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1.1 Statement of the Problem and Significance
In the 1960’s and 70’s, obesity rates were low in the US, with a prevalence of
13% according to the National Health and Nutrition Examination Survey.1 Beginning in
the 1980’s, the obesity rates increased rapidly, with a prevalence of 31% by 2001.
Additionally, in the 1960’s and 70’s, the prevalence of extreme obesity (body mass index
≥ 40 kg/m2) was very low, with rates less than 1%.1 Since 2001, the prevalence rates of
overweight and obesity (body mass index 25-30 kg/m2) have stabilized at about 70%
(34% obese), but the rates of extreme obesity continue to increase and have almost
reached 8% as of 2014.1 Obesity has many personal, societal and economic implications,
and given the stable or continued increase in obesity rates, it has been and still is of
public health concern.
Obesity has been classified as a disease since 2008 and is a risk factor for many
conditions, including cardiovascular disease, high blood pressure, dyslipidemia, type 2
diabetes, some cancers, gallbladder disease, osteoarthritis and sleep apnea.2 Of these,
cardiovascular disease, type 2 diabetes and cancer are in the leading causes of death in
the US.3 According to the National Institutes of Health, obesity is the second leading
cause of preventable death in the United States, just behind tobacco use.4 The economic
burden and individual cost of obesity is also problematic. In 2014, health care costs
attributed to obesity averaged $150 billion per year in the US, and the annual medicals
costs are on average $1,429 higher for obese individuals compared to non-obese
individuals.5 Additionally, obesity is associated with a decrease in productivity. Obese
individuals have higher rates of absenteeism from work and disability than non-obese
individuals.6
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One of the most effective and minimally invasive methods to lower body weight
and improve cardiometabolic risk factors associated with obesity, cardiovascular and type
2 diabetes risk is with lifestyle change-based weight loss interventions.7–9 The American
Diabetes Association and American Heart Association/American College of Cardiology
Guidelines recommend weight loss therapies for high-risk individuals based on extensive
evidence that even small weight losses (2-5%) result in short-term cardiometabolic
improvement.10,11 In lifestyle-induced weight loss studies, a similar pattern often occurs,
when weight is successfully lost during the intervention. However, many participants
regain part or all of the weight lost during the follow-up or maintenance phases.8,12,13 A
meta-analysis showed that the average amount of weight regain across studies is 50%.14
An NIH working group convened to develop strategies to improve maintenance of weight
loss estimated the average regain after weight loss is 1-2 kg per year, with more rapid
rates immediately following weight loss.12
While rates of weight regain are high across lifestyle-induced interventions, many
individuals are successful at maintaining weight loss.13 Therefore, it is important to
determine what differentiates individuals who successfully maintain weight loss from
those who regain. There are two main methodological challenges in examining
determinants of successful weight loss maintenance and weight regain. First, there is
currently no standard definition of weight loss maintenance or weight regain.12,15 The
lack of standard definitions of weight loss maintenance and weight regain hampers
attempts to define cut points for weight regain is associated with the highest long-term
health effects and comparisons across studies. Second, many studies have identified
multiple factors associated with successful weight loss maintenance and/or weight regain,
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but the majority of this work has examined one or several factors at a time, based on
targeted research questions or statistical power restraints. However, the complexity of
obesity and weight loss maintenance is impacted by a multifactorial set of factors, hence,
requires an analytic approach that integrates all the available variables rather than
examining a limited number at any one time. Some of these variables may not have
strong effect individually but could be important contributors to a comprehensive model.
The purpose of this thesis is to address these methodological challenges.
1.2 Specific Aims
The overall objective of this project was to develop and validate a prediction
model of weight regain after weight loss. However, given the lack of standard definition
of successful weight loss maintenance and weight regain, it was first necessary to address
this gap before addressing this objective. Thus, the overall objective was achieved by the
following aims:
Specific Aim 1: To compare published categorization criteria used to differentiate
maintainers and regainers via agreement statistics.
Research Question: How do published categorization criteria that differentiate successful
maintainers from regainers after an intensive lifestyle intervention-induced weight loss
differ?
Specific Aim 2: To examine the difference(s) between maintainers and regainers in
cardiometabolic risk factor change during the maintenance period after an intensive
lifestyle intervention to inform the cut point of successful weight loss maintenance that
maximizes the risk difference between maintainers and regainers.
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Specific Aim 2A: Examine if differences between cardiometabolic risk factor
change of maintainers and regainers vary across individuals who lost <10%
versus ≥10% of initial weight loss in the first year.
Specific Aim 2B: Examine if differences in cardiometabolic risk factor change of
maintainers and regainers are different between men and women.
Research Question: What is the association between change in cardiometabolic risk
factors three years after initial weight loss and the relationship of these changes to
magnitudes of weight regain?
Specific Aim 3: To develop and validate a prediction model of weight regain with the
inclusion of variables from demographic, clinical, behavioral and psychosocial domains.
Within model development, we included the following sub-aims:
Specific Aim 3A: Determine if there are prediction differences in weight regain
between individuals who lost <10% versus ≥10% of initial weight loss in the first
year.
Specific Aim 3B: Determine if there are predictive differences in weight regain
between models using two different cut points of weight regain.
Research Question: What variables or combination of variables best predict someone
being a maintainer or regainer of weight loss?
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1.3 Literature Review
Obesity
Obesity is defined as a medical condition in which excess body weight has
accumulated in the body.16 Traditionally, body mass index (BMI) is used to classify
obesity. It is a portable and reproducible approach that takes into account height and
weight.15 BMI is not a perfect measure as it does not measure body composition (body fat
vs. muscle or fat distribution). Despite this limitation, BMI is highly correlated with
measures for assessing body fat, and it is a cost-effective way to screen and conduct
population-level surveillance.17,18 Using the World Health Organization cut points, a BMI
of 25-29.9 kg/m2 is considered overweight, 30-39.9 kg/m2 is considered obese and ≥40
kg/m2 is considered extremely obese.19 Overweight and obesity are associated with
increased risk for metabolic syndrome and type 2 diabetes.2,20
Lifestyle Interventions for Weight Loss
Strategies for weight management can be divided into three categories: surgical
interventions, pharmacological interventions and behavioral (or lifestyle)
interventions.21,22 Lifestyle interventions to promote weight loss include behavioral
modifications such as calorie restriction, nutrition alterations, physical activity and/or
group sessions. Numerous interventions have been conducted, the larger of which include
the Diabetes Prevention Program (DPP), the Action for Health in Diabetes (Look
AHEAD) trial, Preventing Overweight Using Novel Dietary Strategies (POUNDS) Lost
trial, the Louisiana Obese Subjects Study (LOSS), and Diet, Obesity and Genes
(DioGENES) trials.23–27 Although varying in design they have been effective in
achieving weight loss28–32 and are associated with cardiometabolic benefit.33–35 Type 2
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diabetes can often be partially ameliorated or reversed by weight loss.36,37 A recent study
in the Look AHEAD trial also found larger weight loss (≥10%) to be associated with
lower cardiovascular disease risk compared to individuals with no weight loss or weight
regain.38 The clinical challenge lies in developing programs that will not only help
individuals achieve weight loss but maintain weight loss long-term and sustain the
associated health benefits. It is of importance to investigate if the benefits of weight loss
are sustained long-term in the setting of weight loss maintenance and weight regain.
Weight Loss Maintenance and Weight Regain
Studies of Weight Loss Maintenance
Given the challenges of weight loss maintenance despite successful weight loss,
most weight loss interventions now have an additional monitoring period or additional
weight maintenance period, such as the Weight Loss Maintenance (WLM) trial, the
Midwest Exercise Trial for the Prevention of Weight Regain (MET POWeR), the Keep It
Off trial, and the Study to Prevent (STOP) Regain trial.39–42 In addition to many
intervention studies, the National Weight Control Registry (NWCR) was established in
1994 to prospectively monitor individuals who successfully lost weight in observational
data.43 Individuals had to lose at least 30 lbs and maintain weight loss for at least one year
to enroll in the NWCR. Data from the NWCR and lifestyle interventions with extended
maintenance and/or follow up have generated ample opportunity to identify health
benefits and predictors of successful weight loss maintenance and regain.
Health Impact of Weight Loss Maintenance and Weight Regain
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Most evidence examining the health impact of weight loss maintenance and
weight regain examine data at follow-up or after maintenance with respect to baseline
data, therefore combine the weight maintenance/regain period with the weight loss
period. Some studies compare the intervention to the control. A limitation of this work is
it does not compare weight loss maintenance with regain among those who successfully
lost weight and the impact of this factor on cardiometabolic risk factors. A small study in
138 overweight and obese individuals classified individuals after a 6-month weight loss
intervention followed by 18 months of weight maintenance into three groups:
loser/maintainer, loser/regainer and weight stable.44 This study found that diabetes risk
factors were inversely related to weight changes, and there was no significant difference
of diabetes risk factors between those who lost and regain and those who were weight
stable.44 A recent study in the Look AHEAD trial found individuals who lost ≥10% of
initial weight and maintained all of that weight loss exhibited sustained cardiometabolic
benefit. Among individuals who lost ≥10% and regained all of weight (returned to
baseline weight), the results were outcome-specific. Systolic blood pressure or
triglyceride concentrations were not significantly different between maintainers and
regainers, whereas HDL cholesterol was significantly higher and HbA1c significantly
lower in the former group.45 These levels deteriorated with weight regain, although they
did not return to baseline values. Another investigation in the Diabetes Prevention
Program demonstrated that sustained weight loss was associated with continued
improvement to cardiometabolic risk factors and reduced risk of type 2 diabetes.33 A
critical unanswered question is how much weight regain, if any, is consistent with
sustained long-term cardiometabolic risk reduction after weight loss.
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Predictors of Successful Weight Loss Maintenance
Prior studies have identified many demographic, clinical, behavioral and
psychosocial factors that predict successful weight loss maintenance.
Demographics
Age, sex, race, education, menopause status have been identified as demographic
predictors of weight regain. Being younger, male, white, less-than-college-educated or
pre-menopausal have been associated with increased likelihood of regaining weight.46,47
Body weight, Weight Loss and Weight History
Weight-related variables in the past and during the intervention are some of the
strongest predictors of long-term successful weight loss maintenance. Initial weight loss
has been identified as a significant predictor of successful weight loss maintenance, but
the existing evidence is conflicting as to directionality of the relationship. Some studies
have shown that larger initial weight loss is associated with higher odds of weight
regain.46,48,49, whereas other studies have shown that larger weight loss is associated with
higher odds of successful weight loss maintenance.50–53 In a Look AHEAD investigation,
individuals with the greatest month-to-month weight loss and greatest sustained weight
loss during the first year exhibited less weight regain at year 4 than individuals in the
lowest tertile of weight loss.52 Weight loss history prior to the intervention has also been
identified as a predictor of weight regain. A history of weight loss and adhering to weight
loss-related behaviors have been associated with less success during and after a weight
loss intervention.54,55
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Weight Management Behaviors
Many studies have identified several weight management behaviors as predictors
of successful weight loss maintenance. These include engaging in regular physical
activity,24,56–58 self-monitoring of body weight and/or food intake,24,57,58 restricting food
quantities and counting calories,58 adhering to meal rhythms, eating breakfast and
controlling over-eating,24,57,59 eating out in restaurants and fast-food establishments,60 and
intervention adherence during the lifestyle intervention.24,56
Psychosocial Measures
Several studies have identified psychosocial measures that were associated with
successful weight loss maintenance or weight regain. These include reaching selfdetermined weight loss goals, managing stress, achieving self-efficacy, autonomy and
psychological strength, and assuming personal responsibility as predictors of successful
weight loss maintenance.57 Also identified were factors associated with weight regain.
These include disinhibited eating, binge eating, greater feelings of hunger, food intake in
response to negative emotions and stress, more passive reactions to problems and
antidepressant medication use.57, 61
Defining Successful Weight Loss Maintenance and Weight Regain
Currently, there is no standard definition for successful weight loss maintenance.
This limitation is a timely issue that has been highlighted by a recent 2015 NIH Working
Group “Innovative Research to Improve Maintenance of Weight Loss,”12 and a report by
a group in Canada published in the same year “Health Benefits of Long-term Weight
Loss Maintenance.15 Many studies have dichotomized maintainers and regainers to
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investigate weight regain but have defined the groups in different ways. One of the more
commonly used definitions of successful weight loss maintenance is that defined by the
NWCR, losing ≥10% of initial weight and maintaining the weight loss for at least one
year.58 This definition uses the calculation final weight as a percentage of initial weight.
Other investigators have adapted this definition, reducing the initial weight loss criteria
from 10% to 5%.36,62 Additionally, some investigators have defined weight change during
maintenance as a percentage of weight change during loss instead of final weight as a
percentage of initial weight. The DioGENES trial investigators used both 0% and 50%
cut points for weight loss maintenance as percentage of weight lost ,63,64, whereas the
Keep It Off trial investigators used the 25% cut point .65 There is a need for a standard
definition of weight loss maintenance because the use of different categorization criteria
limits the ability to make cross-study comparisons, critical to more accurately identifying
factors associated with successful weight loss maintenance.
The Diabetes Prevention Program and Look AHEAD Trials
The Diabetes Prevention Program (DPP) was a 27-center randomized, clinical
trial designed to determine if lifestyle intervention or pharmacological therapy
(metformin) would prevent or delay the onset of type 2 diabetes in individuals with
impaired glucose tolerance who are at high risk for diabetes (NCT00004992).24 A more
detailed description of the DPP intervention design can be found elsewhere.24 From 1996
to 1999, 3,234 participants were randomized to intensive lifestyle intervention (ILI),
metformin or placebo. After 6 months, 50% of participants achieved the goal of 7%
weight loss or more. The participants who underwent ILI had a significantly higher
weight loss than the metformin and placebo groups (5.6 kg, 2.1 kg and 0.1 kg,
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respectively, p<0.001).37 Participants had an average of 2.6 years of follow-up. The
cumulative incidence of type 2 diabetes was lower in the metformin and lifestyle groups
than in the placebo group through follow-up.37 Another investigation in DPP showed a
significant reduction in cardiometabolic risk factors (fasting glucose, HOMA-IR,
triglyceride and systolic blood pressure) after the weight loss intervention.33 DPP was the
largest randomized, clinical trial of a lifestyle intervention in a population with prediabetes at the time of its completion. The success of DPP has resulted in an adaptation
and application of the DPP intervention in clinical and community settings and in other
populations, which have also showed success.35
One of the largest adaptations to DPP was the Look AHEAD trial. The Look
AHEAD trial was a 16-center randomized, clinical trial that adapted the DPP design and
compared ILI to diabetes support and education (DSE) for one year in overweight or
obese individuals with diagnosed type 2 diabetes at study commencement.23 A more
detailed description of the Look AHEAD trial design and methods can be found
elsewhere.23 Similar to DPP, the Look AHEAD trial showed significant success in weight
reduction during the intervention. At year 1, the ILI group lost an average of 8.6% of
initial weight compared with 0.7% in the DSE group (p<0.001).66 Additionally,
cardiometabolic risk factors (fasting glucose, HbA1c, systolic and diastolic blood
pressure, HDL cholesterol and triglycerides, p<0.001) significantly improved after one
year of ILI.66
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The same pattern that occurs across weight loss interventions of some successful
weight loss maintenance and some weight regain occurred in both trials (Figure 1.1 and
Figure 1.2). Therefore, the two studies provide a quantitative opportunity to evaluate
factors that predict successful weight loss maintenance.

Figure 1.1. Mean weight changes for
originally assigned treatment group since
DPP randomization for all participants.
The horizontal axis represents years since
DPP randomization (0-10).37

Figure 1.2 Pattern of eight-year weight
change in both ILI and DSE groups in
Look AHEAD. Mean (SE) weight
losses over 8 years for participants
randomly assigned to an intensive
lifestyle intervention (ILI) or diabetes
support and education (DSE; usual
care group).50

Conclusion
This review summarizes obesity as a
disease and risk factor for metabolic disorders, including cardiovascular disease and type
2 diabetes. In addition, we have summarized the effectiveness of lifestyle interventions
targeted to reduce obesity and improve cardiometabolic risk factors, and the post-weight
loss effects of these interventions. Weight change results in the Look AHEAD and DPP
trials have been described. We have identified gaps and challenges in the field of weight
loss maintenance and weight regain with respect to defining success and failure, and

14
health implications thereof. Finally, we have summarized key findings of many studies
evaluating predictors of successful weight loss maintenance.
Unresolved issues remain with respect to optimal criterion to define successful
weight loss maintenance and weight regain, and health implications of different levels of
weight regain after a lifestyle-induced weight loss. Advanced analytic techniques have
yet to be applied to available datasets to determine whether there are factors from
demographic, clinical, behavioral and/or psychosocial domains that predict successful
weight loss maintenance.
Chapter 2 of this dissertation addresses the lack of a standard definition of
successful weight loss maintenance with a quantitative assessment of published
definitions in the Look AHEAD and DPP trials. Chapter 3 addresses the impact of
varying quantities of weight regain on cardiometabolic risk factors using 3-year postintervention changes in the Look AHEAD trial. Chapter 4 addresses the need for a
multifactorial quantitative approach to predicting successful weight loss maintenance and
weight regain with the development and internal validation of a prediction model of
weight regain in the Look AHEAD trial.
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2.1 Abstract
Background: Given low rates of successful weight maintenance after lifestyle-induced
weight loss, it is critical to develop approaches that distinguish successful weight loss
maintainers from regainers.
Objective: Compare published categorization criteria that differentiate maintainers and
regainers via quantitative agreement.
Design: Publically available data from Look AHEAD (n=1791) and DPP (n=613)
participants with ≥3% initial weight loss after lifestyle interventions and 4-year follow-up
data. Eight previously published criteria defining maintainers and regainers were
compared with respect to number of participants and concordance via agreement
statistics. Criteria were assessed separately among those with 3-9% and ≥10% initial
weight loss.
Results: Regainers had higher body weight at year 4 compared with maintainers (mean
difference 6.6-11.9 kg in Look AHEAD; 11.5-14.6 kg in DPP; p<0.0001). Assessing
concordance among criteria, agreement was dependent on initial weight loss. Among
those with 3-9% initial weight loss in both cohorts, 9/28 comparisons were concordant
(% agreement≥80%). Among those with ≥10% initial weight loss, 7/28 comparisons in
Look AHEAD and 13/28 in DPP were in high agreement. The definition of successful
weight loss maintenance “regaining ≤25% of initial weight loss during maintenance”
showed high agreement with most commonly used definition: “staying ≥10% below
initial weight” among those with ≥10% initial weight loss (% agreement=85.0% in Look
AHEAD; 87.4% in DPP). The same ≤25% regain definition showed high agreement with
the definition of staying ≥5% below initial weight among those with 3-9% initial weight
loss (% agreement=91.6% in Look AHEAD; 90.5% in DPP).
Conclusions: While all criteria discriminated based on weight loss, many showed low
agreement, limiting cross-study comparisons. Among criteria with high agreement, the
definition of successful weight maintenance “regaining ≤25% of initial weight loss
during maintenance” is a preferred definition of success, given realistic challenges of
maintaining 100% weight loss and flexible application in populations with high initial
weight loss variation.
Keywords: Diabetes Prevention Program, Look AHEAD, weight loss maintenance,
lifestyle modification, weight regain
Abbreviations:
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2.2 Introduction
Two-thirds of US adults are overweight or obese 1, and excess body weight is a
risk factor for type 2 diabetes and cardiovascular disease 2. Weight loss reduces risk for
Type 2 diabetes and cardiovascular disease (CVD)3–5. While lifestyle interventions have
resulted in successful weight loss, effective strategies to maintain weight loss are lacking
as many interventions report large proportions of participants regaining weight after 6
months to 5 years of follow-up 6–9. This is of particular concern because the benefits of
weight loss are mitigated if the weight loss is not maintained 10,11. A weight loss trial in
overweight and obese postmenopausal women showed that partial regain was associated
with increased metabolic risk 12, and a recent investigation in the Diabetes Prevention
Program (DPP) found that 2-year weight loss maintenance was associated with a lower
conversion rate of high risk individuals to Type 2 diabetes and improvements in
cardiometabolic risk factors 10. Given the adverse effects of weight regain, identifying
characteristics of individuals who have successfully maintained their weight after loss
(maintainers) and those who have regained the weight (regainers) would allow for the
development of better strategies to prevent post-loss regain.
Currently there is no standard definition for successful weight loss maintenance.
This limitation has been identified by a recent NIH Working Group “Innovative Research
to Improve Maintenance of Weight Loss 13,” and the report “Health Benefits of Long
Term Weight Loss Maintenance 14.” Many studies have dichotomized maintainers and
regainers to investigate weight regain but have defined the groups in different ways. In
some cases, intervention trials have used multiple criteria both within the same trial and
across trials. For example, more than 15 years ago Wing and Hill proposed defining
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successful weight loss maintenance as losing ≥10% of initial weight and keeping it all off
for at least one year 15” This criterion has been used in several studies, including
investigations in the Action for Health in Diabetes (Look AHEAD) trial and the National
Weight Control Registry (NWCR) 16,17.” A less stringent definition of weight loss
maintenance has also been used, lose 5% of initial weight and keeping it all off for at
least one year in Look AHEAD and the Weight Loss Maintenance Trial 18,19. Taking a
different approach, rather than using final weight as a percentage of initial weight; some
researchers have examined post-weight loss weight change as a percentage of weight
change during loss. For example, in the Diet, Obesity and Genes trial (DiOGenes), both
regaining <0%20,21 and <50%20 of weight lost have been used to define successful weight
loss maintainers. The Keep It Off trial used a similar approach but with a different cut
point, <25% regain 22. The absence of a standard definition for weight loss maintenance
limits cross-study comparisons, hence, identification of factors associated with successful
weight loss maintenance and development of intervention to minimize weight regain. It is
also unclear how redundant different published criteria are in how they classify
individuals.
Our goal was to compare published categorization criteria that differentiate
maintainers and regainers via quantitative agreement.
2.3 Methods
Cohorts
Analyses were conducted in a subset of participants from the publically available
data of the Look AHEAD trial who were assigned to the intensive lifestyle intervention
(ILI) group, lost ≥3% of initial body weight and had follow-up data through the end of
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year 4 (n=1791). The findings were validated in a subset of participants in the publically
available data from the DPP trial using the same criteria (n=613). A participant flow chart
for both cohorts can be found in Supplementary Figures 2.1 and 2.2. A detailed
description of the design and procedures from each trial have been described elsewhere
23,24

. Briefly, the Look AHEAD trial was a 16-site multicenter, randomized, parallel,

controlled clinical trial designed to assess the association between an intensive lifestyle
intervention to promote weight loss compared to standard care on cardiovascular disease
risk in individuals with a BMI >25 kg/m2 (or >27 kg/m2 if on insulin) and a type 2
diabetes diagnosis. The intensive lifestyle intervention targeted ~7% weight loss in the
first year. It included group support sessions, calorie and fat gram restrictions as well as
recommendations to use meal replacements and increase physical activity. After one
year, the intervention was altered to target weight maintenance. The three-year
maintenance phase included monthly group meetings, and recommendations to use a
single meal replacement per day and continue physical activity.
The DPP was a 27-site multicenter, randomized, parallel, controlled clinical trial
designed to assess the association between lifestyle-induced weight loss and development
of type 2 diabetes based on the 1997 American Diabetes Association (ADA) diagnostic
criteria. Participants were overweight or obese (BMI >25) and had a pre-diabetes
diagnosis. The lifestyle intervention targeted ~7% weight loss in the first six months. For
the remainder of the program, the participants continued a weight maintenance
intervention which included group sessions. The mean follow-up time in the DPP was 2.8
years. To include 4-year weight maintenance, we also included data from the Diabetes
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Prevention Program Outcome Study (DPPOS) and the Bridge period that connected gaps
between the DPP and DPPOS protocols 25.
Statistical Analysis
Categorization criteria used by peer-reviewed, published studies to dichotomize
maintainers and regainers were included in the analysis. Criteria were only included if
they were used in studies with ≥ six months of maintenance or follow-up and were
derived from measures of relative change in weight, because percentages are
generalizable to individuals at different starting body weights. All categorization criteria
of maintainers and regainers were compared in subsequent analyses.
Weight measurements were used to calculate the maintainer/regainer criteria for
each person. Differences in mean weight between maintainers and regainers were
analyzed using Student’s independent t-test. P<0.05 was considered statistically
significant. Concordance among the published categorization criteria was determined
with the following agreement statistics: Cohen’s Kappa coefficient, percent agreement,
positive agreement and negative agreement. Kappa coefficients between 0.8-1.0 indicate
nearly perfect agreement, 0.6-0.8 indicate substantial agreement and <0.6 indicate poor
agreement 26. Percent agreement was reported in addition to Kappa to provide absolute
agreement among the criteria. As suggested by Cicchetti and Feinstein,27 we also
calculated the positive (ppos) and negative (pneg) agreement indexes to provide a more
detailed examination of agreement in the setting of discrepancy between kappa
coefficients and percent agreement (the Kappa Paradox) 27. All analyses were conducted
using SAS version 9.4 (SAS Institute Inc., Cary, NC).
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2.4 Results
Criteria Used in the Literature
We identified three distinct calculations each applied with different thresholds
that collectively represented eight distinct criteria designed to differentiate maintainers
from regainers. The three approaches used to calculate weight regain are illustrated in
Figure 2.1A. “Calculation A” is final weight as a percentage of initial weight (final
weight–initial weight/initial weight x 100), “Calculation B” is final weight as a
percentage of post-loss weight (final weight–post-loss weight) /post-loss weight) and
“Calculation C” is weight loss maintenance as a percentage of initial weight loss ([Final
weight–post-loss weight] / [initial weight–post-loss weight]). From these three
Calculations, eight categorization criteria were identified in the published literature. We
represent each criterion by a letter corresponding to the Calculation and number
corresponding to the specific numeric percentage cut point used to divide maintainers and
regainers (Figure 2.1B). References from the literature for each calculation are as
follows: “Calculation A” cut points included 0% (A0) 28,29, 5% (A5)18,19,30 and 10%
(A10)15–17,31,32, “Calculation B” cut points were 5%33 and 10%34,35, and “Calculation C”
cut points were 0% (C0)8,20,21,36, 25% (C25)22, 50% (C50)20 and 100% (C100)20. Because
A0 and C100 are mathematically equivalent C100 is represented by A0.
We found that each Calculation has a different relationship with initial weight
loss, which we summarize in Table 2.1. The relationship between the criteria and initial
weight loss produces assumptions that lead to various strengths and weaknesses of each
criterion in the context of populations with wide variation in initial weight loss. In both
Look AHEAD and DPP, there is a wide range in initial weight loss (mean ± SD, range:
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10.8% ± 5.9, 3-43% and 9.5% ± 4.5, 3-31%, respectively). Therefore, we evaluated the
agreement among the criteria in individuals who lost 3-9% of initial weight in year 1
separately from those who lost 10% or more.

Differences in Body Weight among Criteria
In Look AHEAD, the mean body weight was significantly higher in regainers
than maintainers at month 48 among all eight criteria and among those who lost 3-9%
and ≥10% initial weight in year 1 (Figure 2.2, p<0.0001). In DPP, the mean body weight
was also significantly higher in regainers than maintainers at month 48 among all eight
criteria in those who lost 3-9% and ≥10% initial weight in year 1 (Figure 2.3, p<0.0001).
The body weight values, differences and p values are reported for both cohorts and all
time points in the online supplemental material (Supplemental Tables 2.1-2.11).

Differences in Number of Participants by Criteria
The proportion of participants in each maintainer and regainer group varied
among the categorization criteria within Look AHEAD and DPP (Figure 2.4A and 2.4B,
Supplementary Table 2.12). The proportion of participants in each maintainer and
regainer group across cohorts was very similar among all categorization criteria except in
B5. In B5, there were more regainers in Look AHEAD than DPP among those with ≥10%
initial weight loss (65% vs. 50%, respectively). The differences in the proportion of
maintainers and regainers across criteria confirm that some criteria are stricter than
others. In both cohorts, among the 3-9% initial weight loss group, A10 has <25%
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maintainers and B10 has <25% regainers. Among those with ≥10% initial weight loss, C0
has <25% maintainers and A0 has <25% regainers.

Agreement among the Categorization Criteria
Several comparisons in both cohorts showed a discrepancy between percent
agreement and Kappa coefficients (phenomenon referred to as Kappa Paradox) due to an
asymmetrical distribution of agreement in contingency tables for each comparison
(Supplemental Tables 2.13-2.16). To illustrate this, kappa coefficients, percent
agreement, positive agreement (ppos) and negative agreement (pneg) are presented in
Tables 2.2 and 2.3. In Look AHEAD, among those with 3-9% initial weight loss, nine
comparisons had percent agreement ≥80% (Table 2). Among those with ≥10% of initial
weight loss, seven comparisons had percent agreement ≥80% (Table 2.2).
The agreement among criteria between initial weight loss strata was noticeably
different when comparing the relationship between the “A” Calculations and the “C”
Calculations. Among the 3-9% initial weight loss group, A10 was in high agreement with
C0 (85.9%) because everyone who was below 10% of initial weight at year 4 in this
subgroup continued to lose more weight during the maintenance period, although they
did not achieve ≥10% initial weight loss. Additionally, A5 is in high agreement with C0,
C25 and C50 (87.5%, 91.6% and 88.7%, respectively). Among those with ≥10% of initial
weight loss, A10 had high agreement with C25 and C50 (85.0% and 82.1%,
respectively). A5 was only in high agreement with C50 (81.6%) because individuals
losing 10% of initial weight and staying below 5% is indicative of partial regain. These
data indicate that A10 and A5 agree highly with definitions representing no regain (C0),
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small regain (C25) and large regain (C50) among 3-9% and ≥10% initial weight loss
groups, respectively.
The findings in DPP are similar (Table 2.3). Among those with 3-9% initial
weight loss, nine comparisons had percent agreement of ≥80%, and among those with
≥10% of initial weight loss, 13 comparisons had percent agreement of ≥80%. Among the
3-9% initial weight loss group, A10 was also in high agreement with C0 (85.3%), and A5
is in high agreement with C0, C25 and C50 (86.4%, 90.5% and 88.0%, respectively).
Among those with ≥10% of initial weight loss, A10 had high agreement with C0 and C25
(85.8% and 87.4%, respectively). A5 was only in high agreement with C50 (95.1%)
because individuals losing 10% of initial weight and staying below 5% is indicative of
partial regain.
In both Look AHEAD and DPP, there are also some patterns of high agreement
among “Calculation B”. In both cohorts, A0 and C50 agreed highly with B5. A0 agreed
highly with B10 among those with 3-9% initial weight loss. Given A0 represents 100%
weight regain, among lower weight loss, B5 and B10 represents the largest regain in the
3-9% subgroup. Among those with ≥10% initial weight loss, B5 agreed highly with C25
and B10 agreed highly with C50 in both cohorts. In DPP only, among those with ≥10%
initial weight loss, B5 also agreed with C50, A5 and A10. B10 agreed highly with A0.
Overall, this high agreement among criteria is indicative of B5 and B10 representing
smaller regain in those with larger weight loss.
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2.5 Discussion
We identified eight distinct categorization criteria in the peer reviewed literature
used to differentiate weight loss maintainers and regainers. These categorization criteria
were derived from three percent weight change calculations. When we quantitatively
compared the criteria, each categorization criteria successfully discriminated maintainers
from regainers based on body weight at year 4. Many of the criteria were concordant,
indicating several similarities among successful weight loss maintenance definitions. The
agreement among categorization criteria was dependent on initial weight loss in the first
year. Our findings indicate that regaining <25% of initial weight lost (C25) is favorable
from a methodological perspective given it is independent of initial weight loss, it
distinguishes participants with a reasonable number of participants per group and is in
high agreement with other definitions. Many of our findings in Look AHEAD were
replicated in DPP.
Currently, no standard definition of weight loss maintenance exists. Analyzing
weight loss maintenance or weight regain in the context of a weight loss intervention
poses analytic complexities given the two distinct weight loss and weight maintenance
time intervals. Each of the three calculations has a different relationship with initial
weight loss, which poses a challenge to the generation of a single definition for weight
loss maintenance in populations with large variation in initial weight loss, such as Look
AHEAD and DPP. When defining weight loss maintenance and weight regain, initial
weight loss should be considered in the definition, as it is independently associated with
improved health outcomes and is associated with long-term weight loss maintenance 16,37–
39

.
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Any definition of weight loss maintenance, at least in populations with
heterogeneous weight loss, should limit grouping individuals with varying initial weight
loss. It should also not be in high agreement with moderate and extreme definitions. For
example, C0 represents 0% of weight lost is regained. This definition is very strict and
allows no weight regain. A0 allows for 100% of weight regain (staying 0% below initial
weight). Both definitions are very extreme. On the contrary, C25 and C50 allows for
25/50% weight regain to be considered successful, which are more moderate definitions
allowing for partial regain. If a definition of successful weight loss maintenance agrees
highly with no regain, small regain and large regain, then it is not correctly isolating a
successful group of weight loss maintainers.
Losing ≥10% of initial weight and staying below 10% of initial weight during
maintenance is the most common definition of successful weight loss maintenance. It is
based on the premise that if 10% initial weight loss improves cardiovascular disease risk
factors and forestalls type 2 diabetes, then staying below 10% should also be beneficial
for long-term health outcomes 15(p2). This criterion was used in the NWCR cohort, which
has provided considerable data about weight loss maintenance. Based on the inclusions
criteria, 10% minimum weight loss maintained for at least one year, the NWCR has a
more homogenous initial weight loss than Look AHEAD and DPP. Look AHEAD and
DPP are currently the largest lifestyle interventions conducted in individuals with type 2
diabetes and pre-diabetes, and large proportions of participants lost less than 10% body
weight. Based on our findings, the “A” calculation of final weight as a percentage of
initial weight may not be the optimal criterion for populations with a large initial weight
loss variation. This was evident in our analysis, as A5 showed high agreement with no
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regain (C0), small regain (C25) and larger regain (C50) among those who lost 3-9%
initial weight loss, and A10 showed high agreement with C0, C25 and C50 among those
who lost ≥10% of initial weight. Staying at least 5% below initial weight (A5) could be
an appropriate definition for those with smaller weight loss and staying at least 10%
below initial weight could be appropriate definition for those with larger weight loss
(A10).
Among the criteria we examined, the criteria derived from the “B” calculation are
also not optimal for a population with large variation in initial weight loss, because the
cut point for successful maintenance is determined by weight after initial loss. Weight
after initial loss varies based on initial weight and initial weight loss. As a result, a 5%
weight increase after loss would look very different among heavier than lighter
individuals. Calculation B is best for settings when it is necessary to quantify the exact
percentage of weight regain that occurred after weight loss.
Weight lost during maintenance as a percentage of weight lost during intensive
intervention (Calculation C) does consider initial weight loss in its formula, so successful
weight loss maintenance is proportional to the weight lost. This makes the “C”
calculation preferable when the aim is to identify a single criterion for a population with
large variation in initial weight loss. Within the “C” criteria, C25 is preferable because it
balances realistic challenges of maintaining 100% of weight loss (C0), provides balanced
sample size for further analysis, and does not allow for large proportions of weight lost to
be regained (C50). C25 showed higher agreement with C0 and C50 because they are
derived from the same calculation, but when compared to other calculations, C25 had
high agreement with other moderate criteria. It also had high agreement with A10 in
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those who had ≥10% initial weight loss, so studies with larger initial weight loss can
compare findings across studies using these two definitions.
A major strength of our study was replicating the initial Look AHEAD findings in
a second cohort, DPP. These trials are currently the largest lifestyle interventions in
subgroups who are either at high risk of developing or who have already developed type
2 diabetes. While participant characteristics and intervention lengths differed, the
intervention protocols were similar. This provided an ideal opportunity for external
validation, improving the generalizability of the findings to populations with pre-diabetes
and type 2 diabetes, and intensive intervention lengths of 6 and 12 months.
The study also has limitations. When identifying criteria, the large body of
literature necessitated our targeting hallmark studies in the peer-reviewed trials and
reviews. Other criteria may have been used by others but were not identified. We did not
examine continuous weight change, because despite statistical preference for continuous
change, dichotomizing individuals into maintainers and regainers provides simpler risk
classification criteria, assists with treatment recommendations, and helps establish
biologically-based thresholds 40.
In summary, we identified eight distinct categorization criteria derived from three
percentage calculations previously used to differentiate maintainers and regainers. All
criteria discriminate maintainers and regainers well based on year 4 post-weight loss
body weight. The agreement among criteria was different by strata of initial weight loss,
indicating that initial weight loss is an important consideration when defining successful
weight loss maintenance. Including initial weight loss in the definition directly, however,

36
limits generalizability of the criterion to populations with large variance in initial weight
loss. Rather, definitions that change proportionally to varying initial weight loss might be
better suited for general use. Our results support the criteria that regaining <25% of
weight lost should be considered successful (C25), because the absolute cut point for
success changes proportionally with initial weight loss, it allows for small regain
(recognizing the challenges of 100% maintenance), and it provides a good distribution of
participants per group in the two cohorts assessed. Regaining <25% of weight lost (C25)
is also in good agreement with staying below 10% of initial weight (A10) among those
with larger weight loss and with staying below 5% of initial weight (A5) in those with
smaller loss. This suggests that cross-study comparisons between studies using A5 or
A10 and C25 within initial weight loss subgroups would be appropriate. Future studies
are required to determine whether a single categorization criterion offers superior ability
to identify the health benefits of weight loss maintenance than regaining weight loss.
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2.7 Tables and Figures

Table 2.1. The relationship between each calculation approach to define weight
regain and initial weight loss.
Definition

Relationship with
initial weight loss

Calculation A
(Final weight as %
of initial weight)

Strengths

Assumptions or Limitations

Considers initial
weight loss in
definition.

Considers initial weight
loss in definition.

• Limits generalizability to
those who lost varying
amounts of weight loss.
• Does not clearly represent
weight maintenance period.

Calculation B
(Final weight as %
of post-loss weight)

Does not consider
initial weight loss.

Gives clear
representation of weight
change during
maintenance period.

Does not consider initial
weight loss, which assumes
individuals of varying initial
weight should be grouped
together.

Calculation C
(Weight change
during maintenance
as % of weight
change during loss)

Considers initial
weight loss in
calculation, but does
not include it directly
in the definition.

• Can be used for any
amount of initial
weight loss.
• Includes information
from both the weight
loss and maintenance
periods.

Assumes that people with
varying initial weight loss can
be grouped together.
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Table 2.2. Agreement in maintenance or regain status among the categorization
criteria in Look AHEAD by initial weight loss subgroups
Look AHEAD (<3-9% IWL, n=927)
%
Agr.
A10 vs. A5

Kappa

Look AHEAD (≥10% IWL, n=865)

(95%CI)

Ppos
(M)

Pneg
(R)

%
Agr.

41.0

0.40 (0.35, 0.46)

0.29

0.50

A10 vs. A0

77.0

0.11 (0.08, 0.13)

0.51

A10 vs. B5

54.0

0.18 (0.15, 0.21)

A10 vs. B10

26.2

A10 vs. C0

85.9

A10 vs. C25
A10 vs. C50
A5 vs. A0
A5 vs. B5

Kappa
(95%CI)

Ppos
(M)

Pneg
(R)

72.0

0.47 (0.42, 0.52)

0.75

0.68

0.85

52.3

0.15 (0.12, 0.18)

0.64

0.29

0.34

0.65

78.2

0.54 (0.49, 0.60)

0.72

0.82

0.04 (0.03, 0.06)

0.25

0.28

66.9

0.36 (0.31, 0.42)

0.68

0.65

0.56 (0.49, 0.62)

0.63

0.91

70.0

0.32 (0.27, 0.37)

0.45

0.79

75.9

0.39 (0.33, 0.44)

0.50

0.84

85.0

0.68 (0.63, 0.73)

0.80

0.88

65.7

0.27 (0.23, 0.32)

0.41

0.76

82.1

0.65 (0.60, 0.70)

0.82

0.82

64.0

0.36 (0.32, 0.40)

0.66

0.62

80.3

0.42 (0.35, 0.48)

0.88

0.50

77.0

0.56 (0.51, 0.61)

0.75

0.79

65.0

0.38 (0.33, 0.42)

0.67

0.63

A5 vs. B10

49.2

0.16 (0.13, 0.19)

0.58

0.36

79.4

0.54 (0.48, 0.60)

0.84

0.69

A5 vs. C0

87.5

0.71 (0.66, 0.76)

0.80

0.91

42.0

0.42 (0.35, 0.48)

0.30

0.51

A5 vs. C25

91.6

0.82 (0.78, 0.86)

0.88

0.93

61.3

0.33 (0.29, 0.37)

0.62

0.61

A5 vs. C50

88.7

0.77 (0.73, 0.81)

0.86

0.90

81.6

0.73 (0.69, 0.78)

0.85

0.76

A0 vs. B5

83.9

0.66 (0.61, 0.70)

0.88

0.77

45.4

0.11 (0.09, 0.14)

0.56

0.27

A0 vs. B10

85.0

0.57 (0.51, 0.63)

0.90

0.77

72.5

0.31 (0.26, 0.37)

0.82

0.72

A0 vs. C0

55.1

0.25 (0.22, 0.29)

0.54

0.34

22.3

0.03 (0.02, 0.04)

0.24

0.20

A0 vs. C25

65.0

0.37 (0.33, 0.42)

0.67

0.44

41.7

0.10 (0.08, 0.12)

0.52

0.45

A0 vs. C50

75.3

0.52 (0.47, 0.57)

0.79

0.53

67.7

0.26 (0.21, 0.31)

0.78

0.69

B5 vs. B10

72.2

0.37 (0.32, 0.42)

0.81

0.51

72.9

0.50 (0.45, 0.54)

0.72

0.73

B5 vs. C0

68.2

0.41 (0.36, 0.45)

0.62

0.73

77.0

0.41 (0.35, 0.47)

0.52

0.85

B5 vs. C25

78.1

0.58 (0.53, 0.63)

0.77

0.79

91.7

0.81 (0.77, 0.85)

0.88

0.94

B5 vs. C50

88.1

0.77 (0.73, 0.81)

0.89

0.88

77.7

0.57 (0.52, 0.62)

0.76

0.79

B10 vs. C0

40.3

0.11 (0.09, 0.13)

0.47

0.32

49.9

0.16 (0.13, 0.19)

0.33

0.60

B10 vs. C25

50.3

0.25 (0.21, 0.29)

0.59

0.36

69.0

0.43 (0.38, 0.48)

0.67

0.71

B10 vs. C50

60.5

0.17 (0.14, 0.20)

0.70

0.42

84.1

0.67 (0.62, 0.72)

0.87

0.80

C0 vs. C25

90.1

0.77 (0.73, 0.81)

0.84

0.93

80.7

0.47 (0.41, 0.53)

0.56

0.88

C0 vs. C50

79.8

0.58 (0.53, 0.63)

0.72

0.84

54.6

0.19 (0.15, 0.22)

0.35

0.65

C25 vs. C50

89.8

0.79 (0.75, 0.83)

0.88

0.91

74.0

0.51 (0.46, 0.56)

0.71

0.76
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Table 2.3. Agreement in maintenance or regain status among the categorization
criteria in DPP by initial weight loss subgroups
DPP (<3-9% IWL, n=367)
%
Agr.
A10 vs. A5

Kappa

DPP (10% or more IWL, n=243)

(95%CI)

Ppos
(M)

Pneg
(R)

%
Agr.

73.8

0.34 (0.26, 0.43)

0.45

0.83

A10 vs. A0

42.2

0.11 (0.07, 0.14)

0.27

A10 vs. B5

52.3

0.16 (0.11, 0.21)

A10 vs. B10

25.9

A10 vs. C0

85.3

A10 vs. C25
A10 vs. C50
A5 vs. A0
A5 vs. B5

Kappa
(95%CI)

Ppos
(M)

Pneg
(R)

50.0

0.16 (0.10, 0.22)

0.60

0.34

0.52

67.1

0.40 (0.32, 0.49)

0.69

0.65

0.31

0.63

81.3

0.63 (0.53, 0.72)

0.79

0.83

0.04 (0.03, 0.06)

0.23

0.29

66.3

0.39 (0.30, 0.47)

0.68

0.64

0.52 (0.42, 0.63)

0.60

0.91

85.8

0.67 (0.57, 0.76)

0.76

0.90

73.0

0.33 (0.25, 0.42)

0.45

0.82

87.4

0.74 (0.65, 0.82)

0.84

0.90

61.9

0.23 (0.16, 0.29)

0.36

0.73

72.0

0.48 (0.39, 0.57)

0.73

0.71

68.4

0.42 (0.35, 0.49)

0.70

0.66

82.9

0.52 (0.40, 0.63)

0.89

0.60

78.5

0.59 (0.51, 0.66)

0.77

0.79

80.1

0.60 (0.51, 0.69)

0.83

0.75

A5 vs. B10

52.0

0.19 (0.14, 0.24)

0.61

0.38

91.9

0.81 (0.73, 0.89)

0.94

0.86

A5 vs. C0

86.4

0.69 (0.61, 0.77)

0.78

0.90

52.8

0.23 (0.16, 0.29)

0.49

0.56

A5 vs. C25

90.5

0.80 (0.73, 0.86)

0.87

0.92

72.4

0.48 (0.39, 0.57)

0.75

0.69

A5 vs. C50

88.0

0.76 (0.69, 0.82)

0.86

0.89

95.1

0.89 (0.83, 0.95)

0.96

0.93

A0 vs. B5

87.2

0.73 (0.66, 0.80)

0.90

0.82

63.0

0.26 (0.18, 0.34)

0.73

0.41

A0 vs. B10

83.7

0.56 (0.47, 0.65)

0.89

0.75

82.9

0.52 (0.40, 0.63)

0.89

0.76

A0 vs. C0

56.9

0.27 (0.21, 0.33)

0.54

0.33

35.8

0.08 (0.05, 0.12)

0.41

0.34

A0 vs. C25

69.2

0.44 (0.36, 0.51)

0.71

0.45

55.3

0.20 (0.13, 0.26)

0.65

0.54

A0 vs. C50

80.4

0.61 (0.54, 0.68)

0.83

0.54

78.0

0.44 (0.33, 0.55)

0.86

0.73

B5 vs. B10

73.6

0.40 (0.32, 0.48)

0.82

0.53

80.1

0.60 (0.51, 0.69)

0.83

0.75

B5 vs. C0

67.0

0.39 (0.32, 0.46)

0.61

0.72

72.8

0.46 (0.36, 0.55)

0.63

0.79

B5 vs. C25

79.3

0.60 (0.53, 0.68)

0.79

0.80

91.5

0.83 (0.76, 0.90)

0.91

0.92

B5 vs. C50

90.5

0.81 (0.75, 0.87)

0.91

0.90

85.0

0.70 (0.61, 0.78)

0.87

0.82

B10 vs. C0

40.6

0.11 (0.08, 0.15)

0.46

0.34

52.8

0.23 (0.16, 0.29)

0.49

0.56

B10 vs. C25

52.9

0.19 (0.14, 0.25)

0.62

0.39

72.4

0.48 (0.39, 0.57)

0.75

0.69

B10 vs. C50

64.0

0.29 (0.22, 0.36)

0.73

0.45

93.5

0.85 (0.78, 0.92)

0.95

0.90

C0 vs. C25

64.6

0.72 (0.65, 0.80)

0.12

0.78

80.5

0.57 (0.48, 0.67)

0.70

0.86

C0 vs. C50

76.6
88.8

0.53 (0.45, 0.60)
0.78 (0.71, 0.84)

0.69
0.87

0.81
0.90

57.7
77.2

0.27 (0.20, 0.35)
0.56 (0.47, 0.66)

0.52
0.79

0.62
0.75

C25 vs. C50
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Figure 2.1. A) Schematic of percentage calculations used in the literature used to
determine successful weight maintenance or weight regain and B) Eight criteria
identified in the literature to differentiate maintainers from regainers. The three
percentage calculations in Figure 1A were used in the cut points in Figure 1B. The eight
cut points in Figure 1B were used for all subsequent analyses and marked by their
respective codes.

A

B
Calculation used for
criteria

Final weight as % of initial
weight
(Figure 1A Calculation A)

Final weight as % of postloss weight
(Figure 1A Calculation B)

Weight loss during
maintenance as % of initial
weight loss
(Figure 1A Calculation C)

Definition/Cut point

Code

Regain: Final weight <10% below initial weight
Maintain: Final weight ≥10% below initial weight

A10

Regain: Final weight <5% below initial weight
Maintain: Final weight ≥5% below initial weight

A5

Regain: Final weight <0% below initial weight
Maintain: Final weight ≥0% below initial weight

A0

Regain: Final weight ≥5% post-loss weight
Maintain: Final weight <5% post-loss weight

B5

Maintain: Final weight <10% post-loss weight
Regain: Final weight ≥10% post-loss weight

B10

Regain: Weight loss during maintenance >0% of
initial weight loss (any regain)
Maintain: Weight loss during maintenance ≤0% of
initial weight loss
Regain: Weight loss during maintenance ≥25% of
initial weight loss
Maintain: Weight loss during maintenance <25%of
initial weight loss
Regain: Weight loss during maintenance ≥50% of
initial weight loss
Maintain: Weight loss during maintenance <50%
of initial weight loss

15–17,31,32

18,19,30

28,29

33

34,35

C0
8,20(p20),21,36

C25
22

C50
20

lines represent differences between maintainers and regainers among individuals with ≥10% of initial weight loss (n=864) and grey lines represent
differences among individuals with 3-9% initial weight loss (n=927). Month 48 weight was significantly higher in regainers than maintainers among all
criteria in both weight loss subgroups (p<0.0001). P values are from t-tests for differences between maintainers and regainers using each categorization
criteria.

Figure 2.2. Differences in weight (kg) over four years in the Look AHEAD trial between maintainers and regainers among
the different categorization criteria by initial weight loss subgroups. Each graph corresponds to the categorization criteria. The black
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differences between maintainers and regainers among individuals with ≥10% of initial weight loss (n=246) and grey lines represent differences among
individuals with 3-9% initial weight loss (n=367). Month 48 weight was significantly higher in regainers than maintainers among all criteria in both weight
loss subgroups (p<0.0001). P values are from t-tests for differences between maintainers and regainers using each categorization criteria.

Figure 2.3. Differences in weight (kg) over four years in DPP between maintainers and regainers among the different
categorization criteria by initial weight loss subgroups. Each graph corresponds to the categorization criteria. The black lines represent
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Figure 2.4. Percentage of participants categorized as maintainers and regainers in
each categorization criteria by initial weight loss subgroup in A) Look AHEAD and
B) DPP.
Abbreviations: IWL: initial weight loss
A. Look AHEAD
Maintainers (3-9% IWL)
Regainers (3-9% IWL)
Maintainers (10% or more IWL)
Regainers (10% or more IWL)

% of Participants

100
90
80
70
60
50
40
30
20
10
0

A10

A5

A0

B5

B10

C0

C25

C50

Categorization Criteria

B. DPP
Maintainers (3-9% IWL)
Regainers (3-9% IWL)
Maintainers (10% or more IWL)
Regainers (10% or more IWL)

Number of Participants

100
90
80
70
60
50
40
30
20
10
0

A10

A5

A0

B5

B10

C0

Categorization Criteria

C25

C50
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2.8 Supplemental Material
Supplemental Figure 2.1. Participant flow chart of Look AHEAD participants.

Supplemental Figure 2.2. Participant flow chart of DPP
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Supplemental Table 2.1. Body weight measures (mean ± SD) at baseline and after
the intensive weight loss intervention between maintainers and regainers for each
criterion in Look AHEAD among those with 3-9% initial weight loss (n=927)
M
A10
A5
A0
B5
B10
C0
C25
C50

105.0 ± 21.9
100.2 ± 21.0
101.8 ± 20.1
100.3 ± 19.9
100.2 ± 20.1
102.2 ± 20.4
100.7 ± 20.2
101.1 ± 20.3

Baseline wt (kg)
R
Diff
99.3 ± 19.5
99.2 ± 19.3
99.0 ± 19.3
99.5 ± 19.9
98.1 ± 19.0
99.1 ± 19.7
99.2 ± 19.7
99.3 ± 19.6

-5.7
-1.0
-2.8
-0.8
-2.1
-3.0
-1.5
-1.8

P value

M

0.010
0.478
0.046
0.555
0.236
0.047
0.190
0.255

97.5 ± 20.5
93.6 ± 19.7
94.8 ± 18.9
94.0 ± 18.7
93.9 ± 18.9
95.9 ± 19.2
94.2 ± 19.1
94.7 ± 19.1

Month 12 wt (kg)
R
Diff
93.0 ± 18.5
93.3 ± 18.2
92.8 ± 18.4
92.7 ± 18.8
91.4 ± 18.0
92.7 ± 18.6
92.9 ± 18.6
92.8 ± 18.5

Abbreviations: Diff: Difference; M: maintainers; R: regainers; Wt: weight

-4.5
-0.3
-2.0
-1.4
-2.5
-3.3
-1.3
-1.9

P
value
0.029
0.830
0.125
0.278
0.149
0.022
0.284
0.144
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Supplemental Table 2.2. Annual weight measures in the Look AHEAD trial
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Supplemental Table 2.3. Body weight measures in the Look AHEAD trial
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Supplemental Table 2.4. Body weight measures in the Look AHEAD Trial
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Supplemental Table 2.5. Baseline and post-intervention weight measures (mean
± SD) between maintainers and regainers for each criterion in DPP among
those with 3-9% initial weight loss (n=367)
Baseline wt (kg)
Month 6 wt (kg)
M
R
Diff
P value M
R
A10 90.2 ± 16.9 90.5 ± 16.6 0.3
0.91
83.5 ± 15.5 84.6 ± 15.6
A5
88.0 ± 15.8 91.9 ± 16.9 4.0
0.024
81.7 ± 14.7 86.2 ± 15.9
A0
89.0 ± 15.9 93.6 ± 17.6 4.6
0.017
83.0 ± 14.8 87.9 ± 16.7
B5
88.7 ± 15.9 92.9 ± 17.3 4.1
0.021
83.1 ± 15.0 86.5 ± 16.2
B10 89.9 ± 15.9 93.3 ± 19.8 3.4
0.229
84.1 ± 15.0 86.6 ± 18.5
C0
88.5 ± 16.8 91.1 ± 16.5 2.7
0.187
82.8 ± 15.6 85.1 ± 15.6
C25 87.7 ± 15.5 92.1 ± 17.1 4.3
0.009
82.0 ± 14.5 86.0 ± 16.0
C50 88.1 ± 15.2 92.7 ± 17.5 4.5
0.013
82.3 ± 14.3 86.7 ± 16.5
Abbreviations: Diff: Difference; M: maintainers; R: regainers; Wt: weight

Diff
1.1
4.5
5.0
3.5
2.4
2.3
4.0
4.4

P value
0.664
0.007
0.007
0.039
0.36
0.224
0.007
0.007
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Supplemental Table 2.6. Body weight measures in DPP
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Supplemental Table 2.7. Body weight measures in DPP
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Supplemental Table 2.8. Baseline and post-intervention weight measures (mean ±
SD) between maintainers and regainers for each criterion in DPP among those
with ≥10% initial weight loss (n=246)

A10
A5
A0
B5
B10
C0
C25
C50

Baseline wt (kg)
M
R

Diff

93.2 ± 19.0
91.9 ± 18.3
92.4 ± 18.3
91.8 ± 17.8
91.4 ± 18.0
92.7 ± 16.3
91.7 ± 17.6
92.1 ± 18.4

-0.5
3.1
3.4
2.1
4.9
0.2
2.0
2.3

92.7 ± 17.1
95.0 ± 16.4
95.8 ± 14.0
93.9 ± 17.7
96.3 ± 16.9
92.9 ± 18.2
93.7 ± 17.9
94.3 ± 16.6

P
value
0.841
0.198
0.230
0.359
0.043
0.947
0.327
0.389

Month 6 wt (kg)
M
R

Diff

79.2 ± 15.6
79.1 ± 15.3
79.3 ± 15.2
79.3 ± 15.1
79.1 ± 15.4
80.0 ± 14.2
79.0 ± 14.9
79.4 ± 15.4

1.0
2.4
3.9
1.0
2.5
-0.2
1.5
1.4

Abbreviations: Diff: Difference; M: maintainers; R: regainers; Wt: weight

80.2 ± 14.5
81.5 ± 13.9
83.2 ± 12.4
80.4 ± 14.8
81.6 ± 13.8
79.8 ± 15.2
80.5 ± 14.9
80.8 ± 13.9

P
value
0.631
0.236
0.119
0.593
0.212
0.92
0.47
0.43
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Supplemental Table 2.9. Body weight measures in DPP
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Supplemental Table 2.10. Weight measures (mean ± SD) during months 30-48
maintenance between maintainers and regainers for each criterion in DPP
among those with ≥10% initial weight loss (n=246)
Month 30 wt (kg)

Month 36 wt (kg)
P
M
R
Diff
value
M
R
Diff
A10 77.6 ± 16.4 85.1 ± 16.6
7.5 0.001
77.6 ± 15.8 86.4 ± 16.9
8.8
A5
80.9 ± 16.3 92.5 ± 15.7 11.7 0.001
81.3 ± 15.8 96.2 ± 16.4 14.9
A0
79.1 ± 16.7 90.4 ± 14.6 11.3 <.0001 79.4 ± 16.4 92.1 ± 15.9 12.7
B5
78.1 ± 15.4 86.7 ± 17.2
8.6 <.0001 78.4 ± 15.5 88.0 ± 17.2
9.5
B10 79.1 ± 16.4 90.3 ± 15.5 11.1 <.0001 79.5 ± 15.9 91.8 ± 16.4 12.3
C0
76.5 ± 14.0 84.0 ± 17.3
7.5 0.001
76.4 ± 13.9 85.1 ± 17.4
8.7
C25 77.0 ± 14.6 86.2 ± 17.4
9.2 <.0001 77.5 ± 15.0 87.4 ± 17.2
9.9
C50 79.1 ± 16.5 88.6 ± 15.9
9.5 <.0001 79.4 ± 16.0 90.3 ± 16.6 10.9
Abbreviations: Diff: Difference; M: maintainers; R: regainers; Wt: weight

P
value
<.0001
<.0001
<.0001
<.0001
<.0001
0.0002
<.0001
<.0001

Supplemental Table 2.11. Weight measures (mean ± SD) during months 30-48
maintenance between maintainers and regainers for each criterion in DPP
among those with ≥10% initial weight loss (n=246)
Month 42 wt (kg)
M
R

Month 48 wt (kg)
P
M
R
value
A10
77.8 ± 15.8 87.3 ± 17.7
9.5 <.0001 77.5 ± 15.6
89.1 ± 17.6
A5
81.9 ± 16.1 98.1 ± 17.3 16.2 <.0001 82.5 ± 16.0 100.1 ± 17.2
A0
79.7 ± 16.9 93.5 ± 16.3 13.8 <.0001 80.3 ± 16.9
95.5 ± 15.8
B5
78.7 ± 15.4 89.0 ± 18.2 10.3 <.0001 78.5 ± 15.1
91.2 ± 18.0
B10
79.9 ± 16.4 93.1 ± 16.9 13.2 <.0001 80.0 ± 15.9
96.0 ± 17.0
C0
76.3 ± 13.3 86.0 ± 18.1
9.7 <.0001 75.5 ± 12.9
87.6 ± 18.1
C25
77.5 ± 14.8 88.6 ± 18.1 11.1 <.0001 77.3 ± 14.5
90.3 ± 18.0
C50
79.5 ± 16.2 91.6 ± 17.5 12.1 <.0001 79.9 ± 16.0
93.9 ± 17.4
Abbreviations: Diff: Difference; M: maintainers; R: regainers; Wt: weight
Diff

Diff
11.6
17.6
15.2
12.7
16.0
12.0
13.0
14.0

P
value
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
<.0001
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Supplementary Table 2.12. N (%) of maintainers and regainers according to each
categorization criteria in Look AHEAD and DPP.

A10

Look AHEAD
3-9% initial weight
≥10% initial weight
loss
loss
M
R
M
R
111 (12)
816 (88)
366 (42)
498 (58)

DPP

A5

324 (35)

603 (65)

608 (70)

256 (30)

136 (37)

231 (63)

172 (70)

74 (30)

A0

658 (71)

269 (29)

778 (90)

86 (10)

252 (69)

115 (31)

214 (87)

32 (13)

B5

537 (58)

390 (42)

306 (35)

558 (65)

215 (59)

152 (41)

123 (50)

123 (50)

B10

795 (86)

132 (14)

540 (63)

324 (38)

312 (85)

55 (15)

172 (70)

74 (30)

C0

242 (26)

685 (74)

107 (12)

757 (88)

94 (26)

273 (74)

56 (23)

190 (77)

C25

334 (36)

593 (64)

274 (32)

590 (68)

139 (38)

228 (62)

104 (42)

142 (58)

C50

429 (46)

498 (54)

499 (58)

365 (42)

180 (49)

187 (51)

160 (65)

86 (35)

3-9% initial weight
loss
M
R
40 (11)
327 (89)

≥10% initial weight
loss
M
R
91 (37)
155 (63)
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Supplemental Table 2.13. Frequencies across categorization criteria in Look
AHEAD
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Supplemental Table 2.14. Frequencies for each categorization criteria in Look
AHEAD
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Supplemental Table 2.15. Frequencies for categorization criteria in DPP
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Supplemental Table 2.16. Frequencies for categorization criteria in DPP
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Chapter 3 Change in cardiometabolic risk factors
associated with magnitude of weight regain 3
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3.1 Abstract
Background: Weight regain after weight loss is common. The impact on
cardiometabolic risk factors is not well established.
Methods: Publically available data were analyzed from participants of the Look
AHEAD trial with ≥3% initial weight loss (n=1561) after a 1 year intensive
lifestyle intervention and follow-up data at year 4. Weight regain (regainers) and
weight loss maintenance (maintainers) were defined by dichotomization with five
cut points (0%, 25%, 50%, 75% and 100%) of percent of weight loss regained
(weight change from years 1 to 4 as percent of weight loss during first year).
Change in cardiometabolic risk factors after initial weight loss was compared in
maintainers and regainers according to each cut point, controlling for
demographics, medications, and baseline and year 1 change in body mass index.
The effect was assessed separately in those with <10% and ≥10% initial weight
loss, and in women and men.
Results: Maintainers had significant improvements to cardiometabolic risk
factors compared to regainers for all risk factors assessed. No single weight regain
cut point maximized the risk difference between maintainers and regainers across
risk factors and sex/initial weight loss subgroups. For many risk factors,
increasing the cut point of percent weight loss regained to allow more regain
allowed as part of maintenance, decreased cardiometabolic benefit among
maintainers.
Conclusion: Maintaining weight loss was better than weight regain for all risk
factors assessed. No single cut point maximized risk difference between
maintainers and regainers. Maintainers who kept off all or 75% of weight lost
showed the greatest benefit for all risk factors. Further evidence is needed to
determine the long-term impact of partial regain after weight loss.
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3.2 Introduction
Excess body weight is a major modifiable cause of morbidity and mortality.1
Behavioral lifestyle weight loss interventions are an effective non-invasive strategy to
achieve weight loss and improve cardiometabolic risk factors.2–5 While lifestyle
interventions can produce substantial weight loss and short term health benefits,3,6 their
rate of recidivism is high.7,8 Maintaining weight loss is beneficial for lowering the
incidence of type 2 diabetes3 and maintaining favorable cardiometabolic risk factors.5,9
Weight regain is associated with deterioration of cardiometabolic benefits associated with
weight loss.9,10
Few studies directly compare individuals with successful weight loss maintenance
(maintainers) and individuals who regained weight (regainers). A challenge in comparing
successful weight loss maintainers to regainers is the lack of a standard definition of
successful weight loss maintenance.11,12 One factor contributing to the wide range of
methods used to define successful weight loss is that several approaches have been used
to define successful weight loss maintenance over time.13 Additionally, several cut points
have been used across studies to differentiate maintainers and regainers. We recently
compared three different calculations and eight cut points that have been used to
differentiate maintainers and regainers.13 Cut points derived from the different
percentages overlapped according to agreement statistics. Here, we examined cut points
derived from the percentage of weight loss that is regained. Limited evidence is available
comparing different cut points to define weight regain at different magnitudes with
respect to clinical end points.12,13 Therefore, using data from the Look AHEAD trial, the
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objective of this study was to examine the difference between maintainers and regainers
in cardiometabolic risk factor change from years 1 to 4 after the intensive lifestyle
intervention based on five different cut points for percent weight loss
maintained/regained, and to identify a cut point differentiating maintainers and regainers
that maximizes the risk difference between the two groups.
3.3 Methods
Population
A detailed description of the design and procedures from the Look AHEAD trial
has been described elsewhere.14 Briefly, the Look AHEAD trial was a 16-site
multicenter, randomized, parallel, controlled clinical trial designed to assess the
association between an intensive lifestyle intervention to promote weight loss compared
to standard care on cardiovascular disease risk in individuals with a BMI >25 kg/m2 (or
>27 kg/m2 if on insulin) and a type 2 diabetes diagnosis. The one year intensive lifestyle
intervention targeted ~7% weight loss. Included were group support sessions, calorie and
fat gram restrictions, and recommendations to use meal replacements and increase
physical activity. The intervention was then altered to target weight maintenance. The
three-year maintenance phase included monthly group meetings, and recommendations to
use a single meal replacement per day and continue engaging in regular physical activity.
Analyses were conducted in the subset of participants from the publically
available data of the Look AHEAD trial who were assigned to the intensive lifestyle
intervention group, lost ≥3% of initial body weight and had follow-up data through the
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end of year 4 (n=1791). Individuals taking niacin or fibrates at any point from baseline to
year 4 were excluded (n=230) leaving 1,561 included participants (Figure 3.1).
Cut Points to Define Maintainers and Regainers
Weight change after the initial intensive lifestyle intervention (year 4 weight –
year 1 weight) as a percent of initial weight loss (initial weight – year 1 weight) was used
to calculate percentage of weight loss regained.7,15–19 From this calculation, maintainers
vs. regainers were defined using five different cut points, with weight regain increments
increasing by 25%, from 0% regain to 100% regain. Zero percent is indicative of ≤0%
regain as successful weight loss maintenance (maintainers) and any regain (>0%) is not
successful maintenance (regainers). The same categorization applies for 25%, 50%, 75%
and 100%. All 1,561 participants were included in each of the five models defining
maintainers vs. regainers with different regain cut points. Sample sizes of maintainers and
regainers within each sex and initial weight loss subgroup can be found in Table 3.1.
Statistical Analysis
Generalized linear models were used to assess the adjusted mean difference
between maintainers and regainers in change after the initial intensive lifestyle
intervention from years 1 to 4 in HDL cholesterol, triglyceride, fasting glucose and
HbA1c% concentrations, systolic blood pressure, diastolic blood pressure and waist
circumference. The models also generated adjusted change from years 1 to 4 in
maintainers and regainers separately. Models were run separately defining maintainers
vs. regainers with 0%, 25%, 50%, 75% and 100% weight loss regained. The relationships
were examined separately for individuals with <10% and ≥10% weight loss in the first
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year and in men and women. The adjusted model controlled for age, hormone
replacement therapy (among women), race (white/Black/other), baseline BMI, percent
initial weight loss in first year, baseline value of each outcome, change in first year of
each outcome, use of thiazolidindiones and outcome-specific medication use (lipid and
for lipid outcomes, anti-hypertensive medication use for blood pressure and diabetes
medication use for fasting glucose, HbA1c% and waist circumference). Medication use
was categorized into four categories based on use from baseline to year 4: Always on
medication, never on medication, went on medication and went off medication. Analyses
were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC).
This project has received Institutional Review Board (IRB) exemption from the
Tufts University Health Sciences IRB.
3.4 Results
Participant Characteristics
Depicted in Table 2 are participant characteristics, change in medication use from
baseline to year 4, and baseline and year 1 values of cardiometabolic risk factor
measures. When comparing the two initial weight loss subgroups (<10% and ≥10%),
there were no significant differences based on age, hormone replacement therapy use
(among women), lipid medication use, baseline HDL cholesterol, triglyceride or fasting
glucose concentrations in men or women (Table 1). In both men and women, participants
with ≥10% initial weight loss had a significantly lower proportion of participants starting
on diabetes medication (3.1 vs. 7.5%) and higher proportion stopping diabetes medication
(16.7 vs. 3.4%) from baseline to year 4 (p<0.0001). In men only, losing ≥10% initial
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weight was associated with a significantly lower proportion going on anti-hypertensive
medication (15.5 vs. 7.4%) and a higher proportion going off anti-hypertensive
medication (7.1 vs. 4.0%) from baseline to year 4 compared to those who lost <10% of
initial weight (p=0.003; Table 1). Among men, at baseline, those with <10% initial
weight loss had significantly higher HbA1c concentrations, and diastolic blood pressure
than those with ≥10% initial weight loss. In contrast, there were no significant differences
in baseline concentrations of cardiometabolic risk factors by initial weight loss group in
women. At year 1, cardiometabolic risk factors were significantly more favorable for
both sexes with ≥10% initial weight loss than <10% initial weight loss.
Change in Cardiometabolic Risk Factors
Maintainers vs. Regainers
The adjusted mean difference between maintainers and regainers in change from
years 1-4 in all cardiometabolic risk factors is shown in Figures 3.2 and 3.3. An inverse
linear pattern between increase in cut point of percent of weight loss regained and
decrease in difference in cardiometabolic risk factors between maintainers and regainers
was found in select risk factors and initial weight loss/sex subgroups. The linear pattern
was observed in the following initial weight loss and sex subgroups: among men who lost
<10% initial weight for HbA1c and waist circumference (Figure 3.3A and 3.3C), among
women who lost<10% initial weight for systolic blood pressure (Figure 3.2C), among
men who lost ≥10% initial weight loss for HDL cholesterol, HbA1c and diastolic blood
pressure (Figures 3.2A, 3.2D and 3.3C), and among women who lost ≥10% initial weight
for waist circumference and HbA1c (Figure 3.3A and 3.3C).
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In some cardiometabolic risk factors, maintainers had significantly better change
in cardiometabolic risk factors than regainers across all or most cut points of percent of
weight lost regained but not in a linear pattern. The significant improvement was shown
for HDL cholesterol concentrations in women of all initial weight losses (Figure 3.2A),
triglyceride concentration among men of all initial weight losses and women who lost
≥10% initial weight loss (Figure 3.2B), waist circumference and HbA1c among women
who lost <10% initial weight loss (Figure 3.3A and 3.3C), for waist circumference,
triglyceride, fasting glucose and HbA1c concentrations and systolic blood pressure
among men who lost ≥10% initial weight loss (Figure 3.2B, Figure 3.2C and Figure 3.3),
and for HDL, triglyceride and fasting glucose concentrations and systolic blood pressure
among women with ≥10% initial weight loss (Figures 3.2A, 3.2B and 3.2C). There were
no significant differences in fasting glucose concentrations in women with <10% initial
weight loss (Figure 3.3B) or diastolic blood pressure in men with <10% weight loss and
women with ≥10% initial weight loss (Figure 3.2D).
Change among Maintainers
There were also significant changes from years 1 to 4 in cardiometabolic risk
factors among maintainers using different cut points of percent of weight lost regained
(Figures 3.4 and 3.5). Maintainers had no significant change in cardiometabolic risk
factors or significant improvement according to the 0% and 25% cut points of weight
regain for all cardiometabolic risk factors in all initial weight loss and sex subgroups.
Among women with <10% initial weight loss, maintainers had no significant change in
cardiometabolic risk factors or significant improvement across all percentage cut points
of weight regain.
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Maintainers had significant improvement or no change in cardiometabolic risk
factors across most cut points of weight loss regained. Among men who lost ≥10% initial
weight, maintainers had no significant change or significant improvement to all
cardiometabolic risk factors using all cut points except for triglyceride concentrations
when the 75% and 100% cut points were used and waist circumference when the 50%,
75% and 100% cut points were used (Figures 3.4 and 3.5). Among women who lost
≥10% initial weight, maintainers had no significant change or significant improvement to
all cardiometabolic risk factors except waist circumference using the 75% and 100% cut
points and systolic blood pressure using the 50%, 75% and 100% cut points (Figure 4 and
5).
Maintainers had a significant deterioration in cardiometabolic risk factors when
using the 75% and 100% cut points for select risk factors within initial weight loss and
sex subgroups. Maintainers according to the 75% and 100% cut points had a significant
increase in HbA1c concentration and systolic blood pressure among men who lost <10%
initial weight (Figure 3.4C and 3.5C), triglyceride concentrations and waist
circumference among men who lost ≥10% initial weight (Figure 3.4B and 3.5A), and
systolic blood pressure and waist circumference among women who lost ≥10% initial
weight (Figure 3.4C and 3.5A).
Change among Regainers
There were also significant changes from years 1 to 4 in cardiometabolic risk
factors among regainers across different cut points of percent of weight lost regained
(Figures 3.6 and 3.7). When examining change in cardiometabolic risk factors from
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years 1 to 4 among regainers, a positive linear pattern was found in select risk factors and
initial weight loss/sex subgroups between larger percent of weight loss regained cut point
and change in cardiometabolic risk factors in regainers. The positive linear pattern among
regainers was observed among men with ≥10% initial weight loss for triglyceride and
fasting glucose concentrations, systolic blood pressure and waist circumference (Figures
3.6B, 3.6C and 3.7A and 3.7B). Additionally, the linear pattern was seen in regainers
among women with ≥10% initial weight loss for fasting glucose and HbA1c
concentrations, systolic blood pressure and waist circumference (Figure 3.6C and 3.7).
In some cardiometabolic risk factors, regainers had a significant deterioration
from years 1 to 4 using all or most cut points of percent of weight lost regained but not in
a linear pattern. Among men and women with <10% initial weight loss, regainers had a
significant increase in HbA1c concentration, systolic blood pressure and waist
circumference across all or most cut points of weight regain (Figure 3.6C, 3.7A and
3.7C). Women with <10% initial weight loss who were regainers also had a significant
increase in fasting glucose concentration using all cut points except 100% regain (Figure
3.7B). Among men and women with ≥10% initial weight loss, regainers also had a
significant increase in HbA1c concentrations using the different percent of weight
regained cut points (Figure 3.7C).
For some cardiometabolic risk factors and in select initial weight loss and sex
subgroups, regainers had significant adverse changes to cardiometabolic risk from years 1
to 4 but only using certain cut points of percent of weight regained. Among men with
<10% initial weight loss, regainers had a significant increase of fasting glucose using the
25%, 50% and 75% cut points (Figure 3.7B). Among men with ≥10% initial weight loss,
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regainers had a significant increase in HDL cholesterol when defined by 0% of weight
loss regained, but had a significant decrease in HDL cholesterol when all other percent of
regain cut points were used (Figure 3.6A). Among women with ≥10% initial weight loss,
regainers had a significant increase to HDL cholesterol only when using the 0% cut point
(Figure 3.6A). Regainers also had a significant change in triglyceride concentrations only
when the using 0%, 25% or 50% cut points of percent of weight regained (Figure 3.6B)
and diastolic blood pressure according to the cut points 50%, 75% or 100% (Figure
3.6D).
For select cut points and cardiometabolic risk factors, weight regain was
associated with significant improvement to cardiometabolic risk. As noted prior, men and
women with ≥10% initial weight loss defined as regainers according to the 0% cut point
had a significant increase to HDL cholesterol concentrations (Figure 3.6A). Among
women with <10% initial weight loss, regainers had significant decreases to diastolic
blood pressure using 50%, 75% and 100% cut points (Figure 3.6D).
Some cardiometabolic risk factors showed no significant change among regainers.
HDL cholesterol and triglyceride concentrations did not significant change from years 1
to 4 in regainers using any cut points of weight regain (Figure 3.6A and 3.6B). Diastolic
blood pressure did not significantly change in regainers using any cut point among men
of all weight losses (Figure 3.7D).
3.5 Discussion
The findings from this study indicate that overall, 3 years post-weight loss,
people who regain their weight lost have a deterioration of cardiometabolic risk factors,
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whereas maintainers have stabilization or further improvement. We sought to identify a
weight regain cut point across both sex and both initial weight loss subgroups that
maximized the cardiometabolic risk difference between maintainers and regainers, but
found none. The relationships varied by risk factor, sex and initial weight loss subgroup.
Among those who lost ≥10% initial weight, the results across most risk factors indicated
maximal risk factor reduction among maintainers who successful maintained 100% of the
lost weight (0% regain cut point). Successfully maintaining the majority (≥ 75%) of the
weight loss (25% regain cut point) was also associated with significant maintenance of
improved risk factors or no significant change across all outcomes. Several risk factors
exhibited a linear pattern across increasing percent of weight loss regained cut points,
whereas others showed that maintaining any amount of weight loss was significantly
better than regaining weight across cut points, but the association did not change across
cut points. Men and women responded similarly to weight regain when assessed based on
fasting glucose and HbA1c concentrations, but differently based on plasma lipids and
blood pressure.
High rates of weight regain across lifestyle intervention programs raise the
question of whether weight regain could have adverse effects on cardiometabolic risk
factors after the initial weight intensive loss intervention has ended.7,8 This study suggests
that the answer to that question is dependent on the definition used for successful weight
loss maintenance, and the relative amount of weight regain, and sex. Five cut point
definitions were examined and a range of cardiometabolic risk factors were evaluated.
The findings of this and prior studies support the benefit of losing weight and maintaining
all 100% of the loss for lowering cardiometabolic risk.3,20,21 However, a recent
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investigation comparing different criteria used to define maintainers and regainers
highlighted the limitation of using the strict 0% regain cut point.13 The strict cut point
dramatically reduces the proportion of participants who are maintainers that can be used
to evaluate the outcomes. Because regaining less than 25% of weight lost was also
beneficial across risk factors among maintainers this cut point may be a more useful
criterion to evaluate cardiometabolic risk factors and weight loss maintenance.
The pattern in which the association between post-intervention change in
cardiometabolic risk factors and maintaining weight or regaining weight was different by
risk factor, sex and initial weight loss subgroup. Across most risk factors, the change in
association with increasing cut point of weight regain was more likely to be linear among
those who lost ≥10% initial weight loss, indicating a larger benefit of keeping off more
weight for those who have lost the most weight, whereas those who lost <10% initial
weight, keeping it off is better than regaining, but it appears the degree of maintaining the
weight loss has little impact on cardiometabolic risk factors. Among those with <10%
initial weight loss, the linear pattern with increasing cut point was shown in waist
circumference, fasting glucose and HbA1c, but not in lipid concentrations or blood
pressure. For most of the results, waist circumference and HbA1c concentrations showed
a similar pattern of associations across initial weight loss and sex subgroups. This is
likely representative of the association between waist circumference and insulin
resistance.22,23
This study has several limitations. It did not examine the effect of weight loss and
regain on the incidence of cardiovascular disease outcomes. Change in cardiometabolic
risk factors cannot be extrapolated to long-term disease outcomes. While the Look
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AHEAD trial is currently the largest lifestyle intervention trial in individuals with type 2
diabetes, the generalizability of these findings are limited to this subgroup. Strengths of
the study are that the Look AHEAD trial resulted in a wide range of successful weight
loss maintenance and magnitudes of weight regain patterns. Additionally, the Look
AHEAD trial was of sufficient size to allow for analyses by sex.
In conclusion, after a successful one-year intensive lifestyle-induced weight loss
intervention that resulted in beneficial changes in cardiometabolic risk factors,
subsequent weight regain resulted in a deterioration of these benefits, whereas weight
maintenance resulted in no significant changes or significant improvement to risk factors.
Responses varied across cardiometabolic risk factors, and across initial weight loss and
sex subgroups. No single cut point of percent weight loss regained was identified to
maximize the risk difference between maintainers and regainers. Among maintainers,
maintaining all of the weight lost was the most beneficial across all risk factors, but
keeping off 75% of the weight loss was also beneficial. The findings from this study
emphasize the need to further investigate long-term impact of partial weight regain after a
weight loss intervention given the challenge of keeping off all of weight lost.
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3.7. Tables and Figures

Table 3.1. Sample size [n (%)] in each maintainer and regainer group according
to each weight regain categorization criteria. Percentages are of maintainers and
regainers within sex by each categorization criteria. Each row corresponds to the
entire sample (n=1561)

0%
25%
50%
75%
100%

<10% Initial Weight Loss
(n=797)
Men (n=296)
Women (n=501)
Maintain Regain
Maintain
Regain
82 (28)
214 (72) 125 (25)
376 (75)
117 (40)
179 (60) 169 (34)
332 (64)
138 (47)
158 (53) 230 (46)
271 (54)
179 (60)
117 (40) 291 (58)
210 (42)
228 (77)
68 (23) 342 (68)
159 (32)

≥10% Initial Weight Loss
(n=764)
Men (n=325)
Women (n=439)
Maintain
Regain Maintain Regain
34 (10)
291 (90)
63 (14)
376 (86)
102 (31)
223 (69) 138 (31)
301 (69)
195 (60)
130 (40) 244 (56)
195 (44)
264 (81)
61 (19) 331 (75)
108 (25)
302 (93)
23 (7)
388 (88)
51 (12)
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Table 3.2. Characteristics of participants by initial weight loss and sex
<10% Initial Weight
Loss (n=797)

≥10% Initial Weight Loss
(n=764)
P value‡

P value§

(men)

(women)

Men

Women

Men

Women

n

296

501

325

439

Age mean (SD) (yrs)

60.3 ± 6.8

57.9 ± 6.6*

60.5 ± 6.7

58.6 ± 7.0*

0.7079

0.0927

35.3 ± 6.2

35.8 ± 6.1

35.1 ± 5.5

36.7 ± 6.0*

0.7089

0.0163

6.2 ± 3.5

6.5 ± 3.3

14.6 ± 7.2

13.8 ± 5.8†

<0.001

Baseline BMI
mean (SD) (kg/m2)
Initial weight loss
median (IQR) (%)

<0.001

Hormone replacement therapy n (%)
Yes

-

279 (55.8)

-

247 (57.2)

-

No

-

221 (45.6)

-

185 (42.8)

-

0.6727

Race n (%)
White

219 (74.0)

297 (59.3)*

283 (87.1)

296 (67.4)*

Black

43 (14.5)

140 (27.9)

24 (7.4)

67 (15.3)

Other

34 (11.5)

64 (12.8)

18 (5.5)

76 (17.3)

137 (46.3)

206 (14.1)

167 (51.9)

167 (38.2)*

Never

81 (27.4)

149 (29.7)

83 (25.8)

141 (32.3)

Went on

70 (23.7)

133 (26.6)

56 (17.4)

106 (24.3)

Went off

8 (2.7)

13 (2.6)

16 (5.0)

23 (5.3)

Always

238 (81.2)

388 (78.7)

223 (69.0)

314 (72.4)

Never

23 (7.9)

42 (8.5)

36 (11.2)

53 (12.2)

Went on

22 (7.5)

37 (7.5)

10 (3.1)

15 (3.5)

Went off

10 (3.4)

26 (5.3)

54 (16.7)

52 (12.0)

Always

197 (66.6)

354 (70.7)

216 (66.7)

303 (69.0)

Never

41 (13.9)

79 (15.8)

61 (18.8)

68 (15.5)

Went on

46 (15.5)

55 (11.0)

24 (7.4)

48 (10.9)

Went off

12 (4.0)

13 (2.6)

23 (7.1)

20 (4.6)

0.002

<0.001

Medication Use
Always

0.1057

<0.001

0.1225

<0.001

0.003

0.4462

0.8154

0.9238

Cardiometabolic Risk Factors
HDL Cholesterol (mmol/L)
Baseline

1.02 ± 0.25

1.24 ± 0.32*

1.02 ± 0.23

1.24 ± 0.32*

Year 1

1.07 ± 0.25

1.31 ± 0.33*

1.18 ± 0.28

1.37 ± 0.34*
1.69 ± 1.24
1.33 ±
0.83†

<0.0001

0.016

Triglycerides (mmol/L)
Baseline

1.71 ± 1.22

1.62 ± 1.15

1.68 ± 1.10

Year 1

1.46 ± 1.01

1.56 ± 1.02

1.08 ± 0.65

Glucose (mmol/L)

0.556
<0.001

0.4304
<0.001
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<10% Initial Weight
Loss (n=797)
Men

Women

≥10% Initial Weight Loss
(n=764)
Men

Women

Baseline

8.52 ± 2.57

8.20 ± 2.35

8.20 ± 2.18

8.29 ± 2.40

Year 1

7.22 ± 1.94

7.17 ± 2.03

6.65 ± 1.47

6.55 ± 1.65

Baseline

7.30 ± 1.10

7.20 ± 1.1

7.0 ± 1.1

7.1 ± 1.1*

Year 1

6.60 ± 0.90

6.70 ± 0.9

6.1 ± 0.7

6.3 ± 1.0*

P value‡

P value§

(men)

(women)

0.0952
<0.001

0.5568
<0.001

HbA1c (%)
0.0011
<0.001

0.2415
<0.001

Waist Circumference (cm)
Baseline

118.4 ± 14.9

109.3 ± 13.6*

118.4 ± 13.4

Year 1

112.1 ± 14.3

103.1 ± 12.1*

103.8 ± 13.1

129.9 ± 16.5

127.4 ± 17.1*

127.7 ± 16.0

122.7 ± 16.4

122.4 ± 17.7

117.6 ± 16.7

Systolic BP
(mmHg)
Baseline
Year 1

110.4 ±
12.9*
98.5 ±
12.4*

0.9854
<0.001

0.1845
<0.001

129.7 ± 18.6
120.1 ±
18.9*

0.0961

0.0516

0.001

0.0548

Diastolic BP (mmHg)
Baseline

74.3 ± 8.9

68.5 ± 9.5*

72.1 ± 8.8

67.3 ± 9.6*

0.0036

0.0537

Year 1

70.3 ± 9.1

66.2 ± 9.6*

67.5 ± 8.9

63.9 ± 9.2*

0.001

0.002

*p<0.05 for comparison of means ± SD according to Student’s t-test or proportions according to Pearson’s χ2 test
between men and women within weight loss group
† p<0.05 for comparison between medians ± IQR of men and women within weight loss group according to Mann–
Whitney U test
Abbreviations: BMI: body mass index; BP: blood pressure; HDL: high-density lipoprotein; LDL: low-density
lipoprotein
‡ Comparison of means ± SD according to Student’s t-test or proportions according to Pearson’s χ2 test between <10%
and ≥10% initial weight loss groups among men
§ Comparison of means ± SD according to Student’s t-test or proportions according to Pearson’s χ2 test between <10%
and ≥10% initial weight loss groups among women
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Figure 3.1. Flow chart of included Look AHEAD trial participants.
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Figure 3.2. Adjusted mean difference in change in A) HDL cholesterol, B)
triglyceride, C) systolic blood pressure and D) diastolic blood pressure from years 1
to 4 between maintainers and regainers defined by five cut point percentages of
weight regain. Analyses were by initial weight loss and sex and each data point is representative of an
independent ANCOVA model in the entire sample within each sex and initial weight loss subgroup. Means
adjusted for age, race, hormone replacement therapy (among women), baseline BMI, initial weight loss,
baseline waist circumference, change in waist circumference from baseline to year 1, use of
thiazolidinediones, and use of lipid-lowering medication. Data reported as mean difference and 95% CI.
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Figure 3.3. Adjusted mean difference in change in A) waist circumference B) fasting
glucose and C) HbA1c from years 1 to 4 between maintainers and regainers defined
by five cut point percentages of weight regain. Analyses were by initial weight loss and sex
and each data point is representative of an independent ANCOVA model in the entire sample within each
sex and initial weight loss subgroup. Means adjusted for age, race, hormone replacement therapy (among
women), baseline BMI, initial weight loss, baseline waist circumference, change in waist circumference
from baseline to year 1 and use of diabetes medication. Data reported as mean difference and 95% CI.
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Figure 3.4. Adjusted mean change in A) HDL cholesterol, B) triglyceride, C) systolic
blood pressure and D) diastolic blood pressure from years 1 to 4 among maintainers
defined by five cut point percentages of weight regain. Analyses were by initial weight loss
and sex and each data point is representative of an independent ANCOVA model in the entire sample
within each sex and initial weight loss subgroup. Means adjusted for age, race, hormone replacement
therapy (among women), baseline BMI, initial weight loss, baseline waist circumference, change in waist
circumference from baseline to year 1, use of thiazolidinediones, and use of lipid-lowering medication.
Data reported as mean difference and 95% CI.
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Figure 3.5. Adjusted mean change in A) waist circumference, B) fasting glucose and
C) HbA1c from years 1 to 4 among maintainers defined by five cut point
percentages of weight regain. Analyses were by initial weight loss and sex and each data point is
representative of an independent ANCOVA model in the entire sample within each sex and initial weight
loss subgroup. Means adjusted for age, race, hormone replacement therapy (among women), baseline BMI,
initial weight loss, baseline waist circumference, change in waist circumference from baseline to year 1,
use of thiazolidinediones, and use of diabetes medication. Data reported as mean difference and 95% CI.
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Figure 3.6. Adjusted mean change in A) HDL cholesterol, B) triglyceride, C) systolic
blood pressure and D) diastolic blood pressure from years 1 to 4 among regainers
defined by five cut point percentages of weight regain. Analyses were by initial weight loss
and sex and each data point is representative of an independent ANCOVA model in the entire sample
within each sex and initial weight loss subgroup. Means adjusted for age, race, hormone replacement
therapy (among women), baseline BMI, initial weight loss, baseline waist circumference, change in waist
circumference from baseline to year 1, use of thiazolidinediones, and use of lipid-lowering medication.
Data reported as mean difference and 95% CI.
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Figure 3.7. Adjusted mean change in A) waist circumference, B) fasting glucose and
C) HbA1c from years 1 to 4 among regainers defined by five cut point percentages
of weight regain. Analyses were by initial weight loss and sex and each data point is representative of
an independent ANCOVA model in the entire sample within each sex and initial weight loss subgroup.
Means adjusted for age, race, hormone replacement therapy (among women), baseline BMI, initial weight
loss, baseline waist circumference, change in waist circumference from baseline to year 1, use of
thiazolidinediones, and use of diabetes medication. Data reported as mean difference and 95% CI.
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4.1 Abstract
Background: While lifestyle interventions have resulted in successful weight loss,
strategies to maintain the weight loss have been less successful. Prior studies have
identified many factors associated with weight regain, but none have examined them
within one analytic process.
Methods: A prediction model of 3-year weight regain after a 1-year intensive lifestyle
intervention was developed and internally validated in 1791 overweight or obese adults
with type 2 diabetes from the Look AHEAD trial who lost ≥3% of initial weight by the
end of year 1. Weight regain was defined as regaining none of weight lost during the first
year at the end of year 4. Predictors from demographic, psychosocial, clinical and
behavioral domains were entered into a stochastic gradient boosting prediction model.
Outputs from stochastic gradient boosting were added to a stepwise logistic regression for
interpretability and utility.
Results: At the end of year 4, 349 participants maintained 100% of initial weight loss
(0% regain) and were defined as “maintainers”, thus, 1442 were considered “regainers.”
The top predictors were initial weight loss, baseline BMI, interaction between initial
weight loss and BMI, weighing of self and use of meal replacements. The model
performed fairly in the training and test models (ROC AUC [95%CI]: 0.79 [0.76, 0.82]
and 0.67 [0.64, 0.70], respectively). The logistic regression model performed similarly
(0.69 [0.65, 0.72] and 0.67 [0.64, 0.71], respectively.
Conclusion: Initial weight loss, baseline BMI, meal replacement use and weighing of
self were top predictors across all or most of the models tested. The combination of
machine learning and stochastic gradient boosting was effective in identifying the
strongest predictors of weight regain while considering variables from multiple domains.
External validation is needed, but this methodology can assist in developing strategies to
lower rates of post-loss weight regain.
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4.2 Introduction
Behavioral lifestyle modifications of different designs and lengths have proven
effective at producing successful weight loss in overweight and obese individuals.1,2
While these interventions have resulted in successful weight loss, a meta-analysis of
weight loss maintenance trials concluded that rates of successful weight loss maintenance
are low, averaging 50% of weight loss regained.3 Weight loss is associated with
cardiometabolic risk benefit and reduction in type 2 diabetes risk,2,4 but two recent
investigations in a cohort of individuals with type 2 diabetes, the Look AHEAD trial,
have shown that weight regain is associated with a deterioration of cardiometabolic
factors, and weight loss maintenance is associated with no significant change or an
improvement in these risk factors above and beyond the impact of initial weight loss.5
(Chapter 3) In a separate cohort of individuals with pre-diabetes, the Diabetes Prevention
Program, maintenance of weight loss was associated with lower incidence of type 2
diabetes.4 This evidence and others suggest maintaining weight loss is a critical factor in
reducing cardiometabolic risk.
The limited success in weight loss maintenance and high rates of weight regain
raises the question: why are some individuals successful at maintaining weight loss and
others not? Multiple individual factors across many domains associated with successful
weight loss maintenance have been identified, including, but not limited to: higher
percent initial weight loss, being female, having a college degree, reaching selfdetermined weight loss goals, engaging in regular physical activity, healthy eating
behaviors (eating breakfast, self-imposed control over overeating, self-monitoring of
body weight and dietary behavior), stress management, self-efficacy, better intervention
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adherence and lower total energy intake.6–10 Several factors associated with higher risk of
weight regain have likewise been identified, including, but not limited to: disinhibited
eating, binge eating, eating out in restaurants and fast food establishments, greater
feelings of hunger, antidepressant use, and pain.6,11–14
The diversified list of factors associated with successful weight loss and weight
regain highlights the complexity of weight loss maintenance and how obesity is a
multifactorial disease stemmed from an interrelated set of factors. The multifactorial
etiology of obesity would benefit from an analytic approach that integrates many
variables simultaneously rather than examining a limited number of variables in one
analysis. In fact, the recent NIH working group report “Innovative Research to Improve
Maintenance of Weight Loss” identified a need for more cross-discipline considerations
of weight management and evaluation of a wide range of predictors, because individual
predictors may not provide adequate power in isolation, but may be important
contributors in a comprehensive model.15 A validated predictive model of weight regain
could help guide future obesity treatment and weight maintenance regimens.
The objective of this study was to develop and internally validate a prediction
model of weight regain with the inclusion of predictors from demographic, clinical,
behavioral and psychosocial domains in one analytic process using machine learning
techniques and logistic regression concurrently. Secondary objectives included
comparing prediction models in initial weight loss subgroups using two different weight
regain definitions. We hypothesized that models among individuals with different initial
weight loss and with different weight regain definitions would yield different top
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predictors. The prediction models were developed and internally validated using
publically available data from the Look AHEAD trial.
4.3 Methods
Study Population
A detailed description of study design and procedures from the Look AHEAD
trial have been published elsewhere.16 Briefly, the Look AHEAD trial was a 16-site
multicenter, randomized, controlled clinical trial designed to assess the association
between an intensive lifestyle intervention to promote weight loss compared to standard
care on cardiovascular disease risk in individuals with a BMI >25 kg/m2 (or >27 kg/m2 if
on insulin) and a type 2 diabetes diagnosis. The one year intensive lifestyle intervention
targeted ~7% weight loss. Included were group support sessions, calorie and fat gram
restrictions, and recommendations to replace breakfast and lunch with provided meal
replacements and increase physical activity (≥175 min/week of moderately intense
activity, to be achieved gradually in first 6 months and increase to ≥200 min/week if first
goal achieved in second 6 months). The intervention was then altered to target weight
maintenance. The three-year maintenance phase included monthly group meetings, and
recommendations to use a single meal replacement per day and continue engaging in
regular physical activity. Analyses were conducted in the subset of participants from the
publically available data of the Look AHEAD trial who were assigned to the intensive
lifestyle intervention group, lost ≥3% of initial body weight and had follow-up weight
data through the end of year 4 (n=1791; Supplemental Figure 4.1).
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Procedures
Defining Successful Weight Loss Maintenance and Weight Regain
Body weight at baseline, year 1 and year 4 were measured during study visits
using a calibrated digital scale. Height (also measured during study visit) was measured
with wall-mounted calibrated stadiometer. Height and weight were used to calculate body
mass index (BMI) at baseline. Initial weight loss was calculated using the difference
between body weight measurements at baseline and year 1. Weight regain was defined
using the following percentage calculation: weight change during 3 years of weight
maintenance as a percentage of the weight loss in the first year of intensive lifestyle
intervention {([year 4 weight – year 1 weight]/[year 1 weight – baseline weight]) x
100}.17–20 Body weight data collected at baseline, year 1 and year 4 were used to
calculate a percentage value for each person. Successful weight loss maintenance was
defined as regaining 0% of weight lost, which represents keeping off all of lost weight or
losing additional weight after the 1-year intervention (maintainers). Weight regain was
defined as regaining more than 0% of weight lost, which represents regaining any
quantity of the weight lost (regainers). In one sensitivity analysis, weight regain was also
defined using the 25% cut point instead of 0% with the same percentage calculation. The
25% cut point defines maintainers as those who kept off at least 75% of the weight
initially lost and regainers as regaining >25% of the weight initially lost. The use and
rationale of the 0% and 25% cut points have been described previously (Chapters 2 and
3). In brief, in previous work, the concordance among previously published criteria to
define maintainers and regainers were evaluated. Additionally, different cut points were
evaluated as to how they maximize risk difference between maintainers and regainers.
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Within the calculation of percent of weight loss regained, 25% (allowing up to 25% of
weight to be regained as part of maintenance) was the best for sample size and second
best for maximizing the risk difference between maintainers and regainers. The 0% cut
point (no regain) is the best for cardiometabolic risk reduction but has sample size
limitations because fewer people keep off all weight lost.
Predictor Measures
A complete list of predictors of interest and time points of data collection is
included in Supplemental Table 4.1. Demographic characteristics of age, sex, race,
menopause status, and education; lifetime weight history; and health status questions
regarding diabetes duration, diabetes family history, CVD history, diabetes medication
use, hypertension medication use (time points), dyslipidemia, orlistat use, and hormone
replacement therapy were collected at baseline using self-reported questionnaires. Data
was also collected via self-reported questionnaires for the following behaviors: alcohol
intake, smoking status, eating out in restaurants, eating out in fast food establishments,
eating breakfast, antidepressant medication use, food cravings, binge eating and weight
control behaviors included (purchase of exercise equipment, weighing self, recording
food intake, recording exercise, counting calories, using diet pills, increasing fruit and
vegetable intake and participating in weight loss programs). An unweighted body weight
control summary score with the body weight control behaviors was created for the
present analysis. Each weight control component was given an assigned 1 for yes or 0 for
no, except for weighing of self. For weighing of self, the question was constructed with
different frequencies, including never, less than once a month, monthly, weekly, daily
and more than daily. For the summary score, never and less than monthly was assigned 0,
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less than monthly was assigned 0.25, monthly was assigned 0.5, weekly was assigned
0.75 and daily or more than daily was assigned 1. The sum of the weight control
components yielded the weight control summary score.
Physical health and the mental health scores were derived from the Medical
Outcomes Study Short Form (SF-36), a self-reported measure of quality of life.21 The SF36 provides eight subscale scores: general health perceptions, physical functioning, role
limitations due to physical problems, bodily pain, mental health limitations due to
emotional problems, vitality and social functioning. Two summary scores can also be
derived: the physical component summary (PCS) score and mental component summary
(MCS) score. The physical health subscale scores, the PCS and the MCS were included
in the present analysis. Participants also completed the Beck Depression Index (BDI).
Higher score on the BDI are indicative of higher depression symptom burden.22
Data on meal replacement use (shakes and bars) and number of minutes of
exercise recorded were extracted from intervention diaries. Intervention session
attendance was recorded by study staff. In cases where participants failed to submit
records at a given study visit, they were asked to bring the data to the next visit. If they
did not, they received a value of 0.
Statistical Methodology and Analysis
A schematic of the five steps of the statistical analysis are summarized in Figure 4.1.
1) Correlated Variables
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The initial list of included predictors included summary scores and corresponding
components (i.e. SF-36 physical component score and pain, general health) as well as the
same variable at different time points (baseline, year 1 and change in first year).
Additionally, the initial list of predictors included variables capturing similar information
(i.e. antidepressant use and SF-36 mental health summary score to capture depression).
To limit the correlation between variables in the final model, we first examined the
correlation between variables was examined with Pearson partial correlations. Next, we
included variables with a correlation ≥ 0.70, variables from the same measurement tool,
or the same measurement at different time points in a random forest tree ensemble model
to identify the variable within sets of similar variables that would provide the highest
predictive capability. Random forest tree ensembles were run with 200 repeated trees, a
maximum of 3 predictors per tree and 15% of the sample was separated for internal
validation. The variable with the highest relative variable importance score in each subset
of correlated variables was chosen to be included for subsequent modeling.
2) Stochastic Gradient Boosting
The machine learning prediction model of weight regain was generated using
stochastic gradient boosting, a type of ensemble machine learning method based on an
ensemble of decision trees that predict classification, and the data is trained by fitting
trees based on residual error. The depth of the tree was limited to 4 nodes per tree. The
trees were repeated 200 times. Five-fold cross-validation was used for internal validation
to generate training and test sets. Penalty of 1 was set for missing data to favor variables
with more complete data. Every variable included in the prediction model had less than
10% of data missing. Receiver Operating Characteristic (ROC) curve area under the

105
curve (AUC) values will be generated for the stochastic gradient boosting model to
capture predictive capability. The ROC AUC is a function of the true positive rate
(sensitivity) and false positive rate. The higher the AUC, the more accurately the model
can distinguish maintainers from regainers.
3) Variable Transformations
One-way partial dependence plots from stochastic gradient boosting were used to
determine variable transformations for the logistic regression model.23
4) Interactions
Two-way partial dependence plots were used to identify the top interactions in the
machine learning model that provided the most predictive capability.
5) Logistic Regression
The top variables from the variable importance plots of the stochastic gradient
boosting model with transformations and top interactions from partial dependence plots
were added to a logistic regression model. The full logistic regression model was
maintained for interpretability of the top variables from the stochastic gradient boosting,
but stepwise elimination was then applied to develop and internally validate a logistic
regression-version of the prediction model. Receiver Operating Characteristic (ROC)
curve area under the curve (AUC) values will be generated for the logistic regression
model to capture predictive capability.
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Sensitivity Analysis
The primary prediction model was developed using steps 1-5 with the 0% cut
point of weight regain. The first sensitivity analysis examined if the prediction model
would be different if a 25% cut point of weight regain were used instead of a strict 0%.
The second sensitivity analysis examined if the prediction model would be different if
individuals with 3-10% (<10%) and ≥10% initial weight loss in the first year were
examined separately. Steps 3-5 used for the primary model (Model 1) (0% cut point in
entire sample [n=1791]) were repeated in five sensitivity analysis models: Model 2: 25%
cut point in entire sample (n=1791), Model 3: 0% cut point in <10% initial weight loss
subset (n=927), Model 4: 25% cut point in <10% initial weight loss subset (n=927),
Model 5: 0% cut point in ≥10% initial weight loss subset (n=864), and Model 6: 25% cut
point in ≥10% initial weight loss subset (n=864).
Random forest tree ensembles and stochastic gradient boosting (TreeNet) were
conducted in Salford Systems. The logistic regression and partial correlations were
conducted in SAS v9.4 (Cary, NC).
4.4 Results
At the end of year 4, 349 individuals (19%) maintained 100% of initial weight
loss (0% regain) and were defined as “maintainers”, thus, 1442 individuals (81%) were
defined as “regainers.” The number of maintainers and regainers in all models are
summarized in Supplemental Figure 1.
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Correlated Variables and Included Predictors
A list of the subsets of correlated variables, random forest variable importance
scores and the inclusion/exclusion status in the prediction models for each variable is
enumerated in Supplemental Table 4.2. Correlated variables measuring similar domains
included baseline BMI and lifetime maximum weight, SF-36 mental health summary
score and Beck Depression Score, SF-36 PCS score and its components (pain, rolephysical, physical functioning, general health), and weight control summary score and its
components (weighing self, recording food intake, recording exercise, using exercise
equipment, counting calories, using diet pills, participating in a weight loss program).
Correlated measures from the same tool at different time points (baseline, year 1 or
during intervention) included the SF-36 PCS score and its components, antidepressant
medication use, SF-36 MCS score, Beck Depression Index, diabetes medication use,
hypertension diagnosis or use of anti-hypertensive medication, dyslipidemia diagnosis or
use of lipid-lowering medication and the weight control summary score and its
components. One variable from each subset was included in the final model to limit
correlation between variables. The final list of the 36 variables included in the prediction
models with descriptions and time point of data collection are summarized in Table 4.1.
Variable Transformations
A list of variables that were transformed (categorized, re-categorized or logtransformed), the details of the transformation and the data source of the transformation
are summarized in Supplemental Table 4.3. The following variables were transformed
(categorized or re-categorized) based on one-way partial dependence plots produced from
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stochastic gradient boosting: meal replacements consumed during the intervention, SF-36
physical health summary score at year 1, number of intervention sessions attended,
minutes of exercise recorded in a diary during intervention, eating out in restaurants or
fast food establishments, duration of diabetes at baseline, SF-36 mental health summary
score (change from baseline to year 1), and eating breakfast. Weighing self at baseline
and all weight loss history variables (losing 5-9 lbs, 10-19 lbs, 20-49 lbs, 50-79 lbs, 80-99
lbs or 100+ lbs since 20 years old) were transformed because of small effect sizes on oneway partial dependence plots and sample size constraints. The one-way partial
dependence plots showed that alcohol intake >30oz per week was predictive of weight
regain and not drinking at all was predictive of weight maintenance. However, few
individuals reported drinking >6.5 oz. of alcohol per week, so the alcohol data
transformation was based on both sample size and one-way dependence plots.
Primary Prediction Model (Model 1)
Machine Learning
Top Predictors and Interactions
The variable importance scores indicating relative predictive capability for each
variable in the primary model (Model 1: using the 0% cut point for weight regain in the
entire sample) are summarized in Table 4.2. Initial weight loss had the highest predictive
capability with a variable importance score of 100. Baseline BMI and meal replacement
use during the intervention period were the second strongest predictors (67.8 and 61.0,
respectively, Table 4.2). Larger initial weight loss, lower baseline BMI, and use of 200 to
600 meal replacements during the one year intervention were associated with higher
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likelihood of being a regainer than those who reported use of a lower or higher number of
meal replacements (Supplemental Figure 4.2). The interactions that added the most
predictive capability in stochastic gradient boosting (from two-way partial dependence
plots) for Model 1 were BMI and initial weight loss, meal replacements and initial weight
loss, and meal replacements and BMI. The interpretation of the interaction between
baseline BMI and initial weight loss from the stochastic gradient boosting two-way
partial dependence plot is provided in Figure 4.2. Larger percent initial weight loss is
associated with higher odds of regaining weight among individuals with a lower baseline
BMI <40). Individuals with a higher baseline BMI are more likely to maintain weight
loss at all percentages of initial weight lost.
Model Performance
The ROC AUC for the stochastic gradient boosting training and test models were
0.79 (95%CI 0.76, 0.82) and 0.67 (95%CI 0.64, 0.70), respectively (Figure 4.3A),
suggesting the model performed moderately in classifying maintainers and regainers in
internal validation.
Logistic Regression
The variables with the highest variable importance score (Table 4.2) and strongest
interactions from two-way dependence plots were added to a logistic regression model
with stepwise elimination. The beta coefficients and odds ratios for each variable
included in the final logistic regression are summarized in Table 4.3. The final logistic
regression model included baseline BMI, initial weight loss, the interaction between BMI
and initial weight loss, meal replacements, age, and antidepressant use. Within the
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logistic regression model, the interaction between baseline BMI and initial weight loss,
meal replacement use, age and antidepressant medication use were significant (Table
4.3). Reported moderate consumption of 200-600 meal replacements during the
intervention was associated with 55% higher odds of being a regainer compared to
consumption of <200 meal replacements (OR, 95% CI: 1.55 (1.11, 2.18), but not a higher
reliance on meal replacements. Every year increase in age was associated with a 3%
decrease in odds of being a regainer (OR, 95% CI: 0.97 (0.95, 0.99). Compared to
individuals who were never using antidepressant medication, those who went on
antidepressant medication during the first year were 58% less likely to be a regainer (OR,
95%CI: 0.42 (0.22, 0.77). The ROC AUC for the logistic regression training and test
models were 0.69 (0.65, 0.72) and 0.67 (0.64, 0.71), respectively (Figure 4.3B),
suggesting the model performed moderately in differentiating maintainers and regainers
in both the training and test sets from internal validation.
Sensitivity Analysis
The machine learning and logistic regression models were repeated for the
sensitivity analysis (Models 2-6) with the 25% cut point instead of 0%, and the <10% and
≥10% initial weight loss subgroups.
Machine Learning
Variable Importance
The variable importance rankings for all 36 predictors in each sensitivity analysis
model (Model 2-6) are summarized in Supplemental Table 4.4. The variable importance
score for variables that were in the top 10 predictors in at least one model are plotted in
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Figure 4.4. BMI and weighing self were in the top 10 predictors of all six models. Meal
replacements, number of intervention sessions attended and physical health summary
score were in the top 10 predictors among 5/6 of the models. Meal replacements and
sessions attended were not in the top 10 in Model 5 (0% cut point among ≥ 10% initial
weight loss) and physical health summary score was not in the top 10 for Model 4 (25%
cut point among <10% initial weight loss [was 11th]). Age and initial weight loss were in
the top 10 predictors among 4 of the 6 models. Age was not a top predictor in both ≥10%
initial weight loss subgroup models (Models 5 and 6) and initial weight loss was not a top
predictor in either initial weight loss subgroup model using the 25% cut point (Models 4
and 6). Weight loss history was among the top 10 predictors (top 5) in select models.
History of losing 10-19 lbs on purpose since age 20 years was a top predictor in the 25%
cut point overall model (Model 2) and in both ≥10% initial weight loss models (Models 5
and 6). History of losing 20-49 lbs was also a top predictor in Models 5 and 6. History of
intentional weight loss history was associated with higher odds of regaining weight
compared to those who reported never trying to lose weight.
Interactions
The interactions that added the most predictive capability in stochastic gradient
boosting (from two-way partial dependence plots) varied across sensitivity analyses. A
summary of the top interactions from each model is provided in Supplemental Table
4.5. The interactions for the primary model, the 25% model in the entire sample (Model
2), and both models in those with <10% initial weight loss (Models 3 and 4) mostly
included combinations of initial weight loss, baseline BMI, weighing self at baseline, and
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meal replacement consumption. For model 5, interactions included initial weight loss and
BMI as well as BMI and initial weight loss dyslipidemia.
Model Performance
The ROC AUC values from both stochastic gradient boosting and logistic
regression for both training and test models for the sensitivity analyses models (Models
2-6) and the primary model (Model 1) [for comparison] are summarized in Figure 4.4.
Based on ROC AUC values, all models performed similarly. Classification rates from
machine learning in the entire sample and separately among maintainers and regainers
were also evaluated. The classification rates from the training set for all models yielded
similar results as the test and are summarized in Supplemental Figure 4.3. The
classification rates for the test set for all models are summarized in Figure 4.5. The
percent of correctly classified prediction in the test set was about 60% across all models
except for a very low rate of 18% in Model 5 (Figure 4.6). Model 5 had a high contrast
in percent correct between maintainers and regainers. Model 5 correctly classified 93% of
maintainers and 7% of regainers. In the other models, the within-group classification was
not drastically different than the overall classification rate. Model 6 only correctly
classified 8% of maintainers. The other models, the within-group classification was not
drastically different than the overall classification rate.
The beta coefficients and odds ratios for the top variables for Models 2-6 are
summarized in Supplemental Tables 4.6-4.10. Similarly to Model 1, the top predictors
in the logistic regression mirrored the top predictors from the machine learning models.
In Model 2, the top predictors were age, meal replacement consumption, weighing self at
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baseline, and the interaction between weighing self and age (Supplemental Table 4.6). In
Model 3, the top predictors were initial weight loss, meal replacement consumption,
baseline BMI, weighing self at baseline, age and eating out in restaurants (Supplemental
Table 4.7). In Model 4, the top predictors were meal replacement consumption, weighing
self, age, education and history of cardiovascular disease (CVD) (Supplemental Table
4.8). In Model 5, top predictors were initial weight loss, baseline BMI and the SF-36
Physical Component Summary (PCS) score (Supplemental Table 4.9). Finally, in Model
6, the top predictors were SF-36 PCS score and number of intervention sessions attended
(Supplemental Table 4.10).
4.5 Discussion
Evidence indicates that there are many biological, psychological, environmental
and behavioral factors that contribute to weight regain after intentional weight loss. The
contributors to weight loss maintenance are complex and multidimensional. The present
study examined almost 40 variables from various domains with machine-learning
analytic techniques that to do not suffer from limitations of traditional models, to identify
which variables are the strongest predictors of weight regain. Additionally, given the
challenges of interpreting models from complex machine-learning techniques, we also
applied the information from the machine-learning generated prediction models to a
logistic regression model to enhance interpretability and model usability. We found that
initial weight loss, baseline BMI, meal replacement use and weighing of self were the
strongest predictors across all or most of the models. History of weight loss was a strong
predictor among individuals with larger initial weight loss. The prediction models
performed moderately in the sensitivity analyses.
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Recent research has highlighted the challenges imposed by the absence of a
standard definition of successful weight loss maintenance.15,17 Investigating potential
difference when two cut points are used to dichotomize weight maintainers and regainers,
25% and 0% of weight lost maintained/regained, indicated that there was little difference
in the prediction models.
Prior work in the Look AHEAD trial suggests that individuals with <10% and
≥10% initial weight loss have differences in cardiometabolic risk factors in response to
weight regain and differences in 10-year cardiovascular disease incidence. These data
indicate the importance of examining these initial weight loss groups separately.5,24
(Chapter 3) The results showed differences in top predictors from models in individuals
with <10% and ≥10% initial weight loss. Body weight variables (baseline BMI, weight
loss history and initial weight loss during intervention) were important predictors in
models in the entire sample and in those who <10% initial weight loss, whereas physical
health (physical functioning, physical role, pain and general health) and weight loss
history were top predictors among those ≥10% larger initial weight loss. The models by
initial weight loss subgroups did not greatly differ in model performance. The present
study supports the continued need to examine initial weight loss subgroups separately,
given the differences in top predictors.
In this analysis, many of the top interactions across models included initial weight
loss. The variables interacting with initial weight loss were baseline BMI, meal
replacements recorded in diaries, self-weighing at baseline, intervention sessions
attended, age and change in dyslipidemia status over the course of the first year.
Univariate analyses showed that larger weight loss was associated with higher odds of
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weight regain, but the interactions limit our ability to draw conclusions about the
relationship between initial weight loss and weight regain without considering other
variables. For example, in the interaction between initial weight loss and baseline BMI,
larger percent initial weight loss was associated with weight regain among individuals
with a lower BMI at baseline (≤40). Individuals that were heavier at baseline, BMI >40,
were more likely to maintain across different percentages of weight loss. The existing
evidence is conflicting as to directionality of the relationship between initial weight loss
and weight loss maintenance/regain. Several studies concluded that larger initial weight
loss was associated with higher odds of weight regain.8,25,26 Other studies, including the
Look AHEAD trial, concluded that larger weight loss was associated with greater success
with maintenance.27–30 The difference in conclusions about initial weight loss could be
due to differences in baseline BMI in participants, because the absolute weight associated
with a percent change is dependent on starting weight.
While some of the top predictors identified by machine-learning varied across the
initial weight loss models, the model performance and predictive capability did not vary
across the examined models. All test set prediction models performed moderately and
yielded similar misclassification rates of about 40%. Specific rates of correct
classification within the maintainer group indicated that the percent of individuals
correctly classified as maintainers was higher than correctly classified regainers among
most models. These data suggest the reason for the high misclassification rates was
driven by the large variance in the amount of weight regained among regainers using both
the 0% and 25% definitions. For both 0% and 25% cut points, regainers could gain
anywhere from 1-100% or 26-100% of weight lost, respectively. Our results showed a

116
lower misclassification rate among maintainers, and this observation was stronger in the
models using the 0% cut point. This cut point resulted in a more homogenous group of
maintainers than definitions with weight regain included in maintenance. However, the
0% cut point requires maintainers to keep off 100% of weight lost, which could be
difficult to sustain. Although the more flexible 25% cut point allows more regain to be
considered successful, it added more heterogeneity to the maintainer group, which likely
contributed to the increased misclassification rates. It would be useful in future
applications of this methodology to have additional subgroups of regainers, perhaps small
regain and large regain, to reduce some of the heterogeneity and improve classification.
The top predictors and model performance were similar between the machine
learning and logistic regression models, particularly in the test sets. The machine-learning
training sets had better predictive capability than those of the logistic regression, because
they included all 36 variables and could provide better prediction with the repetition of
200 prediction trees. Information from the machine-learning was used to add top
predictors to the logistic regressions, so the proximity of the logistic regression training
results to the test results is logical given the methodology. Most of the predictors in the
logistic regression models after stepwise elimination were also top predictors from the
machine-learning. This similarity proves the utility of applying the machine-learning
“black box” method to an interpretable regression model. Some variables were identified
as top predictors by machine-learning, but not by the logistic regression. A potential
reason for this discrepancy could be methodological difference in variable selection.
Despite a few contrasts, the similarity in model performance between the logistic
regression and machine-learning models demonstrated that the robust information from
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machine-learning could be applied to a logistic regression that could not normally handle
a large volume of variables to yield a much simpler, yet equally predictive model.
This study has several limitations. First, given the utilization of a single data set,
we were able to internally validate the prediction models with cross-validation, but we
did not externally validate the model using another data set. Second, since meal
replacement data from food frequency questionnaires were only collected from 50% of
the sample, and the Paffenbarger questionnaire relies on recall to remember exercise, we
chose to include meal replacement consumption and minutes of exercise from diary data
recorded during the intervention. When participants did not bring them to the next visit,
values were assumed to be zero. Therefore, some data may be missing in individuals who
are less engaged in the intervention and/or less motivated. Third, because this study was
conducted in individuals who have type 2 diabetes, were taking medications to treat the
diabetes, and were following a specific intervention including meal replacements and
study visits, the exact prediction models generated by this study could not be used in an
external setting that did not collect similar data. However, given the consistency across
models of weight-related variables and many questions asked at baseline, most of the
variables we identified as top predictors could likely be used in other settings. Finally,
because we included baseline, year 1 and year 4 body weight data to classify maintainers
and regainers, timing of weight regain and fluctuation of weight during the 3-year
maintenance period was not captured in this study.
Despite these limitations, this study has several strengths. Given that the Look
AHEAD trial was conducted in about 5,000 individuals, 1,800 of which successfully lost
at least 3% of their initial weight in the intervention group. These participants exhibited a
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large range in successful weight loss maintenance, providing an excellent dataset to study
weight regain. Additionally, the use of machine-learning techniques in conjunction with
logistic regression models allowed for the examination of multiple predictors
concurrently and was able to provide a more interpretable prediction model than the use
of only a single method. The methodology also allowed for the assessment of correlated
variables in a topic area in which many factors are interrelated, and it allowed us to
objectively choose which time point is most predictive for variables collected at several
time points.
To our knowledge, this is the first study using machine-learning analytic
techniques to examine clinical, psychological and behavioral factors associated with
weight regain in a single analysis. The findings from this study supports the value of
using regression in conjunction with machine-learning prediction modeling to develop a
prediction model with improved interpretation and utility in external data sets. These
techniques can be applied to future analytic investigations of weight regain using other
data sets. However, further external validation is needed to verify if the prediction models
are accurate in other data sets and if the findings are generalizable to populations that do
not have type 2 diabetes. Based on the top predictors in the present study, an individual’s
weight loss and self-monitoring history, baseline BMI and intervention behaviors, such as
initial weight loss and intervention adherence, can be used to predict whether an
individual will successfully maintain their weight loss and on that basis of these data
inform the development of personalized recommendations to improved weight loss
maintenance and prevent weight regain.
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4.6 Tables and Figures
Figure 4.1. Schematic of methodology and statistical analysis
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Table 4.1. List of variables in prediction models
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Table 4.2. Variable importance for primary model
(Model 1). Variable importance scores are relative
rankings of each variable’s predictive capability.
Variable
Initial weight loss
BMI
Meal replacements
Weighing self
Age
SF-36 PCS Score
Antidepressant use
Number of intervention sessions attended
History of losing 50-79 lbs
History of losing 10-19 lbs
Minutes of exercise recorded
Smoking
Race
Eating out in restaurants
Duration of diabetes
SF-36 MCS Score
History of losing 5-9 lbs
History of losing 20-49 lbs
Diabetes Medication Use
CVD History
Hypertension / use of anti-hypertensive medication
Eating out in fast food locations
Alcohol consumption
Dyslipidemia / lipid medication use
Education
History of losing 80-99 lbs
Eat breakfast
Use Orlistat
Purchased exercise equipment
History of losing 100+ lbs
Family history of diabetes
Food cravings
Sex
Menopause status
History of binge eating
Hormone replacement therapy use

Score
100.0
67.8
61.0
47.9
45.6
45.2
44.6
42.5
40.6
39.4
38.8
37.8
32.7
31.2
30.8
29.5
28.8
27.9
26.8
25.9
25.7
24.6
16.9
15.1
14.8
14.4
11.9
11.9
11.69
9.88
8.85
7.36
7.15
0
0
0

124
Figure 4.2. Two-way partial prediction
plot for the interaction between baseline
BMI (BMI) and percent of initial weight
loss in the first year (PCTWT01). The BMI
and PCTWT01 axes represent the value of each
variable. The Output axis represents the effect of
baseline BMI and initial weight loss, while averaging
the effects of all other variables. The interpretation is
like a log-odds, with positive values indicative of
higher likelihood of being a regainer (red), negative
values indicative of higher likelihood of being a
maintainer (blue), and a value of 0 is no effect (green).

A
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Table 4.3. Logistic regression beta coefficients and odds ratios for primary model
(Model 1) after stepwise elimination. Significant odds ratios are in bold font.
Variable

Comparison/Units

β

SE

OR (95% CI)

BMI

kg/m2

0.003 0.02

1.00 (0.96, 1.05)

Initial weight loss

% (log transformed)

-0.31

0.09

0.73 (0.61, 0.87)

Meal replacements

(200-600 vs. 0-200) /
Number consumed during
intervention

0.29

0.09

1.55 (1.11, 2.18)

Meal replacements

(>600 vs. 0-200) / Number
consumed during
intervention

-0.15

0.13

1.00 (0.63, 1.58)

Age

Years

-0.03

0.01

0.97 (0.95, 0.99)

Antidepressant use

Always on vs. Never on
(from baseline to year 1)

0.21

0.18

0.86 (0.59, 1.24)

Antidepressant use

Went on vs. Never on (from -0.51
baseline to year 1)

0.25

0.42 (0.22, 0.77)

Antidepressant use

Went off vs. Never on (from -0.53
baseline to year 1)

0.25

0.65 (0.32, 1.33)

BMI*Initial weight
loss

NA (Interaction)

0.006 0.002 1.006 (1.001, 1.01)

Abbreviations: BMI: body mass index; CI: confidence interval; NA: not applicable; OR: odds ratio SE:
standard error
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Figure 4.4. Variable importance scores from predictors with a top 10 variable
importance score in at least one model (primary or sensitivity analyses). Variable
importance scores are relative rankings used for relative comparisons within each model.
Model 1: 0% (All)

Initial weight loss

Model 3: 0% (<10% IWL)
Model 5: 0% (>10 IWL)

BMI

Model 2: 25% (All)

Meal Replacements

Model 4: 25% (<10% IWL)
Model 6 (25% (>10 IWL)

Weighing Self
Age
SF-36 Physical Health Summary
Score
Antidepressant use
Intervention sessions attended
History of losing 50-79 lbs
History of losing 10-19 lbs
Minutes of exercise recorded
Race
Eating out in restaurants
SF-36 Mental Health Summary Score
History of losing 5-9 lbs
History of losing 20-49 lbs
Diabetes Medication Use
Dyslipidemia diagnosis or lipid
medication use
Education
0

50
100
Variable Importance Score
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Figure 4.5. ROC AUC values for the primary and sensitivity analysis machine
learning and logistic regression models for both train and test sets. Circles represent
the machine learning models and diamonds represent the logistic regression models. Gray
data points represent the training set and black data points represent the testing set.
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Figure 4.6. Classification rates for all participants (all) maintainers (M) and
regainers (R) in the test set of each model.
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4.7 Supplemental Material
Figure 4.1. Participant flow chart of Look AHEAD participants included in the
analysis.
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Supplemental Table 4.1. List of variables identified for prediction models
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Table 4.2. Subsets of correlated variables, variable importance scores from random
forest models and status for prediction model inclusion /exclusion.

Variable

Variable
Importance Status
score

Body weight
BMI
63.11
Included
Lifetime maximum weight
51.58
Excluded
SF-36 Physical Component Summary Score and SF-36 components at
different time points
SF-36 PCS score year 1
Included
71.99
SF-36 PCS score baseline
69.29
Excluded
SF-36 PCS score first year change
59.11
Excluded
SF-36 General health year 1
58.39
Excluded
SF-36 Physical role first year change
47.68
Excluded
SF-36 Pain first year change
45.38
Excluded
SF-36 General health First Year Change
43.54
Excluded
SF-36 General health Baseline
38.57
Excluded
SF-36 Physical functioning first year change
38.46
Excluded
SF-36 Physical functioning year 1
32.62
Excluded
SF-36 Physical functioning baseline
31.41
Excluded
SF-36 Pain baseline
29.45
Excluded
SF-36 Pain year 1
26.97
Excluded
SF-36 Physical role baseline
20.32
Excluded
SF-36 Physical role year 1
18.30
Excluded
Antidepressant medication use at different time points
Included
Antidepressant Medication Use First Year Change 23.31
Antidepressant Medication Use Baseline
13.53
Excluded
Antidepressant Medication Use Year 1
6.03
Excluded
Psychological measures
77.74
Included
SF-36 MCS Score Change
SF-36 MCS Score Baseline
62.11
Excluded
SF-36 MCS Score Year 1
44.59
Excluded
Beck Depression Index Baseline
38.82
Excluded
Beck Depression Index Year 1
24.97
Excluded
Diabetes medication use at different time points
Included
Any Diabetes Medication Use First Year Change
24.05
Any Diabetes Medication Use Year 1
12.13
Excluded
Any Diabetes Medication Use Baseline
4.82
Excluded
Hypertension or use of anti-hypertensive medication at different time points
Included
Hypertension First Year Change
23.16
Hypertension Year 1
5.81
Excluded
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Variable
Importance Status
score
Hypertension Baseline
5.64
Excluded
Dyslipidemia or use of lipid-lowering medication at different time points
Dyslipidemia First Year Change
Included
23.63
Dyslipidemia Year 1
9.01
Excluded
Dyslipidemia Baseline
6.46
Excluded
Weight control elements and summary score
Included
Weighing Self Baseline
100
Weight Control Summary Score Baseline
43.75
Excluded
Weighing Self Year 1
43.36
Excluded
Recording Food Intake Baseline
33.73
Excluded
Weight Control Summary Score Year 1
25.96
Excluded
Using Exercise Equipment Baseline
13.01
Excluded
Counting Calories Year 1
7.97
Excluded
Using Diet Pills Baseline
7.15
Excluded
Using Exercise Equipment Year 1
6.98
Excluded
Recording Exercise Baseline
6.58
Excluded
Recording Exercise Year 1
6.4
Excluded
Participation in Weight Loss Program Baseline
5.87
Excluded
Counting Calories Baseline
5.83
Excluded
Increasing Fruit and Vegetable Intake Year 1
5.59
Excluded
Increasing Fruit and Vegetable Intake Baseline
5.45
Excluded
Using Diet Pills Baseline
3.84
Excluded
Recording Food Intake Year 1
2.29
Excluded
Participation in Weight Loss Program Baseline
0
Excluded
Variable
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Supplemental Table 4.3. List of data transformations
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Table 4.5. Top interactions from each stochastic gradient boosting model based on
two-way partial dependence plots.
Model 1: Model 2: Model 3: Model 4:
Model 5: Model 6:
0% All 25% All 0% <10% 25% <10% 0% >10% 25% >10%
BMI x IWL

X

Meal replacements x IWL

X

Meal replacements x BMI

X

Weighing self x IWL
Weighing self x meal
replacements

X
X

X
X

X

X

Meal replacements x age

X

X

Weighing self x age
Meal replacements x history
of losing 20-49 lbs

X

X

X

IWL x # sessions attended
Meal replacements x #
sessions attended

X

IWL x age

X

X

X
X

BMI x Dyslipidemia

X

IWL x Dyslipidemia
BMI x history of losing 2049 lbs
History of losing 10-19 lbs x
meal replacements
History of losing 10-19 lbs x
history of losing 20-49 lbs
PCS score and meal
replacements

X
X
X
X
X
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Table 4.6. Logistic regression beta coefficients and odds ratios for model 2: using
25% cut point in entire sample (n=1791) after stepwise elimination.
Variable

Comparison/Units

β

SE

Age

Years

0.28

0.47

1.02 (0.97, 1.07)

Meal replacements

200-600 vs. <200

0.02

0.02

1.73 (1.32, 2.28)

Meal replacements

>600 vs. <200

0.28

0.08

1.28 (0.89, 1.83)

Weighing self

Semi-monthly / Monthly vs.
Never/Rarely

-0.02

0.10

3.30 (1.13, 9.59)

Weighing self

Weekly vs. Never/Rarely

-0.55

0.30

7.64 (0.93, 63.01)

Weighing self

Daily or more vs. Never/Rarely

0.29

0.27

41.86 (1.66, >999.99)

Weighing self-*age

NA (Interaction)

1.99

0.84

OR (95% CI)

0.98 (0.96, 0.99)

Abbreviations: CI: confidence interval; NA: not applicable; OR: odds ratio; SE: standard error

Table 4.7. Logistic regression beta coefficients and odds ratios for model 3: using
0% cut point in subset that lost <10% initial weight loss (n=927) after stepwise
elimination.

Variable

Comparison/Units

β

SE

OR (95 CI)

Initial weight loss

%

-0.09

0.04

0.91 (0.83, 0.99)

Meal replacements

200-600 vs. <200

0.48

0.12

2.07 (1.39, 3.08)

Meal replacements

>600 vs. <200

-0.24

0.17

1.01 (0.57, 1.79)

BMI

kg/m2

-0.04

0.01

0.96 (0.94, 0.99)

Weighing self

Semi-monthly/ Monthly vs. Never/Rarely

0.21

0.14

1.37 (0.83, 2.28)

Weighing self

Weekly vs. Never/Rarely

-0.37

0.14

0.77 (0.46, 1.30)

Weighing self

Daily or more vs. Never/Rarely

0.27

0.21

1.46 (0.74, 2.87)

Age

Years

-0.04

0.01

0.96 (0.94, 0.99)

Eating out in
restaurants

More than once per week vs. 0-1 times
per week

0.19

0.09

1.48 (1.05, 2.08)

Abbreviations: CI: confidence interval; NA: not applicable; OR: odds ratio; SE: standard error
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Table 4.8. Logistic regression beta coefficients and odds ratios for model 4: using
25% cut point in subset that lost <10% initial weight loss (n=927) after stepwise
elimination.
Variable

Comparison/Units

β

SE

OR (95% CI)

Meal replacements

200-600 vs. <200

0.44

0.11

2.40 (1.66, 3.49)

Meal replacements

>600 vs. <200

0.01

0.16

1.56 (0.90, 2.69)

Weighing self

Semi-monthly/ Monthly vs.
Never/Rarely

0.11

0.13

1.40 (0.88 2.21)

Weighing self

Weekly vs. Never/Rarely

-0.32

0.13

0.91 (0.56, 1.46)

Weighing self

Daily or more vs. Never/Rarely

0.43

0.19

1.92 (1.04, 3.53)

Age

Years

-0.03

0.01

0.97 (0.95, 0.99)

Education

<13 years vs. >16 years

-0.14

0.14

0.63 (0.40, 0.99)

Education

13-16 years vs. >16 years

-0.19

0.11

0.60 (0.42, 0.84)

CVD History

Yes vs. No

-0.33

0.11

0.52 (0.33, 0.81)

Abbreviations: CI: confidence interval; CVD: cardiovascular disease NA: not applicable; OR: odds ratio;
SE: standard error

Table 4.9. Logistic regression beta coefficients and odds ratios for model 5: using
0% cut point in subset that lost >10% initial weight loss (n=864) after stepwise
elimination.
Variable

Comparison/Units

β

SE

OR

Initial Weight Loss

%

-0.08

0.03

0.92 (0.88, 0.97)

BMI

kg/m2

-0.08

0.02

0.93 (0.9, 0.96)

SF-36 PCS Score

35-45 vs. <35

-0.90

0.38

0.11 (0.01, 0.88)

SF-36 PCS Score

>45 vs. <35

-0.39

0.36

0.19 (0.03, 1.41)

Abbreviations: BMI: body mass index; CI: confidence interval; NA: not applicable; OR: odds ratio; PCS:
physical component score SE: standard error; SF-36: M Medical Outcomes Study Short Form
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Table 4.10. Logistic regression beta coefficients and odds ratios for model 6: using
25% cut point in subset that lost >10% initial weight loss (n=864) after stepwise
elimination
Variable

Comparison/Units

β

SE

OR (95% CI)

SF-36 PCS Score

35-45 vs. <35

-0.59

0.23

0.25 (0.08, 0.76)

SF-36 PCS Score

>45 vs. <35

-0.23

0.20

0.35 (0.12, 1.03)

Intervention sessions
attended

>40 vs. <40

-0.21

0.08

0.65 (0.48, 0.89)

Abbreviations: CI: confidence interval; NA: not applicable; OR: odds ratio; PCS: physical component
score; SE: standard error; SF-36: M Medical Outcomes Study Short Form
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Figure 4.2. Classification rates for all participants (all), maintainers (M) and
regainers (R) in the training set of each model.
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5.1 Summary
Lifestyle interventions to reduce excess body weight associated with high
cardiometabolic risk have proven to be successful at inducing weight loss and lowering
cardiovascular and type 2 diabetes risk in the short-term. However, the challenge lies in
long-term weight loss maintenance, with high rates of recidivism across trials. Some
individuals do successfully maintain their weight loss, but the average weight regain after
lifestyle-induced weight loss is 50%.1,2
This pattern of some successful weight loss maintenance and some regain was
apparent in both the Action for Health in Diabetes (Look AHEAD) trial and the Diabetes
Prevention Program (DPP), two of the largest randomized, clinical, lifestyle intervention
studies in participants with type 2 diabetes and pre-diabetes, respectively, to date.3,4
Given the distribution of maintainers and regainers across weight loss interventions, it is
of importance to identify why some individuals successfully maintain weight loss while
others regain. Additionally, unclear are the long-term health implications of weight
regain, particularly at different magnitudes. One of the challenges when studying weight
loss maintenance and weight regain is the lack of a standard definition for successful
weight loss maintenance or what constitutes weight regain. This gap has been identified
by an NIH working group report “Innovative research to improve maintenance of weight
loss” and a Canadian report on long-term weight loss maintenance.5,6 The purpose of this
dissertation was to address these gaps by quantitatively comparing existing definitions of
weight loss maintenance and weight regain with respect to similarity (Aim 1, Chapter 2)
and impact on cardiometabolic risk (Aim 2, Chapter 3), and then develop a prediction
model of weight regain (Aim 3, Chapter 4).
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In the first specific aim (Chapter 2), categorization criteria were identified in the
peer-reviewed literature that have been used to differentiate maintainers and regainers,
and these criteria were compared using agreement statistics and body weight data from
baseline through year 4 in the Look AHEAD and DPP trials. Three distinct calculations
of weight change were identified, and eight categorization criteria were identified from
the three calculations using percentage cut points to categorize individuals into
maintainers or regainers (Figure 2.2). We found all eight successfully discriminated
maintainers and regainers based on body weight in both cohorts (Figures 2.2 and 2.3).
When the quantitative agreement among the eight categorization criteria was evaluated,
many of the criteria were concordant, indicating overlap across several different
definitions of successful weight loss maintenance. However, the agreement among
criteria was dependent on initial weight loss in the first year. If one criterion were to be
selected, the 25% cut point for the percentage of weight lost that is regained was the most
favorable. This cut point defines an individual as a successful maintainer if he/she
regained less than 25% of weight lost in the first year and a regainer if he/she regained
more than 25% of weight lost. It is favorable because it distinguishes participants with
enough participants per group and is in high agreement with other definitions of weight
maintenance and regain.
Despite the 25% cut point being favorable as a result of Aim 1, the impact of
weight regain on cardiometabolic risk is an important consideration when choosing a
definition of successful weight loss maintenance. If the cardiometabolic benefit of weight
loss is not maintained with a regain of 25% or less, then that small regain should not be
considered successful. Our second aim (Chapter 3) examined the change in
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cardiometabolic risk measures with weight regain of different magnitudes in the 3-year
period after the 1-year initial lifestyle-induced weight loss in the Look AHEAD trial.
Regainers and maintainers were defined by dichotomization with five cut points (0%,
25%, 50%, 75% and 100%) of percent of weight loss regained (weight change from years
1 to 4 as percent of weight loss during the first year). Change in cardiometabolic risk
measures after initial weight loss was compared in maintainers and regainers according to
each cut point. The effect was assessed separately in those with <10% and ≥10% initial
weight loss, and in women and men. Maintainers had significant improvements to
cardiometabolic risk factors compared to regainers for all risk factors assessed. No single
weight regain cut point maximized the risk difference between maintainers and regainers
across all risk factors and subgroups. For many cardiometabolic risk measures, increasing
the cut point percentage, therefore allowing more regain as part of maintenance,
decreased the cardiometabolic benefit among maintainers. Maintainers who kept off all of
the weight loss (0% regain) or up to 75% of the weight loss (up to 25% regain) showed
the greatest benefit for all risk factors.
Given the findings from Aims 1 and 2, we then developed and internally validated
a prediction model of weight regain. Existing evidence used to identify individual or
small sets of variables associated with weight regain and/or successful weight loss
maintenance from demographic, clinical, behavioral and psychosocial domains were
included in a stochastic gradient boosting prediction model. Weight regain was defined as
regaining 0% of weight lost in the first year. Sensitivity analyses also evaluated the 25%
cut point for the same weight calculation and models by initial weight loss subgroups
(<10% vs. ≥10%). The top predictors were initial weight loss, baseline BMI, interaction
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between initial weight loss and BMI, and use of meal replacements. The model
performed fairly in the training. The test models and the logistic regression model
performed similarly. In the sensitivity analyses, some predictors were specific to initial
weight loss subgroups. For example, history of weight loss was a stronger predictor in
models among individuals with larger initial weight loss (≥10%).
Overall, this dissertation identified three calculations of relative weight change
that are commonly used to capture weight loss maintenance and weight regain. The
calculation of percentage of weight loss that is regained in maintenance or follow-up was
most favorable because it is independent of initial weight loss, thus can be applied to
populations with a large range of initial weight loss like the Look AHEAD trial (Chapter
2). Within this calculation, we found that the 25% cut point to categorize maintainers and
regainers was the most favorable with respect to sample size distributions and agreement
with other published criteria. The 25% cut point also resulted in maintainers having an
improved cardiometabolic risk factor status compared to regainers (Chapter 2). The 0%
cut point (no regain) was associated with the greatest improvement to cardiometabolic
risk factors in maintainers at year 4 but was not ideal for statistical power because of the
low proportion of people who kept off all of the weight lost (Chapters 2 and 3). Based
on these findings, both the 0% and 25% cut points were evaluated for the development of
a prediction model of weight regain (Chapter 4). The prediction model identified several
predictors that were important across sensitivity analyses, including initial weight loss,
baseline BMI, interaction between initial weight loss and BMI, and use of meal
replacements. The models also performed fairly in predictive capability both using
machine-learning and logistic regression techniques.
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5.2 Public health relevance
Two thirds of the US population is overweight or obese and 8% of them are extremely
obese.7 Obesity rates have been on the rise or stabilized at a high rate since the 1980’s.7
Obesity is associated with increased risk for cardiovascular disease, type 2 diabetes and
some cancers, all of which are leading causes of death in the U.S.8 Obesity is also
associated with many other conditions, such as arthritis, gallbladder disease and sleep
apnea.9 Not only does obesity have adverse health implications, but it also has a negative
economic impact on the country. In 2014, the health care costs associated with obesity
reached $150 billion.10 Obesity is also associated with decreased productivity, with
evidence showing that obese individuals have higher rates of absenteeism from work and
more disability than non-obese individuals.11
Lifestyle-induced weight loss (caloric restriction, dietary recommendations,
physical activity, education, self-monitoring and/or group support) are effective at
producing weight loss.12–14 Even small weight losses of 2-5% have been associated with
improvements in cardiovascular disease and type 2 diabetes risk factors such as blood
lipids, blood pressure and measures of glycemic control.15,16 If this weight loss is
maintained, the benefit is sustained.18 However, long-term results of weight loss
interventions show high rates of weight regain after weight loss, with the average weight
regained at 50%.1 Weight regain is associated with deterioration of the benefits of weight
loss. If successful techniques to produce long-term successful weight loss maintenance
and not just short-term weight loss are not implemented, the obesity epidemic that has
expanded to global proportions will continue to cause a health and economic burden.
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5.3 Considerations and future directions
5.3.1 Limitations
This work has several limitations. The objective of this work was to examine
differences between maintainers and regainers among individuals who have lost at least
3% of initial weight during the intensive lifestyle intervention. Therefore, individuals
were excluded if they did not lose at least 3% of their initial body weight. This exclusion
limits our ability to compare successful maintainers or regainers to individuals who did
not lose any weight. We also only included individuals from the Look AHEAD trial who
were randomized to the lifestyle intervention group due to concerns of confounding by
the intervention. There were individuals in the control group who received standard of
care that lost weight but were not included in the analyses. Another overarching
limitation that applies to all aims of the dissertation is that we were limited by the annual
data collection of body weight and cardiometabolic risk factor data. Therefore, we were
unable to capture more finite changes in body weight or cardiometabolic risk factors that
may have changed over the four years examined. Finally, all three aims are subject to a
limitation of generalizability. Despite the multi-center design of both the Look AHEAD
and DPP trials, the studies were inclusive of individuals with type 2 diabetes or prediabetes, respectively. Therefore, results of this dissertation may not be generalizable to
the general population or populations with other conditions.
5.3.2 Methodological Considerations and Future Direction
In this dissertation, data from the first four years of the Look AHEAD trial were
included. Not enough events occurred at four years to assess cardiometabolic morbidity
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or mortality. Future studies should consider the approaches used in this dissertation to
evaluate long-term chronic disease risk associated with weight regain compared
successful weight loss maintenance as well as varying magnitudes of weight regain.
Additionally, in Aim 3, the prediction model was developed and internally validated.
However, future research should consider externally validating the prediction model in
other populations to evaluate its general utility.
In the context of obesity and weight loss, weight fluctuation is also an important
consideration. Weight fluctuation and weight cycling have been studied for many years.
The challenge of maintaining weight loss can result in a repetitive cyclic pattern of
weight loss and gain.17-22 The published evidence on the impact of weight fluctuation on
health is inconsistent. For example, summarized here are three investigations that found
an adverse effect of fluctuation on health outcomes and three investigations that found no
adverse effect. One was a prospective study, Treating to New Targets trial, which
reported that an increased risk for cardiovascular disease with increased weight
fluctuation (based on variation in body weight over time) among individuals with
previous cardiovascular events.17 In DPP, which defined weight cycling as number of 5lb weight cycles, found that higher rates of weight cycling were associated with an
increased risk for type 2 diabetes among individuals at high-risk for type 2 diabetes.18 A
study of weight fluctuation defined by variability in body weight in the Framingham
Heart Study found subjects with a high variability in body weight had a higher risk for
mortality and morbidity due to coronary heart disease compared to non-cyclers.19
However, three investigations found no significant association between weight
fluctuation and health outcomes. Two investigations were in Nurses’ Health Study II and
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examined weight cycling defined as a reported history of intentionally losing 10 lbs more
than 3 times (mild cycling) or 20 lbs more than 3 times (severe cycling). These studies
found an increased risk of hypertension and type 2 diabetes with weight gain, but not
with weight cycling independent of weight gain.20,21 An investigation in a subgroup from
the Stanford Five-City Project concluded BMI variability had little effect on
cardiovascular risk factors compared to initial BMI and increase in BMI.22
We calculated weight fluctuation but did not include it as a variable of analysis in
the three present aims. In the appendix (Appendix Section A.3), the methodologic
description of how we defined weight fluctuation is summarized. Future research should
consider weight fluctuation in the Look AHEAD trial with respect to disease risk, both as
an independent risk factor for cardiovascular disease morbidity and mortality.
Additionally, the same prediction model analytic techniques from Aim 3 can be applied to
weight fluctuation to address the following questions: A) what are the important
predictors of weight fluctuation and B) are the predictors of weight fluctuation different
from the predictors of weight regain?
An analysis of diet quality was also conducted as an ancillary investigation
outside of the three presented aims. Food frequency questionnaire data was collected at
baseline, year 1 and year 4 of the Look AHEAD trial in half of the study sample. Given
inclusion criteria were participants in the intensive lifestyle intervention group who lost
≥3% of initial weight and complete food frequency questionnaire data there were 1072
participants with dietary data. The initial proposed work intended to add diet quality as a
variable to a prediction model sensitivity analysis for Aim 3, but given the complexity of
six models in Aim 3, the diet quality analysis was deemed outside the scope of this
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dissertation. A description of the creation of a diet quality factor score is included in the
appendix (Appendix Section A.4).
5.4 Overall conclusion
In conclusion, this dissertation addressed three research questions: 1) How do
different published categorization criteria that differentiate successful maintainers from
regainers after an intensive lifestyle intervention-induced weight loss? 2) What is the
association between change in cardiometabolic risk factors three years after initial weight
loss and different magnitudes of weight regain? 3) What combination of variables best
predicts someone being a successful maintainer of weight loss versus a regainer? We
found the percentage of weight loss regained is a favorable way to calculate weight
change and derive a cut point to define maintainers and regainers. Within this calculation,
we found that the 25% cut point (allowing up to 25% of weight to be regained as part of
maintenance) is the best for statistical power and is second best for maximizing the risk
difference between maintainer and regainers. The 0% cut point (no regain) is the best for
cardiometabolic risk reduction but has sample size limitations because fewer people keep
off all of the weight lost. Finally, we identified that initial weight loss, baseline BMI,
interaction between initial weight loss and BMI, and use of meal replacements are key
predictors of weight regain in a multifactorial setting across sensitivity analyses and
weight history is an important predictor among those who lost more weight initially. The
models performed fairly and should be tested in external settings. The findings contribute
towards efforts to define successful weight loss maintenance and regain. Additionally,
these findings inform important factors that should be considered prior, during and after
intervention to prevent weight regain.
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A.1 Appendix Introduction
The appendix includes work conducted during the dissertation that was ancillary
to the three aims. The first is the methods and results from an alternative methodology
used to classify maintainers and regainers, in which machine-learning classification tree
techniques were used to determine what percentage of weight change maximizes risk
difference between maintainers and regainers instead of using previously published cut
points (Appendix A.2). The next section is on weight fluctuation. A variable to capture
fluctuation using three years of weight data (post-intervention) was developed (Appendix
A.3). The variable was not used in the three aims of the dissertation but could be of use
for future research. The last appendix section is an update to methodology assessing diet
quality in Look AHEAD (Appendix A.4). Factor analysis was used to capture diet
quality in the individuals who had available dietary data.
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A.2. Utilization of machine learning classification trees and health outcomes to
identify cut points
Title: Machine Learning Approach to Identify Optimal Criteria for Successful Weight
Loss Maintenance on the Basis of Cardiometabolic Risk Factors at Year 4 of the Look
AHEAD Trial
Authors: Samantha E. Berger1, Alice H. Lichtenstein1,2, Gordon S. Huggins3, Jeanne M.
McCaffery4, Paul F. Jacques1,2.
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2) JM USDA Human Nutrition Research Center on Aging, Tufts University, Boston, MA
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Medical Center and Tufts University Sackler School of Graduate Biomedical Sciences,
Boston, MA
4) Miriam Hospital and Warren Alpert School of Medicine, Brown University,
Providence, RI
This work was done for a scientific conference poster at Experimental Biology
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A.2.1 Abstract
Objective To date, different criteria have been used to dichotomize individuals into
successful weight loss maintenance and regain groups to assess factors associated with
successful weight loss maintenance/regain. Within this context the amount of weight
regain that can occur before benefits of weight loss are reversed is not well established.
Our goal was to identify an optimal percentage cut point of successful weight loss
maintenance by modeling different weight change percentages on the basis of
cardiometabolic risk factors.
Methods We used publically available data from the Action for Health in Diabetes (Look
AHEAD) trial, a randomized lifestyle weight loss intervention in overweight/obese
individuals with type 2 diabetes. Analyzed was the subgroup of individuals in the
intensive lifestyle intervention (ILI) who lost ≥3% of initial weight by end of the first
year (n=1791). We used classification trees through machine learning to identify the
optimal cut point to predict cardiometabolic risk at year 4 using the following % of
weight change: final weight as % of initial weight, final weight as % of post-loss weight,
and weight change in maintenance as % of initial weight loss. Cardiometabolic risk was
defined using individual components of NHLBI criteria to diagnose metabolic syndrome.
A separate classification tree was generated for each risk factor. One cut point was
generated for each percentage by averaging results from each risk factor. Performance of
each cut point was assessed based on % of individuals with higher cardiometabolic risk
captured in the regain group. We controlled for age, sex, race, baseline body mass index,
initial weight loss, baseline values of each risk factor and medication use.
Results When examining final weight as % of initial weight, the average optimized cut
point to predict risk factors was -9.3% ± 4.5%, indicating that staying at least 9.3% below
initial weight is associated with lower cardiometabolic risk. Average risk accounted for
by using this cut point was 73.9% ± 16.8%. When examining final weight as % of postloss weight, the average optimal cut point was -1.5% ± 1.4%. Average risk accounted for
using this cut point was 78.4% ± 5.3%. When examining weight change in maintenance
as % of initial loss, the optimal cut point was 48.3% ± 23.8%, so maintaining ≥48% of
weight lost during the intervention was associated with lower cardiometabolic risk.
Average risk accounted for using this cut point was 55.7% ± 14.0%.
Conclusions When dichotomizing successful weight loss maintenance using final weight
as % of initial weight, final weight as % of post-loss weight or weight change in
maintenance as % of initial loss, maintaining ≥ 10%, 1.5% and 50%, respectively,
optimizes the amount of regain that can occur before benefits of weight loss are undone.
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A.2.2 Methods
The methods used for this analysis are summarized in Figure A.2.1.
Population
The participants included in this analysis were individuals in the Look AHEAD
trial randomized to the intensive lifestyle intervention who lost at least 3% of initial
weight by the end of year 1 (n=1791). Look AHEAD is a randomized, controlled trial of
an intensive lifestyle intervention in overweight or obese individuals with type 2 diabetes
at baseline. For this analysis, all individuals were stratified by initial weight loss (<10%
vs. ≥10%).
Dependent Variables
The dependent variables for classification tree models are summarized in Table
A.2.1. Each cardiometabolic risk factor was dichotomized based on cut points used to
define metabolic syndrome.
Independent Variable
The predictor for each classification tree model was continuous weight loss
maintained (WM) as a percentage of initial weight loss (IWL). A demonstration for the
percentage calculation can be found in Figure A.2.1 accompanied by the following
formula: (WM/IWL) x 100.
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Analysis
Classification Trees
When conducting machine-learning classification trees to predict an outcome, a
continuous variable in the model is automatically split into a binary predictor at a cut
point that maximally predicts the outcome. Each classification tree included one risk
factor as the dependent variable and the percent of weight loss maintained as the
dependent variable. An example of the classification tree output is provided for reference
in Figure A.2.2. The classification trees were conducted using Salford Systems Software.
Cardiometabolic Risk Associated with Weight Regain
After the classification tree analysis was conducted, six machine-learning (ML)
cut points were generated, one for each risk factor. An average of the six ML cut points
was also generated to provide a single cut point. Finally, three cut points from published
evidence were included to examine how the ML results compared to published cut points.
The 0%, 25% and 50% cut points for the same percentage were included. To determine
the odds of maintainers being above cut point of higher risk for each risk factor compared
to regainers, logistic regression models were used for each risk factor. To determine the
difference in year 1 to 4 change of each cardiometabolic risk factor between maintainers
and regainers, adjusted mean difference was used. All analyses were controlled for age,
sex, race, baseline BMI, initial weight loss, baseline value of each risk factor and
respective medication use. The logistic regression and adjusted mean differences were
conducted using SAS v.9.4.
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A.2.3 Results
Generated Cut Points
The cut point generated for each risk factor in each initial weight loss model is
summarized in Table A.2.2. Additionally, Table A.2.2. shows the calculated average of
all the generated cut points. These cut points were used as independent variables in the
logistic regression model.
Cardiometabolic Risk Associated with Weight Loss Maintenance / Weight Regain
Odds of Maintainers vs. Regainers Having a Higher Risk
The odds of maintainers having a higher cardiometabolic risk compared to
regainers for each cut point (machine learning, average and published) are summarized in
Figure A.2.3. For fasting glucose, HbA1c, waist circumference and systolic blood
pressure, maintainers had favorable cardiometabolic risk compared to regainers using all
cut points.
Mean Difference in Cardiometabolic Risk Factors Between Maintainers and Regainers
The adjusted mean difference in each risk factor between maintainers and
regainers for the average and published cut points and for each initial weight loss model
is summarized in Table A.2.3. Maintaining weight loss resulted in cardiometabolic
benefit, and the benefit was similar among the different cut points of maintenance.
Across risk factors, those who lost ≥10% IWL had greater benefit than 3-9% at the
different cut points of maintenance. Maintaining weight loss according to all cut points
did not significantly improve cardiometabolic risk for HDL cholesterol. Significantly
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lower risk for elevated triglyceride was observed among maintainers in 3-9% IWL model
if an additional 96% of IWL is lost during maintenance period. In the 10% IWL model,
all cut points resulted in significantly lower triglycerides in maintainers.
A.2.4 Conclusion
Machine learning cut points differed in the 3-9% and ≥10% IWL models. The 39% model indicated the need for an additional 20% weight loss to maximize
cardiometabolic risk reduction benefits. In the ≥10% model, 39% of IWL can be regained
when defining maintenance. Lower cardiometabolic risk from maintaining IWL was
similar among the machine learning and published cut points. Machine learning provides
an objective method to determine a cut point to define successful weight loss
maintenance, but in this population, cardiometabolic risk reduction estimated from
machine learning cut points was similar to previously published cut points.
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A.2.6 Tables and Figures
Figure A.2.1. Summary of Methods
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Table A.2.1. Definition used to dichotomize each cardiometabolic risk factor
according to metabolic syndrome criteria
Risk Factor

Cut point for higher risk

Fasting glucose

>126 mg/dL

HbA1c

>6.5%

HDL cholesterol

Men: <40 mg/dL
Women: <50 mg/dL

Triglycerides

>150 mg/dL

Waist circumference

Men: 102 cm
Women: 88 cm

Systolic blood pressure

>130 mmHg

% WM of IWL

Figure A.2.1. Schematic of Percentage Calculation
120
100 Initial weight (IW)
Final weight (FW)
80
IWL: PLW-IW
60
40
WM: FW-PLW
20
0
Post-loss weight (PLW)
-20
Baseline Year 1 Year 2 Year 3 Year 4

Figure A.2.2. Sample of Machine Learning Classification Tree Output
N=864
HbA1c% > 6.5% n=413
HbA1c% ≤ 6.5% n=447

Maintainers:
WM as % of IWL
≤ 20%
(n=238)
HbA1c% >6.5% n=81
HbA1c% ≤6.5% n= 157

Regainers:
WM as % of IWL
> 20%
(n=622)
HbA1c% >6.5% n=332
HbA1c% ≤6.5% n=
290
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Table A.2.2. Cut points generated by machine learning (ML) that maximize risk
reduction in maintainers for each outcome by initial weight loss (IWL) subgroup.

Risk Factor

Cut point of % weight
maintenance as % of weight loss
defined by ML
3-9% IWL

≥10% IWL

Fasting glucose

-40.0%

70.2%

HbA1c

-38.0%

20.0%

7.7%

23.9%

Triglycerides

-96.0%

27.8%

Waist circumference

29.8%

44.9%

Systolic blood pressure

16.9%

47.4%

Average

-19.9%

39.0%

HDL cholesterol
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Figure A.2.3. Forest plots of the odds of maintainers having a higher
cardiometabolic risk compared to regainers among those with A) 3-9% IWL and B)
≥10% IWL in first year. ML: Machine learning; Avg: Average from ML; Pub:
Published.

% cut point
(Source)

3-9% IWL (n=927)

Fasting
Glucose

HbA1c

HDL

TG

Waist
Circumference

Systolic
BP

Odds ratio of cardiometabolic risk
in maintainers vs. regainers
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% cut
point

≥10% IWL (n=864)

Fasting
Glucose

HbA1c

HDL

TG

Waist
Circumference

Systolic
BP

Odds ratio of cardiometabolic
risk in maintainers vs. regainers
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Table A.2.3. Adjusted mean difference in the year 1 to 4 change of each risk factor
between maintainers and regainers defined by average of machine learning cut
points and published cut points. * p<0.05
Adjusted Mean Difference
≥10% IWL

3-9% IWL
Avg

Published

Avg

Published

-19.9%

0%

25%

50%

39.0%

0%

25%

50%

FG (mg/dL)

-3.67

-4.26

-5.07

-3.26

-15.5*

-17.2*

-12.8*

-16.7*

HbA1c (%)

-0.25*

-0.30*

-0.25*

-0.27*

-0.46*

-0.60*

-0.48*

-0.45*

HDL
(mg/dL)

1.32*

1.30

1.18

1.20

2.60*

2.77*

3.38*

2.46*

TG (mg/dL)

-8.01

-10.3

-13.9

-10.4

-28.6*

-35.9*

-30.7*

-26.3*

WC (cm)

-8.70*

-8.23*

-7.60*

-7.08*

-8.40*

-11.0*

-8.62*

-8.21*

SBP
(mmHg)

-7.46*

-7.44*

-7.29*

-6.19*

-4.22*

-5.44*

-5.13*

-4.71*
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A.3

A method for capturing weight fluctuation
Weight trajectory classifications were determined using variance of individual

weight values over time (annual during years 1-4). A linear regression was conducted on
each individual participant. Weight fluctuation was determined using variance (standard
error of beta) from individual regression models. Variance below the 75th percentile of
the standard error (1.38) was labeled “lower fluctuation” and variance ≥ 1.38 was labeled
“higher fluctuation.” Weight loss from baseline to year 1 was not included when
grouping individuals. The mean weight from baseline through year 4 for maintainers and
regainers and lower and higher fluctuation groups are provided in Figure A.3.1. As
demonstrated in the figure, this technique was effective in capturing weight fluctuation
over time and can be used in future research.
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Figure A.3.1. Annual mean body weight from baseline through year 4 for A)
Regainers with higher fluctuation, B) Regainers with lower fluctuation, C)
Maintainers with higher fluctuation and D) Maintainers with lower fluctuation.

A

B

C

D
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A.4

An update to methodology assessing diet quality in Look AHEAD
An analysis of diet quality was also conducted as an ancillary investigation

outside of the three presented aims. Food frequency questionnaire data was collected at
baseline, year 1 and year 4 of the Look AHEAD trial in half of the study sample. Given
the inclusion of participants who were in the intensive lifestyle intervention group and
lost ≥3% of initial weight, we only had 1072 participants in our analysis with dietary
data. The initial proposed work intended to add diet quality as a variable to a prediction
model sensitivity analysis for Aim 3, but given the complexity of six models in Aim 3, the
diet quality analysis was deemed outside the scope of this dissertation.
A.4.1. Redefining food groups based on updated guidelines
Diet quality can be captured with several tools such as the Health Eating Index,
which tests adherence to the dietary guidelines.
A.4.2. Factor loadings and factor scores representing diet quality
We captured diet quality with factor analysis, in which food groups were created
based on food frequency questionnaire (FFQ) questions, factor loadings were generated
for each food group (how well each food group correlated with each factor, and factor
scores were generated for each person (how well each person’s food consumption
correlated with each factor). The food groups that were generated when the Look
AHEAD trial was first analyzed were dated and did not capture the most updated Dietary
Guidelines for Americans. Therefore, we created new food groups by implementing
several changes to align more closely with the current guidelines. Then, we conducted a
factor analysis to capture dietary patterns in the Look AHEAD trial.
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A.4.1. Redefining food groups based on updated guidelines
The food groups that were provided in the data and generated when the Look AHEAD
trial analysis was first conducted are summarized in Table A.4.1. The updated food
groups we generated are summarized in Table A.4.2. A list of the changes made to the
food groups is as follows:
1. Some vegetables were grouped together, but dark leafy greens were separated
from dark yellow vegetables, starchy vegetables and French fries were separated.
A separate group was made for peas.
2. The question on the FFQ regarding canned, dried or frozen fruit, nectarine or
apricots was not captured in the old food groups. They were added to a new whole
fruit group. Whole fruit and fruit juice were separated.
3. Sugar-sweetened beverages that were in fruit juice category were moved to with
soda.
4. Butter on bread was not included when estimating fats and oils, so butter on bread
was added.
5. The questions about cooking with fats were not considered in adjustment but were
in the update.
6. Fried chicken and fried fish were separated from other high fat food groups
because they were high fat from frying not natural fat content.
7. Liquid and powder meal replacements were separated based on separate FFQ
questions, which reduced the number of implausible values for meal
replacements.
8. Group for diet soda was added.
9. Solid and liquid fats were separated.
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Table A.4.1. Original Food Groups
Food Group
High fiber low fat bread, rice,
cereal, pasta
Low fiber high fat bread, rice,
cereal, pasta
Low fiber low fat bread, rice,
cereal, pasta
Low fiber low fat bread, rice,
cereal, pasta
Vegetable (Tomato)
Vegetable (Dark green and deep
yellow)
Vegetables (Cruciferous)
Vegetables (other)

Fruit and Fruit Juice (Citrus)
Fruit and Fruit Juice (Other)

Dairy (high fat)
Dairy (low fat)
Fish (high fat)
Fish (low fat)
Fish (high Omega 3)
Dried beans
Eggs
Meat (high fat)
Meat (low fat)
Poultry (high fat)
Poultry (low fat)
Sweets and Desserts
Fats and Oils
Soy Products
Nuts and Seeds
Coffee and Tea
Meal replacement
Alcohol

Description
NA
NA
NA
NA
NA
NA
NA
String beans, green beans, peas snow peas, corn, other green
salad, French fries, fried potatoes, hash browns, other
potatoes, yucca, turnips, other (summer squash, asparagus,
sweet peppers, bok choy, okra, eggplant, beets, green chiles,
jicama)
Citrus fruits and citrus fruit juices
Apples, applesauce, pears, bananas, fresh peaches, apricots
and nectarines, cantaloupe, mango, papaya, strawberries,
kiwi, watermelon, dried fruits, any other fruit, apple juice,
grape juice, punch, guava, papaya, passion fruit juice, other
fruit juice with vitamin C, fortified fruit drinks, hi-c, koolaid, cranberry juice, Tang, avocado, guacamole
Whole milk
2% skim or soy
Fried fish or fish sandwich
Shell fish, broiled, baked or raw fish
Tuna, salmon, sardines
NA
NA
NA
NA
Fried chicken, chicken or turkey with skin on
NA
NA
NA
NA
NA
NA
Liquid or solid
Beer, wine, liquor
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Table A.4.2. Updated Food Groups
Food Group
High fiber low fat bread, rice,
cereal, pasta
Low fiber high fat bread, rice,
cereal, pasta
Low fiber low fat bread, rice, cereal,
pasta
Low fiber low fat bread, rice, cereal,
pasta
Vegetable (Tomato)
Vegetable (Dark leafy green)
Vegetable (Orange and dark yellow)
Vegetables (Cruciferous)
Vegetables (Starchy)
French fries and fried potatoes
Peas
Vegetables (other)

Whole fruit

Fruit Juice
Dairy (high fat)
Dairy (low fat)
Fried fish
Fish (low fat)
Fish (high Omega 3)
Dried beans
Eggs
Meat (high fat)
Meat (low fat)
Processed meat
Poultry (high fat)
Poultry (low fat)
Sweets and Desserts
Sugar-sweetened beverages

Solid fat
Oils
Soy Products
Nuts and Seeds
Coffee and Tea
Liquid or powder meal replacement
Bar meal replacement
Alcohol
Diet soda

Changes
NA
NA
Added pretzels and crackers
NA
NA
NA
NA
NA
Corn, other potatoes
NA
NA
String beans, green beans, peas snow peas, corn, other
green salad, other (summer squash, asparagus, sweet
peppers, bok choy, okra, eggplant, beets, green chiles,
jicama)
Apples, applesauce, pears, bananas, fresh peaches,
apricots and nectarines, cantaloupe, mango, papaya,
strawberries, kiwi, watermelon, dried fruits, any other
fruit, avocado, guacamole
Apple juice, grape juice, punch, guava, papaya, passion
fruit juice
Whole milk
2% skim or soy
Fried fish or fish sandwich
Shell fish, broiled, baked or raw fish
Tuna, salmon, sardines
NA
NA
NA
NA
Hot dogs, bologna, salami, spam, lunch meats, bacon,
sausage, chorizo, scrapple
Fried chicken, chicken or turkey with skin on
NA
NA
other fruit juice with vitamin C, fortified fruit drinks, hic, kool-aid, cranberry juice, Tang, regular soft drinks,
lemonade, sweetened mineral water
Refried beans, mixed disses with mayonnaise, butter,
margarine, lard, coconut oil
NA
NA
NA
NA
NA
NA
Beer, wine, liquor
NA
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A.4.2. Factor loadings and factor scores representing diet quality
Table 4.3 lists the factor loadings for the updated food groups. Factor 1 represents
a higher quality dietary pattern with higher loadings of whole fruit, vegetables, high
omega 3 fish, dried beans, soy and meal replacements and lower loadings of fried food,
solid fat, fried food and juice. Factor 2 represents a lower quality dietary pattern with
higher loadings of French fries and starchy vegetables. These factor loadings could be
used for future research to capture more updated associations between diet quality,
weight regain and health outcomes. One of the challenges of examining diet quality and
weight regain in the first four years is that FFQ data was not captured during years 2 and
3, therefore no data is available immediately after the lifestyle intervention ended.
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Table 4.3. Factor loadings.
Factor1
Veg_Cruc
0.63108
Veg_Other
0.5554
Veg_OrangeYellow
0.525
Veg_DLG
0.47751
Veg_Tomato
0.35747
WholeFruit
0.34018
LowFatPoultry
0.30213
Peas
0.26804
LowFatFish
0.23909
DriedBeans
0.21249
HighOmega3Fish
0.13443
SoyProducts
0.08535
Bar_mealrepl
0.07125
CoffeeandTea
0.06838
L_P_mealrepl
0.06749
Oils
0.0605
HFiLFat_BCRP_e 0.03542
Dietsoda
0.03174
Veg_Starchy
0.01391
FrenchFries
0.01391
SolidFat
0.00016
HighFatDairy
-0.0048
NutsandSeeds
-0.0118
HighFatMeat
-0.0229
LowFatDairy
-0.0259
LowFatMeat
-0.0677
Alcohol
-0.0942
Eggs
-0.0998
SSB
-0.1162
LFiLFat_BCRP_e
-0.1193
FriedFish
-0.14
FruitJuice
-0.1408
SweetsandDesserts
-0.2101
HighFatPoultry
-0.2294
ProcessedMeat
-0.2672
LFi_BCRP_e_wfat
-0.2744

Factor2
Veg_Starchy
FrenchFries
Peas
Veg_OrangeYellow
LowFatMeat
Dietsoda
HighFatPoultry
SweetsandDesserts
FruitJuice
FriedFish
LowFatPoultry
CoffeeandTea
LowFatFish
HighFatMeat
ProcessedMeat
Veg_Other
SSB
LFiLFat_BCRP_e
WholeFruit
Veg_Tomato
HighFatDairy
Veg_Cruc
DriedBeans
LFi_BCRP_e_wfat
Alcohol
Eggs
SolidFat
HighOmega3Fish
Oils
LowFatDairy
L_P_mealrepl
Bar_mealrepl
Veg_DLG
SoyProducts
HFiLFat_BCRP_e
NutsandSeeds

0.99019
0.99019
0.1639
0.1016
0.08547
0.04218
0.03679
0.0339
0.03384
0.03333
0.03044
0.02963
0.02085
0.01653
0.01222
0.00949
0.00856
0.00611
-0.0013
-0.0015
-0.003
-0.0073
-0.0115
-0.0136
-0.0234
-0.0245
-0.0276
-0.0323
-0.0411
-0.047
-0.0518
-0.0556
-0.0936
-0.0976
-0.1025
-0.1203

