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Editorial
IMPORTANCE Studying how to prevent or delay not just 1disease but multiple chronic Supplemental content
conditions is of great importance for public health; however, few interventions have

demonstrated success during long-term follow-up.

OBJECTIVE To examine the association of lifestyle or metformin compared with placebo on
long-term multimorbidity in adults with prediabetes.

DESIGN, SETTING, AND PARTICIPANTS Observational follow-up cohort study of a randomized
clinical trial conducted at 27 sites in the United States from June 1, 1996, to December 31,
2021. From June 1, 1996, through May 28, 1999, 3234 adults at high risk of diabetes enrolled
in the 3-year Diabetes Prevention Program (DPP). They were subsequently enrolled in the
DPP Outcomes Study (DPPOS). Of this cohort, Centers for Medicare & Medicaid Services
(CMS) morbidity data were available through 2021 for 1173 participants who provided
consent. Data were analyzed from June 5, 2024, to November 7, 2025.

EXPOSURES Participants in DPP were randomly assigned to intensive lifestyle intervention,
metformin, or placebo. During DPPOS, medications were unmasked with discontinuation of
placebo; metformin was continued. Group booster classes were offered to the lifestyle group
semiannually and all participants were offered lifestyle classes quarterly until 2014.

MAIN OUTCOMES AND MEASURES The primary outcome was multimorbidity (presence of =2
of 15 prevalent conditions, defined in CMS' Chronic Condition Data Warehouse and adapted
for Medicare Advantage encounters). Cox proportional hazard models were applied to
estimate associations between randomized treatment groups and time to development of
outcomes.

RESULTS Of the 1173 participants (median age, 74 years [IQR, 70-80]; 795 [68%] were
female), 997 (85%) experienced greater than or equal to 2 conditions (median, 5 [IQR, 3-7])
by the end of follow-up (316 of 385 [82%], 327 of 385 [85%], and 350 of 403 [87%],
respectively, among lifestyle, metformin, and placebo groups). The risk of multimorbidity was
lower among lifestyle compared with placebo participants (hazard ratio [HR], 0.79; 95% Cl,
0.68-0.93) after adjustment for relevant covariates. There was no difference between
participants in the metformin and placebo groups (HR, 0.91; 95% Cl, 0.78-1.07). These
relationships persisted when diabetes was excluded from the multimorbidity definition.
When restricted to dyads of the costliest conditions, the association with lifestyle vs placebo
yielded an HR of 0.57 (95% Cl, 0.38-0.85).

CONCLUSIONS AND RELEVANCE Among adults with prediabetes at baseline, lifestyle
intervention, but not metformin, was associated with a lower burden of multimorbidity.
Lifestyle programs may persistently lower the development of chronic conditions.
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ultimorbidity, defined as the coexistence of 2 or more

chronic conditions, is prevalent owing to declining

mortality rates, population aging, and disease
accumulation.* Estimates of multimorbidity prevalence
among US adults aged 65 years and older range from 67%
to 91%,%° and multimorbidity can require complex, costly
interventions.’ Preventing or delaying multimorbidity with ag-
ing is important, yet few interventions have succeeded.

Randomized clinical trials, including the Diabetes Preven-
tion Program (DPP),® have studied the development of specific
chronic diseases and associated adverse outcomes. Although
prevention of multimorbidity is compelling, methodological
concerns include the difficulty and cost of assessing the ac-
cumulation of chronic conditions, requiring decades of follow-
up, and the lack of a standardized definition."” Lifestyle in-
terventions demonstrated reductions of multimorbidity after
2 years in the Finnish Geriatric Intervention Study to Prevent
Cognitive Impairment and Disability (FINGER) trial® and 8 years
in the Action for Health in Diabetes (Look AHEAD)® trial, both
relatively short assessment periods.

Given the success of metformin and lifestyle interven-
tions at preventing or delaying diabetes®!%-!! and metabolic
syndrome!? in both the short and long term, we sought to de-
termine whether these interventions could prevent or delay
multimorbidity in addition to diabetes alone. This question is
supported by scientific and clinical consensus statements and
clinical trials that seek to understand and influence healthy ag-
ing across decades.’>® Although DPP interventions have not
shown significant long-term associations with microvascular
or cardiovascular disease, cancer, or mortality,'”° the odds of
frailty were found to be 37% lower for lifestyle compared with
metformin and placebo 12 to 14 years after randomization.2°

The current study examines the association of random-
ization to lifestyle and metformin interventions compared with
placebo on the long-term (21-year) incidence and prevalence
of multimorbidity, total number of chronic conditions, and
high-cost condition dyads.*

Methods

Data Sources and Study Population

We conducted an observational follow-up cohort study span-
ning 21 years, using data from DPP and DPP Outcomes Study
(DPPOS) participants who were enrolled in Medicare and con-
sented to the linkage of their Centers for Medicare & Medic-
aid Services (CMS) claims. The DPP cohort consisted of indi-
viduals from 27 US clinical sites, recruited from June 1, 1996,
through May 28, 1999, at high risk for developing type 2
diabetes.®22:23 The original trial, which ended in 2001 after a
mean of 3.2 years (SD, 0.9 years), determined whether inten-
sive lifestyle or metformin intervention compared with pla-
cebo was effective in preventing or delaying the onset of type
2 diabetes. The study cohort has been followed up in the DPPOS
since 2002.%19:24 Protocols are publicly available at https://
dppos.bsc.gwu.edu/web/dppos/about; design and methods are
detailed elsewhere. Protocols were approved by the local in-
stitutional review boards of the participating study centers, and
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Key Points

Question What are the associations of lifestyle and metformin
interventions compared with placebo on the occurrence of
multimorbidity in adults with prediabetes?

Findings In 1173 participants enrolled in Medicare and followed up
for 21 years after enrolling in a randomized clinical trial, 82%, 85%,
and 87% experienced multimorbidity among lifestyle, metformin,
and placebo groups, respectively. The risk of multimorbidity was
significantly lower in the group randomly assigned to lifestyle
intervention compared with the placebo group after adjustment
for relevant covariates, and there was no significant difference
between the metformin and placebo groups.

Meaning Among adults with prediabetes at baseline, lifestyle
intervention, but not metformin, was associated with a lower risk
of multimorbidity during 21 years of follow-up.

all participants provided written informed consent.?> The study
was conducted according to the guidelines set out in the
Declaration of Helsinki and all procedures involving research
study participants. This report follows the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
reporting guidelines for cohort studies.?®

Primary Exposures

During the DPP trial,® participants were randomized to life-
style intervention, metformin, or placebo. Lifestyle partici-
pants were offered 16 individual sessions followed by monthly
sessions for approximately 2 years. The behavior change pro-
gram targeted reduced calories and fat (<25% kcal from fat)
and at least 150 minutes of physical activity a week to achieve
greater than or equal to 7% weight loss from baseline.?”-28
Metformin participants were assigned 850 mg metformin
(masked) twice daily as tolerated, and placebo participants were
assigned a matching placebo pill twice daily. After DPP trial
completion, all participants were offered the intensive life-
style curriculum?” in groups during a 6-month bridge period?°
and invited to consent to the DPPOS. Until 2014, all DPPOS par-
ticipants were offered quarterly group lifestyle sessions, and
participants originally randomized to the lifestyle group were
offered booster sessions twice annually. During DPPOS, pla-
cebo was discontinued and metformin (850 mg twice daily, as
tolerated) was continued open label until the end of 2020 for
participants originally assigned to this group.

Primary Outcomes Measures

Multimorbidity was defined using 15 common chronic condi-
tions in the Medicare claims database: hypertension, heart fail-
ure, coronary artery disease/ischemic heart disease, cardiac ar-
rhythmias, hyperlipidemia, stroke, arthritis, asthma, cancer,
chronic kidney disease, chronic obstructive pulmonary dis-
ease, dementia/Alzheimer disease, depression, diabetes, and
osteoporosis.! For fee-for-service claims, flags that indicated
any report of the condition from the 2021 Master Beneficiary
Summary File in the CMS Chronic Condition Data Warehouse
listing 30 chronic conditions were used to identify the presence
of claims relevant to any of these 15 conditions (1999-2021).3°
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These conditions reflect the most prevalent chronic condi-
tions according to algorithms validated from research litera-
ture and criteria used by other federal sources.*° For Medi-
care Advantage claims, algorithms from the CMS Chronic
Condition Data Warehouse used encounter data claim diag-
nosis and procedure codes, reference periods, and the num-
ber and type of qualifying claims to identify the presence of
the same 15 chronic conditions for data available from 2015
through 2021. Participants were categorized as having the con-
dition if they met the definition with either fee-for-service or
Medicare Advantage claims through December 31, 2021
(median, 10.1 years [IQR, 5.5-15.9] from the start of Medicare
coverage or baseline DPP visit, whichever was later).

Multimorbidity was defined as a binary outcome (<2 or >2
conditions) and as a count outcome (number of conditions).
In sensitivity analyses, the claims-based diabetes diagnosis was
excluded from the definition. High-cost multimorbidity dy-
ads were defined based on highest mean per capita Medicare
fee-for-service spending in 2010 (stroke/chronic kidney dis-
ease, stroke/chronic obstructive pulmonary disease, stroke/
heart failure, stroke/asthma, and chronic obstructive pulmo-
nary disease/chronic kidney disease).?!

Covariates

Age, sex, race and ethnicity, income, smoking status, and
alcohol use were self-reported at baseline. Hemoglobin A,
and baseline fasting glucose were measured according to the
DPP protocol®; time-weighted hemoglobin A, level was calcu-
lated from semiannual visit measurements using numeric in-
tegration from the R package sfsmisc (version 1.1-19; R Foun-
dation for Statistical Computing). According to protocol,
DPP-ascertained diabetes required repeat laboratory testing for
confirmation.?? Duration of metformin use includes both study-
provided and nonstudy metformin use. For DPP-ascertained
variables, February 23, 2020 (median, 21 years since random-
ization; IQR, 21.0-22.4), was chosen as the closing date for analy-
sisbecause of disruptionsin clinic visits from the COVID-19 pan-
demic, which complicated longitudinal data analyses.

Statistical Analyses
Descriptive statistics characterized the study population at
baseline (1996-1999) by original randomized group, and the
analytic cohort was compared with the full DPP cohort. Three-
way comparisons were performed with Kruskal-Wallis tests for
continuous variables and Pearson x? tests for categorical vari-
ables. The prevalence of multiple chronic conditions and counts
of chronic conditions were calculated by randomized group.
Cox proportional hazard models were used to estimate the
association of randomized group with risk of developing mul-
timorbidity, defined as time to 2 or 3 chronic conditions, and
risk of developing a high-cost dyad. For the purposes of these
time-to-event models, the observation period for each par-
ticipant started with either their baseline DPP visit (72 of 1173
[6.1%]) or their Medicare coverage start date (1101 [93.9%]),
whichever was later, and ended at the end of 2021 (median ob-
served follow-up time, 10.1 years; IQR, 5.5-15.9). Three mod-
els were fit using this approach: (1) adjusting for age at ran-
domization, sex, and race and ethnicity; (2) additionally
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adjusting for smoking status, alcohol use, and body mass in-
dex (BMI; calculated as weight in kilograms divided by height
in meters squared); and (3) additionally adjusting for fasting
glucose level at baseline. To estimate the association be-
tween diabetes development and the burden of multiple
chronic conditions (excluding diabetes), DPP-ascertained dia-
betes status was added to the Cox models as a time-varying
covariate. To test for heterogeneity in the association of ran-
domized group and the burden of multiple chronic condi-
tionsin prespecified subgroups (age at randomization, sex, race
and ethnicity, BMI, and primary CMS data source [Medicare
Advantage or fee for service]), models were fit including in-
teraction terms with randomized group. To confirm the ro-
bustness of the analysis, we also fit logistic regression mod-
els for prevalence of multimorbidity defined as 2 or more
conditions, with the same adjustments as the Cox models.

In a third approach, multimorbidity was treated as a count
(number of chronic conditions), and zero-inflated Poisson re-
gression was used to estimate the association of randomized
group with the burden of multimorbidity. Three models were
fit using this approach, each using a zero-inflation model that
incorporated age at randomization, sex, race and ethnicity, and
Medicare Advantage status, and then adjusting for each of the
sets of covariates as in the first approach. Each fully adjusted
model was implemented with and without diabetes (from CMS
claims) as a condition. Model fit was assessed with R DHARMa
version 0.4.6.

To confirm the robustness of the findings for the dura-
tion of study follow-up, we repeated survival analyses using
DPP-ascertained chronic conditions. Data were available for
13 of the 15 chronic conditions (eTable 1in Supplement 1). In
these Cox models, the observation period for each partici-
pant started with their baseline DPP visit and was censored in
February 2020. Allrandomized participants were included in
the analyses, excluding those who had met the definition of
having multimorbidity at baseline.

All statistical analyses were conducted in R version 4.4.1.
Nominal Pvalues reflect 2-sided statistical tests with a signifi-
cance level of .05. The study was conducted from June 1, 1996,
to December 31, 2021. Data were analyzed from June 5, 2024,
to November 7, 2025.

. |
Results

Participant Characteristics

Of 3234 DPP participants, 1422 consented to CMS database
matching, and their data were sent to the National Institute on
Aging Data LINKAGE Program (Figure 1). Of these partici-
pants, the analytic sample was restricted to 1173 Medicare en-
rollees whose morbidity data were available in 2021 (eFig-
ure 1in Supplement 1).

Table 1 details baseline sociodemographic and clinical fea-
tures of the 1173 participants overall and by randomized treat-
ment group (placebo n = 403; metformin n = 385; lifestyle
n = 385). Participants’ median age was 51 years (IQR, 46.4-56.7
years), median BMI was 32.1, 6 (0.5%) were American Indian,
68 (5.8%) were Asian/Pacific Islander, 194 (16.5%) were
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Figure 1. Flowchart of Selection of the Analytic Sample From the Diabetes Prevention Program (DPP) and DPP Outcomes Study (DPPOS)

"'/3234 Adults with prediabetes and recruited \\‘1‘
1996-1999 enrolled and randomized /

1073 Metformin

146 Excluded
134 Lost to follow-up
12 Died

927 Enrolled in DPPOS
924 Phase 1
833 Phase 2
749 Phase 3

256 Excluded
135 Died
121 Lost to follow-up

671 Alive and active when
consent sought in 2021

253 Excluded
169 No consent
42 No match
42 American Indian
clinic?

418 Matched with Medicare data

33 Excluded
16 Enrolled in Medicaid,
not Medicare
15 Newly enrolled
2 Died or disenrolled

1079 Lifestyle

1082 Placebo

163 Excluded
155 Lost to follow-up
8 Died

916 Enrolled in DPPOS
910 Phase 1
820 Phase 2
736 Phase 3

146 Excluded
138 Lost to follow-up
8 Died

936 Enrolled in DPPOS
932 Phase 1
840 Phase 2
774 Phase 3

260 Excluded
145 Died
115 Lost to follow-up

656 Alive and active when
consent sought in 2021

247 Excluded
129 Died
118 Lost to follow-up

689 Alive and active when
consent sought in 2021

228 Excluded
140 No consent
45 No match
43 American Indian
clinica

428 Matched with Medicare data

244 Excluded
155 No consent
45 American Indian
clinic?
44 No match

445 Matched with Medicare data

43 Excluded
25 Newly enrolled
15 Enrolled in Medicaid,
not Medicare
3 Died or disenrolled

42 Excluded
22 Newly enrolled
17 Enrolled in Medicaid,
not Medicare
3 Died or disenrolled

385 Alive, enrolled, matched to
Medicare, and with morbidity
datain 2021 included in

385 Alive, enrolled, matched to
Medicare, and with morbidity
datain 2021 included in

403 Alive, enrolled, matched to
Medicare, and with morbidity
datain 2021 included in

primary analysis primary analysis

primary analysis

2American Indian clinics did not consent to linkage of their data with external data sources.

Hispanic, 250 (21.3%) were non-Hispanic Black, 655 (56%) were
non-Hispanic White, 378 (32%) were male, and 795 (68%) were
female. At 2021 outcome ascertainment, the median age was
74 years (IQR, 70-80 years). Differences between DPP partici-
pants at baseline who were and were not included in analyses
are provided in eTable 2 in Supplement 1. The included group
was a few years older, had fewer individuals with other race,
had lower BMI and waist circumference, and reported less al-
cohol consumption, higher education, and higher income sta-
tus than the group that was not included.

Prevalence of Multimorbidity (Unadjusted Comparisons)

Overall, 85% of the cohort (993 of 1173) exhibited greater than
or equal to 2 CMS-ascertained chronic conditions (primary
definition of multimorbidity) at the end of follow-up; differ-
ences between randomized groups were nonsignificant.
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Groups differed when multimorbidity, which was lowest in
the lifestyle group (Table 2), was treated as binary (<3 or >3
conditions). The median condition count was 5 (IQR, 3-7) for
both placebo and metformin and 4 (IQR, 2-6) for lifestyle.
Table 2 shows the percentage of individuals with each of 15
chronic conditions overall and by randomized group. The
multimorbidity proportion with greater than or equal to 2
conditions differed in placebo (350 of 403 [87%]), metformin
(327 of 385 [85%]), and lifestyle (316 of 385 [82%]) groups,
and the proportion with greater than or equal to 3 conditions
differed in placebo (326 of 403 [81%]), metformin (310 of 385
[81%]), and lifestyle (279 of 385 [72%]) groups. Overall, the
top 3 chronic conditions were hyperlipidemia (886 of 1173
[76%]), hypertension (883 [75%]), and diabetes (782 [67%]).
Although lifestyle modification prevented or delayed the
onset of DPP-ascertained diabetes, 231 of 385 participants
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Table 1. Baseline and Follow-Up Clinical and Demographic Characteristics of Participants by DPP Randomized Treatment Group

Characteristic

Intervention, No. (%)

Metformin (n = 385)

Lifestyle (n = 385)

Placebo (n = 403)

Baseline/randomization characteristics®

Age at randomization, median (IQR), y 51 (47-57) 52 (46-57) 50 (46-56)
Race®
American Indian 1(0.3) 2 (0.5) 3(0.7)
Asian/Pacific Islander 18 (4.7) 33(8.6) 17 (4.2)
Hispanic 56 (14.5) 67 (17.4) 71(17.6)
Non-Hispanic Black 84 (21.8) 78 (20.3) 88(21.8)
Non-Hispanic White 226 (58.7) 205 (53.2) 224 (55.6)
Sex
Female 253 (66) 261 (68) 281 (70)
Male 132 (34) 124 (32) 122 (30)
Education, y
<12 84 (22) 94 (24) 102 (25)
13-16 182 (47) 184 (48) 182 (45)
217 119 (31) 107 (28) 119 (30)
Yearly income at randomization, $¢
15000 to <20 000 38(10) 40 (10) 46 (11)
20000 to <35 000 49 (13) 58 (15) 71(18)
35000 to <50000 81(21) 71(18) 67 (17)
50000 to <75 000 87 (23) 100 (26) 83 (21)
275000 110(29) 87 (23) 102 (25)
Refused to answer 20(5.2) 29 (7.5) 34 (8.4)
Smoking status, No. (%)¢
Never 239 (62) 231(60) 225 (56)
Formerly 131 (34) 134 (35) 140 (35)
Currently 15 (4) 20 (5) 38(9)
Alcohol consumption, No. (%)
None 162 (42) 176 (46) 188 (47)
<1 drink/wk 82 (21) 91 (24) 88(22)
1 drink/wk to 1 drink/d 106 (28) 92 (24) 102 (25)
21 drink/d 30(8) 19 (5) 17 (4)

BMI, median (IQR)¢

Waist, median (IQR), cm

Height, median (IQR), cm

Fasting glucose level, median (IQR), mg/dL

31.9(28.2-36.5)
102 (94-111)
167 (161-174)
105 (100-113)

31.8(28.5-36.3)
101 (93-109)
167 (161-173)
105 (100-112)

32.9(29.1-37.5)
103 (93-113)
165 (160-173)
106 (100-111)

HbA; ., %
<5.7 153 (40) 159 (41) 137 (34)
5.7-6.3 190 (49) 182 (47) 211 (52)
26.4 41(11) 43(11) 53(13)
Follow-up characteristics (2021)
Metformin use, median (IQR), y 18 (9-22) 0(0-7) 3 (0-10)
Physical activity: average MET h/wk, median (IQR)® 18 (6-52) 16 (5-49) 15 (5-46)
Medicare Advantage for 212 mo 185 (48) 177 (46) 185 (46)

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided

by height in meters squared); DPP, Diabetes Prevention Program; HbA,,

hemoglobin A,.; MET, metabolic equivalent of task.

Sl conversion factors: To convert glucose to mmol/L, multiply by 0.0555; to

convert HbA,. to mmol/mol, use the equation (10.93 x HbA,.) - 23.50.

2 The DPP baseline/randomization reflects data collected during randomization
(1996-1999).

b For race and ethnicity, participants were asked to self-select Hispanic compared

with non-Hispanic and separately American Indian, Asian/Pacific Islander, Black,
and White based on the 1990 US Census questionnaire about race and ethnicity.

€ Annual income reported in 1996 to 1999 dollars.

dp < 05 for differences between treatment groups. To address this result and
ensure these imbalances did not confound findings, both variables were
included as covariates in the models.

¢ Self-reported leisure physical activity via the Modifiable Activity Questionnaire
collected annually.

jama.com

JAMA Published online June 15,2026

© 2026 American Medical Association. All rights reserved, including those for text and data mining, Al training, and similar technologies.

E5


http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2026.8492

E6

Research Original Investigation

Lifestyle and Metformin Interventions and Risk of Multimorbidity in Adults With Prediabetes

Table 2. Prevalence of Chronic Conditions Among Participants Through the End of 2021 by DPP Randomized Treatment Assignment?

No. (%)

Metformin Lifestyle Placebo Ll s, 2 EFEE)
Characteristic (n = 385) (n =385) (n=403) Metformin vs lifestyle ~ Metformin vs placebo  Lifestyle vs placebo P value®
Multimorbidity 327 (85) 316 (82) 350 (87) 2.9(-2.6t08.4) -1.9(-7.0t03.2) -4.8(-10.1t00.5) 18
(22 conditions)
Multimorbidity 310(81) 279 (72) 326 (81) 8.1(1.8t014.3) -0.4(-6.1t05.4) -8.4(-14.6t0-2.3) .006
(23 conditions)
No. of conditions, 5(3to7) 4(2t06) 5(3to7) 0.4(0t00.8) -0.1(-0.5t00.3) -0.5(-0.8t0-0.1) .08
count, median (IQR)
giQEECOSt condition 48 (12) 40 (10) 65 (16) 2.1(-2.7t06.8) -3.7(-8.8t01.5) -5.7 (-10.7 t0o -0.8) .05
ya
Hyperlipidemia 294 (76) 275 (71) 317 (79) 49(-1.5t011.4) -2.3(-8.4t03.8) -7.2(-13.5t0-0.9) .06
Hypertension 289 (75) 274 (71) 320(79) 3.9(-2.6t010.4) -4.3(-10.4t01.8) -8.2(-14.5t0-2.0) .03
Diabetes 274 (71) 231 (60) 277 (69) 11.2(4.2t018.1) 2.4(-4.2t09.1) -8.7 (-15.7t0 -1.8) .002
Rheumatoid arthritis 204 (53) 184 (48) 223 (55) 5.2(-2.1t012.5) -2.3(-9.6t04.9) -7.5(-14.8t0-0.3) .10
or osteoarthritis
Chronic kidney disease 153 (40) 134 (35) 154 (38) 49(-2.1t012.0) 1.5(-5.5t08.6) -3.4(-10.4t03.6) .35
Ischemic heart disease 137 (36) 118 (31) 130 (32) 49(-2.0t011.8) 3.3(-3.5t010.2) -1.6(-8.3t05.1) 33
Depression 96 (25) 110 (29) 98 (24) -3.6(-10.1t02.9) 0.6 (-5.7t0 6.9) 4.3(-2.2t010.7) 34
fCo_rgestive heart 66 (17) 57 (15) 63 (16) 2.3(-3.1t07.8) 1.5(-3.9t06.9) -0.8(-6.1t04.4) .67
ailure
Osteoporosis 57 (15) 56 (15) 64 (16) 0.3(-5.0t05.5) -1.1(-6.4t04.2) -1.3(-6.6t03.9) .86
Asthma 52(14) 54 (14) 64 (16) -0.5(-5.6t04.6) -2.4(-7.6t02.8) -1.9(-7.1t03.4) .61
Nonskin cancer 54 (14) 49 (13) 51(13) 1.3(-3.8t06.4) 1.4(-3.6t06.4) 0.1(-4.6t04.8) .82
COPD 39 (10) 39 (10) 67 (17) 0(-4.3t04.3) -6.5(-11.5 to -1.5) -6.5(-11.5to -1.5) .006
Atrial fibrillation 38(10) 47 (12) 52 (13) -2.3(-7.0t02.3) -3.0(-7.7t0 1.6) -0.7 (-5.6t0 4.2) 38
Stroke/transient 42 (11) 36 (9) 41 (10) 1.6 (-3.0t06.1) 0.7 (-3.8t05.3) -0.8(-5.2t03.6) 77
ischemic attack
Dementia/Alzheimer 33(8.6) 26(6.8) 30(7.4) 1.8(-2.2t05.8) 1.1(-2.9t05.2) -0.7 (-4.5t03.1) .63

disease

Abbreviations: COPD, chronic obstructive pulmonary disease; DPP, Diabetes
Prevention Program.

2 Centers for Medicare & Medicaid Services comorbidities were ascertained
based on reported diagnoses from 1999 to 2021 from the 2021 Master
Beneficiary Summary File among fee-for-service claims and 2015 to 2021 for
Medicare Advantage claims.

® P value from Kruskal-Wallis rank sum test for 3-way comparison.

¢ High-cost multimorbidity dyads were defined based on highest mean per
capita Medicare fee-for-service spending in 2010 (stroke/chronic kidney
disease, stroke/chronic obstructive pulmonary disease, stroke/heart failure,
stroke/asthma, and chronic obstructive pulmonary disease/chronic kidney
disease).

(60%) in the lifestyle group developed CMS-ascertained dia-
betes during follow-up compared with 277 of 403 (69%) in
the placebo group.

Association of Randomized Treatment Group

and Multimorbidity

Figure 2 shows the cumulative incidence of having a second
and third chronic condition by original randomized group, with
the lowest incidence of multimorbidity in the lifestyle group
(overall, median time to second chronic condition, 2.4 years;
IQR, 0.6-6.5). The cumulative incidence of having a second and
third chronic condition, after exclusion of diabetes from the
definition of multimorbidity, and of having a high-cost dyad
was also lowest in the lifestyle group (eFigures 1 and 2 in
Supplement 1). Figure 3 summarizes the associations of ran-
domized groups with the onset of multimorbidity using dif-
ferent definitions and adjusted for baseline variables. The pri-
mary analyses showed a lower risk of multimorbidity (=2
conditions) with lifestyle compared with placebo (hazard ra-
tio [HR], 0.79; 95% CI, 0.68-0.93). There was no statistically
significant difference between participants in the metformin
and placebo groups (HR, 0.91; 95% CI, 0.78-1.07), and no in-

JAMA Published online June 15,2026

teractions were detected between randomized group and age,
sex, race and ethnicity, and BMI. Consistent results were ob-
served for onset of the third chronic condition. The lifestyle
group compared with the placebo group had alower risk of hav-
ing high-cost dyad conditions (HR, 0.57; 95% CI, 0.38-0.85).
Sensitivity analyses removing diabetes from the chronic con-
dition list showed results consistent with those of the main
analyses (eFigures 3 and 4 and eTables 3-5 in Supplement 1).

In the model of the adjusted relative mean count of chronic
conditions, using zero-inflated Poisson regression estimates
asa function of randomized group, the lifestyle group had 10%
fewer chronic conditions compared with placebo (relative mean
count, 0.90; 95% CI, 0.84-0.97) (eFigure 5 and eTable 6 in
Supplement 1). The burden of multimorbidity did not differ be-
tween metformin and placebo. In analyses comparing preva-
lence instead of incidence of multimorbidity, the findings were
similar (eTable 7 in Supplement 1).

Association of Randomized Treatment Group

and DPP-Ascertained Multimorbidity

In sensitivity analyses using DPP-ascertained multimor-
bidity (defined in eTable 1 in Supplement 1), results were
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Figure 2. Time-to-Event Curves Depicting Cumulative Incidence of Multimorbidity (=2 and =3 Chronic Conditions), Using Centers for Medicare
& Medicaid Services-Ascertained Conditions, Stratified by Assigned Treatment

E Second chronic condition

1.0+
Placebo
0.8 Metformin
: Lifestyle

0.6

0.4+

0.2

Cumulative incidence of multimorbidity

Time, y

Third chronic condition
1.0+

Cumulative incidence of multimorbidity

Time, y

A, Time to multimorbidity (onset of second condition), defined as greater than
or equal to 2 and greater than or equal to 3 chronic conditions. B, Time to
multimorbidity (onset of third condition). Time O is the start of Medicare
coverage or Diabetes Prevention Program (DPP) randomization, if randomized

after the start of coverage. Median follow-up was 10.1 years (IQR, 5.5-15.9 years)
from the start of Medicare coverage or baseline DPP visit, whichever was later;
median time to second chronic condition was 2.4 years (IQR, 0.6-6.5 years).

Figure 3. Dot-and-Whisker Plot of Associations of Lifestyle and Metformin vs Placebo on Multimorbidity for Several Definitions

No. of participants Risk of
No. of participants with the event of multimorbidity, Favors active i Favors
Event included in analysis interest HR (95% CI) intervention : placebo P value
2 Chronic conditions, including diabetes
Metformin 380 321 0.91(0.78-1.07) ——— .25
Lifestyle 378 306 0.79 (0.68-0.93) —— .004
Placebo 395 343 1 [Reference] | |
3 Chronic conditions, including diabetes
Metformin 380 301 0.90 (0.77-1.06) —.— 22
Lifestyle 378 271 0.75(0.63-0.88) —.— 001
Placebo 395 317 1 [Reference] | |
High-cost condition dyad
Metformin 380 48 0.76 (0.52-1.11) —— 15
Lifestyle 378 39 0.57 (0.38-0.85) —— .006
Placebo 395 64 1 [Reference] | |
2 Chronic conditions, excluding diabetes
Metformin 380 317 0.91(0.78-1.07) —— .25
Lifestyle 378 295 0.78 (0.66-0.91) —a— .002
Placebo 395 335 1 [Reference] | |
3 Chronic conditions, excluding diabetes
Metformin 380 262 0.80 (0.68-0.95) —— .01
Lifestyle 378 242 0.77 (0.64-0.91) —a— .003
Placebo 395 282 1 [Reference] | |
0.3 0.5 1 2
HR (95% CI)

Adjusted hazard ratios (HRs) and 95% Cls from fully adjusted Cox regressions.
Models adjusted for age (5-year increments), sex, race and ethnicity, smoking
status, alcohol consumption, body mass index (calculated as weight in
kilograms divided by height in meters squared; in increments of 5), and fasting

glucose level (in increments of 10 mg/dL) at randomization. Median follow-up
was 10.1 years (IQR, 5.5-15.9 years) from the start of Medicare coverage or
baseline Diabetes Prevention Program visit, whichever was later.

consistent with the primary analyses (eFigure 5 and
eTables 8 and 9 in Supplement 1). Being in the lifestyle
group was associated with a lower hazard of development
of DPP-ascertained multimorbidity (=2 conditions) com-

jama.com

pared with placebo (HR, 0.73; 95% CI, 0.64-0.84). Partici-
pants who developed diabetes had a higher risk of multi-
morbidity (HR, 1.33; 95% CI, 1.16-1.53) independent of
treatment group (eTable 9 in Supplement 1).
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Discussion

In a 21-year observational study among DPP participants with
Medicare insurance, randomization to lifestyle intervention
compared with placebo was associated with a lower burden
of multimorbidity a median of 10.1 years (IQR, 5.5-15.9 years)
after Medicare coverage was started. There was a reduced risk
for occurrence of the second and third condition (of the 15 ex-
amined) in the lifestyle group with adjustment for age, race
and ethnicity, sex, baseline fasting glucose level, BMI, smok-
ing status, and alcohol consumption. Results were similar when
diabetes was excluded from the condition list and also for high-
cost dyads. Beyond diabetes prevention, lifestyle interven-
tion was associated with fewer chronic conditions in aging.
However, randomization to metformin was not associated with
a difference in multimorbidity from placebo. Findings sug-
gest that intensive lifestyle modification may prevent or de-
lay multimorbidity in middle and older age among adults with
high risk of diabetes or with diabetes. Because lifestyle modi-
fication can be safe and cost-effective, sustaining those be-
haviors among Medicare beneficiaries at risk of diabetes may
help to reduce health burden and health care spending.

More than 20 years after the original DPP randomized in-
tervention exposure, 997 participants (85%) in this analysis had
greater than or equal to 2 chronic conditions and 915 (78%) had
greater than or equal to 3 chronic conditions (median, 5; IQR,
3-7). Compared with the placebo group, participants random-
ized to thelifestyle intervention had 21% lower risk for 2 chronic
conditions and 25% lower risk for 3 chronic conditions. This
result is consistent with the 9% to 19% reduction of multimor-
bidity reported for lifestyle interventions in FINGER® and Look
AHEAD,® but the DPP and DPPOS have the longest duration of
follow-up to date. The current findings expand on prior DPP
results about diabetes prevention and included a variety of
chronic conditions, such as chronic obstructive pulmonary dis-
ease, hyperlipidemia, hypertension, and possibly arthritis, al-
though those differences were not significant individually.
These results also add to evidence on interventions to reduce
high-cost dyads'” and underscore that lifestyle interventions
are powerful tools to improve healthy aging.

The current study highlights the role of diabetes in mul-
timorbidity among individuals with prediabetes. Although
lifestyle modification prevented or delayed the onset of dia-
betes, 231 of 385 participants (60%) in the lifestyle group de-
veloped diabetes during follow-up. Participants who devel-
oped diabetes had a higher risk of multimorbidity independent
of their treatment group. These risks reflect clustering of con-
ditions with diabetes and are consistent with the comorbid-
ity literature.>

Strengths of the study include initial enrollment into a ran-
domized clinical trial, the large size and representation in the
cohort, the high rates of retention and balance of the cohort
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according to the treatment assignment, and the long dura-
tion of follow-up. Time-to-event analysis permitted evalua-
tion of the association with multimorbidity during 21 years of
observation.

Limitations

First, by definition, multimorbidity refers to having multiple
chronic conditions simultaneously rather than a discrete inci-
dence of illness event. Thus, determining onset is ambiguous
because most conditions contributing to multimorbidity are
chronic diseases that develop gradually. Second, as eligible vol-
unteers, DPP participants may not reflect general populations
of individuals with prediabetes. The DPP participants had less
hypertension but higher BMI at baseline vs comparable na-
tional data.?* These data were not ascertained for American In-
dian center participants and those who declined consent for in-
clusion in this analysis. Third, events among participants who
died before the consent for Medicare linkage were not ac-
counted for. However, the included sample did not substan-
tially differ by demographic characteristics or by assignment to
the intervention. Fourth, crossover has the potential to influ-
ence the results. Adherence to study metformin declined over
time, although there remained a wide difference in total met-
formin exposure between the groups.'® The intensity of the life-
style intervention was not sustained after the initial 3.2 years,
and only limited lifestyle intervention was offered to all treat-
ment groups during DPPOS, with low attendance at lifestyle
classes offered during DPPOS.>2 Weight loss and physical ac-
tivity were higher in the lifestyle intervention group for 6 years
and then converged with that of the metformin group.!'° Fifth,
the Medicare claims algorithms for disease ascertainment have
known limitations.*® In the diagnoses for the Medicare Advan-
tage enrollees from encounter data, upcoding, in which a larger
number of diagnoses are made relative to a comparable fee-for-
service beneficiary, has been a concern.>* However, this study
addressed this problem by excluding diagnoses from elec-
tronic health record reviews, previously identified as a poten-
tial mechanism for upcoding.> A small proportion of partici-
pants (25 of 1173 [2.1%]) included were enrolled in Medicare
before age 65 years, and although Medicare beneficiaries
younger than 65 years often have more complex health needs
and higher health care costs than typical beneficiaries aged 65
years or older, no differences in count of chronic conditions ex-
isted between the 2 groups in the sample.

. |
Conclusions

Among adults with prediabetes at baseline, lifestyle interven-
tion, but not metformin, was associated with a lower burden
of multimorbidity during 21 years of follow-up. Lifestyle pro-
grams may persistently lower the development of chronic
conditions.
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