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IMPORTANCE Gestational diabetes has been associated with numerous chronic diseases.
However, few studies have examined the association of gestational diabetes with long-term
mortality risk.

OBJECTIVE To investigate the associations between gestational diabetes and long-term risks
of total and cause-specific mortality.

DESIGN, SETTING, AND PARTICIPANTS This cohort study analyzed participants of the Nurses'
Health Study Il who were followed for 30 years (1989-2019). Participants included US female
nurses aged 25 to 42 years who reported at least 1 pregnancy (=6 months) at 18 years or
older across their reproductive life span. Data were analyzed from May 1, 2022, to May 25,
2023.

EXPOSURE Gestational diabetes across the reproductive life span.

MAIN OUTCOMES AND MEASURES Hazard ratios (HRs with 95% Cls) for total and
cause-specific mortality were estimated by Cox proportional hazards regression models.

RESULTS A total of 91426 parous participants were included, with a mean (SD) age of 34.9
(4.7) years and a body mass index of 24.1(4.7) at baseline. During a follow-up period of

2 609 753 person-years, 3937 deaths were documented, including 255 deaths from
cardiovascular disease and 1397 from cancer. Participants with a history of gestational
diabetes had a higher crude mortality rate than those without a history of gestational
diabetes (1.74 vs 1.49 per 1000 person-years; absolute difference = 0.25 per 1000
person-years). The corresponding HR for total mortality was 1.28 (95% Cl, 113-1.44), which
did not materially change after additional adjustment for potential confounders and lifestyle
factors during the reproductive life span (HR, 1.25; 95% Cl, 1.11-1.41). The association persisted
regardless of the subsequent development of type 2 diabetes and was more robust among
participants who adopted less healthy lifestyles; experienced gestational diabetes in 2 or
more pregnancies (HR, 1.48; 95% Cl, 0.99-2.19); had gestational diabetes both in the initial
and subsequent pregnancies (HR, 1.71; 95% Cl, 1.11-2.63); and concurrently reported
hypertensive disorders in pregnancy (HR, 1.80; 95% Cl, 1.21-2.67), preterm birth (HR, 2.46;
95% Cl, 1.66-3.64), or low birth weight (HR, 2.11; 95% Cl, 1.21-3.68). Cause-specific mortality
analyses revealed that gestational diabetes was directly associated with the risk of mortality
due to cardiovascular disease (HR, 1.59; 95% Cl, 1.03-2.47). Additionally, gestational diabetes
was inversely associated with cancer mortality (HR, 0.76; 95% Cl, 0.59-0.98); however, it
was only evident among participants who later developed type 2 diabetes.

CONCLUSIONS AND RELEVANCE Results of this cohort study suggest that participants who
reported a history of gestational diabetes exhibited a small but elevated risk of subsequent
mortality over 30 years. The findings emphasize the importance of considering gestational
diabetes as a critical factor in later-life mortality risk.
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estational diabetes is increasingly prevalent and esti-

mated to affect 14.2% of pregnant individuals on a

global standardized scale.! In the US, the age-
standardized rate of gestational diabetes has increased from
47.6 in 2011 to 63.5 in 2019 per 1000 live births across all ra-
cial and ethnic groups.? Growing evidence has associated ges-
tational diabetes with type 2 diabetes (T2D),* cancer,* chronic
hypertension,” and cardiovascular disease (CVD).® Neverthe-
less, the association of gestational diabetes with long-term risks
of total and cause-specific mortality, a key focus in public
health, has been rarely evaluated in prospective studies.”® Al-
though individuals with a history of gestational diabetes have
an almost 10-fold increased risk of developing T2D,? it re-
mains uncertain whether the association of gestational dia-
betes with mortality is primarily influenced by the subse-
quent development of T2D and its associated comorbidities and
complications. It is also uncertain whether different patterns
of gestational diabetes, such as recurrence across multiple preg-
nancies and co-occurrence with other adverse pregnancy or
perinatal outcomes, have a similar association with mortality
risk. Therefore, we investigated the associations of gesta-
tional diabetes with the long-term risks of total and cause-
specific mortality among participants in the Nurses’ Health
Study (NHS) II. The NHS II has followed female nurses of re-
productive age for more than 3 decades, collecting periodic up-
dates of reproductive characteristics and lifestyle factors.

Methods

Study Population
The NHS II is an ongoing prospective cohort initiated in 1989
by enrolling 116 429 US female nurses aged 25 to 42 years,’ with
a follow-up rate of more than 90% for each biennial cycle. The
Mass General Brigham and Harvard T.H. Chan School of Pub-
lic Health Institutional Review Boards approved the study pro-
cedures. Participants provided written informed consent via
their returned completed questionnaires. The present cohort
study followed the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) reporting guideline.
The present analysis included NHS II participants who
either reported at enrollment a pregnancy of at least 6 months
at 18 years or older or became pregnant during follow-up
through 2009 when most participants had completed their re-
productive years (Figure 1). We excluded participants who re-
ported a history of CVD, diabetes, or cancer before their first
pregnancy and those who reported a diagnosis of T2D before
a diagnosis of gestational diabetes (Figure 1).

Gestational Diabetes and Mortality Ascertainment

Participants’ history of physician-diagnosed gestational dia-
betes was initially ascertained in 1989 and was updated bi-
ennially until 2001.'° In 2009, participants retrospectively re-
ported all of their previous pregnancies and associated adverse
maternal and fetal pregnancy outcomes, including gestational
diabetes, hypertensive disorders in pregnancy (HDP), preterm
birth, and low birth weight. Among a random subgroup of 114
participants, a previous validation study found that 94% of self-
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Key Points

Question Is gestational diabetes associated with a greater
long-term risk of mortality?

Findings In this cohort study of 91426 participants in the Nurses’
Health Study |1, a history of gestational diabetes was associated with
an increased risk of mortality, particularly cardiovascular disease
mortality, even in the absence of subsequent type 2 diabetes. A
higher risk of mortality was observed among participants who
adopted less healthy lifestyles, experienced gestational diabetes in 2
or more pregnancies, had gestational diabetes in initial and
subsequent pregnancies, and concurrently reported chronic diseases
and other adverse pregnancy or birth outcomes.

Meaning Findings of this study suggest that participants with
gestational diabetes may have an elevated risk of total and
cardiovascular disease mortality.

reported gestational diabetes events were confirmed by medi-
cal records." A high degree of gestational diabetes surveillance
hasalsobeen assessed in a different subgroup of 100 parous par-
ticipants without gestational diabetes.'

Deaths were systematically ascertained from a search of
state vital statistics records and the National Death Index or
report from family members or the US postal system by match-
ing first and last names, Social Security Number, birth date,
and state of residence.’®'* This process was able to ascertain
more than 98% of the deaths.'® Physicians who were un-
aware of participants’ history of gestational diabetes re-
viewed death certificates and, if required, medical records
(obtained through contacting hospitals with permission from
participant’s next of kin) or autopsy reports® to classify the
causes of death using codes from the eighth and ninth revi-
sions of the International Classification of Diseases. We classi-
fied participants into 19 major death categories (eTable 1 in
Supplement 1).16:17

Covariates

Participants’ demographic characteristics were self-reported
at recruitment, including race and ethnicity (categorized as
American Indian or Alaska Native, Asian, Black or African
American, Hispanic, Native Hawaiian or Other Pacific Is-
lander, White, and other). Race and ethnicity data were col-
lected and included in analysis because of the differences in
pregnancy complications and the burden of chronic diseases
across race and ethnicity subgroups.

Lifestyles; health-related factors; diabetes drugs (eg, in-
sulin, metformin, empagliflozin [Jardiance; Boehringer Ingel-
heim], canagliflozin [Invokana; Janssen], and sitagliptin); and
physician-diagnosed depression, chronic obstructive pulmo-
nary disease, chronic hypertension, and hypercholesterol-
emia were ascertained biennially during follow-up. Type 2 dia-
betes was self-reported biennially and ascertained through
validated supplemental questionnaires.'® Cardiovascular dis-
ease was self-reported biennially and subsequently as-
certained by reviewing medical records.!® Diet, including
alcohol intake, was assessed by validated food frequency ques-
tionnaires every 4 years since 1991.2° We identified the over-
all dietary quality by calculating the 2010 Alternative Healthy
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Figure 1. Cohort Design, Data Collection, and Exclusion Criteria for the Nurses' Health Study Il

Deaths were biennially ascertained by searching state vital statistics records and the National
Death Index, supplemented by reports from next of kin or the postal authorities.

A
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The history of physician-diagnosed gestational diabetes was
ascertained for the first time in 1989, which was updated
biennially between 1991 and 2001. In 2009, participants
retrospectively reported all previous adverse maternal and fetal
pregnancy outcomes, including gestational diabetes.

116429 Female RNs aged 25-42 y were recruited in 1989

283 Reported any diagnosis of cancer, CVD,
or diabetes before their first pregnancy

116146 Eligible participants

during follow-up

56 Reported T2D prior to a diagnosis

of gestational diabetes
—> 24664 Never reported a pregnancy (26 mo)
at age 18 y either at recruitment or

91426 Parous participants included in the primary analysis

questionnaire

38697 Died before 2009 or did not
> respond to the 2009 reproductive

‘ 52729 Parous participants included in the secondary analysis

CVD indicates cardiovascular disease;
RN, registered nurse; and T2D, type 2
diabetes.

Eating Index (AHEI) score (range: 0-110, with a higher score
indicating a healthier diet).?! Data on physical activity were col-
lected every 2 to 4 years since 1989. The reliability of self-
reported lifestyle factors and health conditions has been veri-
fied among participants from NHS II and the original NHS.22-27

Statistical Analysis

Hazard ratios (HRs) for total and cause-specific mortality ac-
cording to the time-varying history of gestational diabetes were
estimated using Cox proportional hazards regression models.?®
Participants’ person-time of follow-up began from the date of
return of the baseline or follow-up questionnaires when a preg-
nancy (=6 months) was reported until the end of follow-up
(June 30, 2019) or the date of death, whichever occurred
first. Exposure status was updated every 2 years from 1989 to
2009 (gestational diabetes occurring between 2004 and
2009 was ascertained in 2009), and participants were con-
sidered exposed to gestational diabetes from the age at which
they initially reported a pregnancy complicated by gesta-
tional diabetes.

We also conducted a secondary analysis to evaluate total
mortality risk according to the number of pregnancies with
gestational diabetes over the reproductive life span; change
in gestational diabetes status between pregnancies; and co-
occurrence of gestational diabetes with HDP, preterm birth, or
low birth weight among 52 729 participants who responded to
the 2009 questionnaire. The 2009 questionnaire captured par-
ticipants’ lifetime reproductive characteristics and thus per-
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mitted us to avoid double-counting pregnancies that were col-
lected throughout follow-up and to more accurately match
pregnancies to specific outcomes.

In the primary multivariable model (model 1), we in-
cluded only potential confounders, such as race and ethnic-
ity, age at first birth, age at menarche, body mass index (BMTI;
calculated as weight in kilograms divided by height in meters
squared) at age 18 years, history of infertility, and parental his-
tory of diabetes. In the final multivariable model (model 2),
we also adjusted for time-varying parity, oral contraceptive
use, BMI change before and after pregnancy, smoking status,
exercise at moderate to high intensity, and AHEI score during
the reproductive life span. Covariates with missing values at
agiven biennial cycle were carried forward using the most re-
cent data; otherwise, a missing indicator was created.?®

We evaluated whether the association of gestational dia-
betes with mortality is mainly affected by subsequent T2D by
jointly classifying participants according to time-varying ges-
tational diabetes and subsequent T2D. The proportion of as-
sociations mediated by T2D was further estimated. Stratified
analyses were conducted according to time-varying modifi-
able lifestyle factors during the reproductive life span, includ-
ing BMI, smoking status, diet quality (AHEI score), physical ac-
tivity, and alcohol intake, using cutoffs identified in previous
studies.'®-303! We also stratified the analyses according to time-
varying chronic disease conditions during adulthood (ie, CVD,
chronic obstructive pulmonary disease, hypercholesterol-
emia, chronic hypertension, and depression).
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The multiplicative interaction between covariates was con-
ducted by adding cross-product terms between exposure
and any tested factors in multivariable Cox proportional
hazards regression models.'®32 The additive interaction
was estimated by calculating the relative excess risk due to
interaction.>3 To assess the robustness of the findings, we
reanalyzed the association of gestational diabetes with total
mortality by excluding multiple gestations; using time-
varying lifestyle factors during adulthood instead of across the
reproductive life span; excluding participants who never re-
turned follow-up questionnaires; restricting analysis for pre-
mature deaths before age 70 years>*; using the Markov chain
Monte Carlo method of multiple imputations procedure to
handle covariates with missing data; excluding deaths attrib-
uted to complications of pregnancy, childbirth, and the puer-
perium; and adjusting for the use of diabetes drugs. Addition-
ally, we reanalyzed the association of gestational diabetes with
cause-specific mortality using competing-risk Cox propor-
tional hazards regression models, which permit the estima-
tion of separate associations of gestational diabetes with dif-
ferent causes of death and to conduct a heterogeneity test for
all estimations.®*® We conducted a stratified analysis of the
association between gestational diabetes and total mortality
among non-Hispanic White participants compared with Ameri-
can Indian or Alaska Native, Asian, Black or African Ameri-
can, Hispanic, Native Hawaiian or Other Pacific Islander, and
other groups to test the heterogeneity of estimations using
Cochran Q and I? statistics. All Cox proportional hazards
regression models demonstrated adherence to the propor-
tional hazards assumption.

All analyses were conducted from May 1, 2022, to May 25,
2023, using SAS, version 9.4 (SAS Institute Inc). Statistical sig-
nificance was set at a 2-tailed P < .05.

. |
Results

In the primary analysis, a total of 91426 parous participants
were included, with a mean (SD) age 0f 34.9 (4.7) years and BMI
of 24.1 (4.7) at baseline. A total of 6.6% participants (6021 of
91426) reported gestational diabetes either at baseline or dur-
ing follow-up across their reproductive life span (Table 1). Most
baseline characteristics were similar among participants with
vs without gestational diabetes except for the prevalence of
obesity, HDP, and parental history of diabetes.

During the 2 609 753 person-years of follow-up, 3937
deaths were documented, including 255 deaths from CVD
and 1397 from cancer (eTable 1 in Supplement 1). Participants
with a history of gestational diabetes had a higher crude
mortality rate than those without a history of gestational dia-
betes (1.74 vs 1.49 per 1000 person-years; absolute differ-
ence = 0.25 per 1000 person-years). The corresponding HR
for total mortality was 1.28 (95% ClI, 1.13-1.44), which did not
materially change after additional adjustment for potential
confounders and lifestyle factors during the reproductive life
span (HR, 1.25; 95% CI, 1.11-1.41) (Figure 2). In fully adjusted
cause-specific mortality analyses, gestational diabetes was
inversely associated with cancer mortality risk (HR, 0.76;
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Table 1. Age-Standardized Characteristics by Gestational Diabetes Status
at Baseline or Follow-Up of Nurses' Health Study Il Parous Participants®°

Participants, No. (%)

(N =91426)
Without With
gestational gestational
Characteristic diabetes diabetes
Sample 85405(93.4) 6021 (6.6)
Age, mean (SD), y© 34.9 (4.7) 33.9 (4.5)
Age at first birth, mean (SD), y 26.6 (4.6) 27.5(4.8)
Age at menarche, mean (SD), y 12.4(1.4) 12.3(1.5)
Parity (pregnancies 26 mo), mean (SD)¢ 2.07 (0.88) 2.13(0.99)
History of HDPY 10661 (14) 1413 (28)
BMIatage 18y
<18.5 12551 (15) 919 (15)
18.5-24.9 65743 (77) 4396 (73)
25-29.9 5699 (7) 517 (9)
230 1412 (2) 189 (3)
Current BMI
<18.5 2687 (3) 141 (2)
18.5-24.9 55017 (64) 3076 (50)
25-29.9 19627 (23) 1794 (29)
230 8074 (9) 1010 (18)
Non-Hispanic White race and ethnicity 78934 (92) 5363 (89)
Other race and ethnicity® 6471 (8) 658 (11)
Total physical activity, mean (SD), h/wk 3.269 (4.88) 2.97 (4.65)
2010 AHEI dietary score, mean (SD) 47.36 (10.56)  46.96 (10.35)
Alcohol intake, mean (SD), g/d 2.875 (5.66) 2.329 (5.05)
Current or ever oral contraceptive use 72763 (85) 5065 (84)
Parental history of diabetes 24643 (29) 2667 (45)
Smoking status
Never 53094 (66) 3713 (66)
Past 17475 (22) 1166 (22)
Current 10318 (13) 722 (13)

Abbreviations: AHEI, Alternative Healthy Eating Index (score range: 0-110, with
a higher score indicating a healthier diet); BMI, body mass index (calculated as
weight in kilograms divided by height in meters squared); HDP, hypertensive
disorders in pregnancy.

2 Means (SD) for continuous variables and No. (%) for categorical variables were
standardized to the age distribution of the study population except for age.

b A total of 4938 participants (5%) had missing data on baseline smoking status
and 20 155 participants (22%) had missing data on diet (including alcohol
intake).

¢ Value was not age adjusted.
d Analyses were conducted among 80 588 parous participants.

€ Other included American Indian or Alaska Native, Asian, Black or African
American, Hispanic, Native Hawaiian or Other Pacific Islander, and other.

95% CI, 0.59-0.98) but directly associated with the risk of
mortality due to CVD (HR, 1.59; 95% CI, 1.03-2.47) and all
other ascertained causes (HR, 1.46; 95% CI, 1.14-1.87). When
cancer and non-CVD or noncancer deaths were further disag-
gregated and analyzed for diagnostic categories with at least
50 deaths (eTable 2 in Supplement 1), gestational diabetes
was directly associated with mortality specifically attributed
to infectious and parasitic diseases (HR, 3.31; 95% CI, 1.56-
7.02) as well as senility and ill-defined diseases (HR, 1.84;
95% CI, 1.06-3.19).
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Figure 2. Risk of Total and Cause-Specific Mortality by Gestational Diabetes Status

Among the Nurses’ Health Study Il Participants

Without With Favors | Favors
gestational gestational inverse | direct
Cause of death diabetes diabetes association : association P value
All causes
Death cases, No. 3650 287 NA
Person-years of follow-up 2445218 164535 NA
Crude incidence per 1000 person-years 1.49 1.74 NA
HR (95% Cl) for age-adjusted model 1 [Reference] 1.28(1.13-1.44) - <.001
HR (95% ClI) for multivariable model 1 1 [Reference] 1.24(1.10-1.40) - <.001
HR (95% CI) for multivariable model2 1 [Reference] 1.25(1.11-1.41) - <.001
CcvD
Death cases, No. 232 23 NA
Person-years of follow-up 2448351 164764 NA
Crude incidence per 1000 person-years 0.09 0.14 NA
HR (95% Cl) for age-adjusted model 1 [Reference] 1.66 (1.08-2.55) —— 02
HR (95% Cl) for multivariable model 1 1 [Reference] 1.59 (1.03-2.45) —— 04
HR (95% Cl) for multivariable model 2 1 [Reference] 1.59(1.03-2.47) —— 04 Age-adjusted model controlled for
Cancer age, calendar time, and possible
Death cases, No. 1333 64 NA interactions between 2 timescales.
Person-years of follow-up 2447318 164718 NA Multivariable model 1 further
Crude incidence per 1000 person-years 0.54 0.39 NA adjusted for race and ethnicity, age at
HR (95% CI) for age-adjusted model 1 [Reference] 0.78 (0.60-1.00) ~ —m— .05 first birth, age at menarche, body
HR (95% CI) for multivariable model 1 1 [Reference] ~ 0.76 (0.59-0.98)  —@— 04 mass index (BMI) at age 18 years,
HR (95% CI) for multivariable model 2 1 [Reference] 0.76 (0.59-0.98) ~ —m— 03 ::::gz 2: g‘;‘::t':’ m‘ftiaar:;';la;
Non-CVD/noncancer model 2 further adjusted for parity,
Death cases, No. 800 72 NA oral contraceptive use, BMI change
Person-years of follow-up 2447794 164720 NA before and after pregnancy, smoking
Crude incidence per 1000 person-years 0.33 0.44 NA status, exercise at moderate to high
HR (95% Cl) for age-adjusted model 1 [Reference] 1.47 (1.15-1.87) —a— .002 intensity, and Alternative Healthy
HR (95% CI) for multivariable model 1 1 [Reference] ~ 1.42 (1.11-1.82) o .005 Eating Index score. Error bars
HR (95% CI) for multivariable model 2 1 [Reference]  1.46 (1.14-1.87) - 002 represent 95% Cls. The vertical line at
‘ : : 1represents the reference line.
0.5 1 2 4 CVD indicates cardiovascular disease;

HR (95% ClI) HR, hazard ratio; and NA, not

applicable.

The direct association between gestational diabetes and
total mortality persisted regardless of the subsequent devel-
opment of T2D (eTable 3 in Supplement 1). Cause-specific mor-
tality analyses revealed that the reduced risk of cancer mor-
tality was observed only among participants who experienced
both gestational diabetes and T2D; the risk of CVD and non-
CVD or noncancer mortality, however, was elevated among par-
ticipants who reported gestational diabetes only and those who
reported both gestational diabetes and subsequent T2D. Me-
diation analyses showed that 16.2% (95% CI, 4.9%-42.0%) of
the inverse association between gestational diabetes and can-
cer mortality was explained by subsequent T2D. When we re-
stricted the analyses to 52 729 participants who responded to
the 2009 questionnaire, the direct association of gestational
diabetes with total mortality persisted through 10 years of fol-
low-up (HR, 1.31; 95% CI, 1.04-1.66) (Table 2). Additionally, we
found an association of gestational diabetes with total mor-
tality among participants who experienced gestational diabe-
tesin 2 or more pregnancies (HR, 1.48; 95% CI, 0.99-2.19); had
gestational diabetes both in the first and subsequent pregnan-
cies (HR, 1.71; 95% CI, 1.11-2.63); and simultaneously experi-
enced HDP (HR, 1.80; 95% CI, 1.21-2.67), preterm birth (HR,
2.46; 95% CI, 1.66-3.64), or low birth weight (HR, 2.11; 95%
CI, 1.21-3.68).

JAMA Internal Medicine November 2023 Volume 183, Number 11

The association of gestational diabetes with total mortality
was found among participants with a low-quality diet (bottom
60% AHEI score: HR, 1.32; 95% CI, 1.15-1.52), heavy smoking hab-
its (=20 cigarettes/d: HR, 1.40; 95% CI, 1.01-1.94), overweight or
obesity (BMI >25: HR, 1.37; 95% CI, 1.19-1.58), low levels of physi-
cal activity (<30 minute/d: HR, 1.31; 95% CI, 1.15-1.50), nonmod-
erate alcohol intake (<5 or >15 g/d: HR, 1.31; 95% CI, 1.12-1.51),
hypercholesterolemia (HR, 1.35; 95% CI, 1.16-1.58), chronic
hypertension (HR, 1.24; 95% CI, 1.05-1.46), and CVD (HR, 1.52;
95% CI, 1-2.32) (Table 3). The association of gestational diabe-
tes with total or cause-specific mortality was materially un-
changed in numerous sensitivity analyses (eTables 4 and 5 in
Supplement 1). Homogeneous results were observed when we
assessed the association of gestational diabetes with total mor-
tality separately in non-Hispanic White participants and in
American Indian or Alaska Native, Asian, Black or African Ameri-
can, Hispanic, Native Hawaiian or Other Pacific Islander, and
other participants (eTable 6 in Supplement 1).

|
Discussion

Among the parous participants of NHS II with more than 30
years of follow-up data, we found that gestational diabetes was
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Table 2. Mortality by Gestational Diabetes Status Across Multiple Pregnancies Among Nurses’ Health Study Il

Parous Participants Who Responded to a 2009 Questionnaire

Death cases,
Gestational diabetes status No.

Crude incidence per
1000 person-years

HR (95% CI)

Age-adjusted model®

Multivariable model 1°

Multivariable model 2¢

With gestational diabetes
No 1024 2.15
Yes 81 2.74

1 [Reference]
1.49(1.19-1.87)

1 [Reference]
1.44 (1.14-1.81)

1 [Reference]
1.31 (1.04-1.66)

Total No. of pregnancies with gestational diabetes

Without history of gestational 1024 2.15
diabetes

1 55 2.59
22 26 3.11

1 [Reference]

1.40(1.07-1.84)
1.72 (1.16-2.54)

1 [Reference]

1.36 (1.03-1.79)
1.64(1.11-2.43)

1 [Reference]

1.25(0.95-1.65)
1.48(0.99-2.19)

Coexposure to gestational diabetes and preterm birth across the reproductive life span

Without gestational diabetes or 853 2.08
preterm birth

Preterm birth only 171 2.52
Gestational diabetes only 54 2.25
Both gestational diabetes and 27 4.89

preterm birth

1 [Reference]

1.20(1.01-1.41)
1.24(0.94-1.64)
2.86 (1.94-4.21)

1 [Reference] 1 [Reference]

1.19(1.01-1.40)
1.21(0.92-1.60)
2.68(1.82-3.96)

1.14(0.96-1.34)
1.10(0.83-1.45)
2.46 (1.66-3.64)

Coexposure to gestational diabetes and low birth weight across the reproductive life span

Without gestational diabetes or 909 2.09 1 [Reference] 1 [Reference] 1 [Reference]
low birth weight

Low birth weight only 115 2.76 1.27 (1.05-1.55) 1.27 (1.04-1.54) 1.18 (0.97-1.44)
Gestational diabetes only 68 2.55 1.42(1.11-1.82) 1.37 (1.07-1.76) 1.25(0.97-1.61)
Both gestational diabetes and low 13 4.43 2.51(1.45-4.35) 2.37 (1.36-4.11) 2.11(1.21-3.68)
birth weight

Coexposure to gestational diabetes and HDP across the reproductive life span

\Iflvlijt;lout gestational diabetes or 882 2.09 1 [Reference] 1 [Reference] 1 [Reference]
HDP only 142 2.56 1.29(1.08-1.54) 1.24(1.03-1.48) 1.15(0.96-1.37)
Gestational diabetes only 55 2.43 1.35(1.03-1.78) 1.31(1-1.73) 1.20(0.91-1.58)
Both gestational diabetes and HDP 26 3.78 2.18(1.47-3.23) 2.04(1.38-3.03) 1.80(1.21-2.67)
Gestational diabetes status in the first and subsequent pregnancies

Without gestational diabetes in 1024 2.15 1 [Reference] 1 [Reference] 1 [Reference]
any pregnancy

Without gestational diabetes in 45 2.72 1.46 (1.08-1.97) 1.41(1.04-1.90) 1.28(0.94-1.73)

the first birth but with gestational
diabetes in subsequent pregnancy

With gestational diabetes only in 14 2.06
the first pregnancy
With gestational diabetes bothin 22 3.53

the first and subsequent
pregnancies

1.13(0.67-1.92)

1.96 (1.28-3.00)

1.11(0.66-1.88) 1.04 (0.61-1.77)

1.88(1.22-2.87) 1.71(1.11-2.63)

Abbreviation: HDP, hypertensive disorders in pregnancy; HR, hazard ratio.

2 n the age-adjusted model, age in months (continuous) at the start of
follow-up and calendar year of the current questionnaire cycle were included
as stratified variables to control for age, calendar time, and any possible
interactions between these 2 timescales.

bBased on age-adjusted models, multivariable model 1was further adjusted for
race and ethnicity (non-Hispanic White or other), age at first birth (=25,
26-35, or >35 years), age at menarche (continuous), body mass index
(calculated as weight in kilograms divided by height in meters squared) at age

18 years (<18.5,18.5-24.9, 25-29.9, or =30), history of infertility (no or yes),
and parental history of diabetes (no or yes).

© Based on multivariable model 1, multivariable model 2 was further adjusted for
parity (=1, 2, or =3), oral contraceptive use (never or ever), body mass index
change before and after pregnancy (loss >1.0, within 1.0, or gain >1.0), smoking
status (never, former, current 1-34 cigarettes/d, or current =35 cigarettes/d),
exercise at moderate to high intensity (0, 0.1-1.0, 11-3.4, 3.5-5.9, or =6
hours/wk), and Alternative Healthy Eating Index score (5 categories) during
the reproductive life span.

associated with a greater subsequent risk of mortality during
adulthood. Mortality due to CVD was a primary factor in this
association, and it persisted regardless of the subsequent de-
velopment of T2D. We also observed an inverse association be-
tween the history of gestational diabetes and cancer mortal-
ity, which persisted only among participants who reported both
gestational diabetes and T2D after a pregnancy with gesta-
tional diabetes.

jamainternalmedicine.com

While gestational diabetes has been directly associated
with the morbidity of various chronic diseases during adult-
hood, particularly CVD morbidity,®3” a limited number of stud-
ies have investigated the association of gestational diabetes
with long-term risk of mortality. Supporting these findings,
Cirillo and Cohn® reported a direct association between gly-
cosuria during pregnancy and CVD mortality among 14 062 par-
ticipants in the Child Health and Development Studies with
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Table 3. Risk of Total Mortality Among Nurses' Health Study Il Participants, Stratified by Lifestyle Factors and Chronic Diseases®?

HR (95% Cl)

P value for P value for
Without gestational ~ With gestational additive multiplicative

Lifestyle factor and chronic disease diabetes diabetes RERI (95% Cl) interaction  interaction
Diet quality
Top 40% AHEI score (n = 1078 deaths) 1 [Reference] 1.07 (0.83t01.38)

0.32(-0.04t00.67) .08 21
Bottom 60% AHEI score (n = 2859 deaths) 1 [Reference] 1.32(1.15t01.52)
Smoking status
Never (n = 1976 deaths) 1 [Reference] 1.22 (1.03 to 1.45)
Current or former: 1-19 cigarettes/d (n = 1445 deaths) 1 [Reference] 1.21 (0.98 to 1.50) 0.13(-0.01t00.28) .07 91¢
Current or former: 220 cigarettes/d (n = 516 deaths) 1 [Reference] 1.40(1.01to0 1.94)
BMI
<25 (n = 1509 Deaths) 1 [Reference] 1.01 (0.78 to 1.29)

0.36 (0.05 t0 0.68) .02 .04
225 (n = 2428 Deaths) 1 [Reference] 1.37(1.19t0 1.58)
Physical activity
>30 min/d (n = 762 Deaths) 1 [Reference] 1.07 (0.78 t0 1.47)

. 0.30(-0.09t00.69) .13 .25

<30 min/d (n = 3175 Deaths) 1 [Reference] 1.31(1.15t0 1.50)
Alcohol intake
5-15 g/d (n = 1498 Deaths) 1 [Reference] 1.11(0.89t01.38)

0.31(-0.04t00.65) .08 22
<5or >15 g/d (n = 2439 Deaths) 1 [Reference] 1.31(1.12t0 1.51)
Depression
No (n = 2875 deaths) 1 [Reference] 1.23(1.06t01.42)

0.16 (-0.23t00.55) .42 .66
Yes (n = 1062 deaths) 1 [Reference] 1.28 (1.03t0 1.59)
Chronic hypertension
No (n = 2135 deaths) 1 [Reference] 1.12(0.93 t0 1.35)

0.33(-0.04t00.70) .08 .23
Yes (n = 1802 deaths) 1 [Reference] 1.24 (1.05 to 1.46)
Hypercholesterolemia
No (n = 1928 deaths) 1 [Reference] 1.07 (0.87t0 1.31)

0.37 (0.06 t0 0.67) .02 .03
Yes (n = 2009 deaths) 1 [Reference] 1.35(1.16 t0 1.58)
COPD
No (n = 3813 deaths) 1 [Reference] 1.25(1.11to0 1.42)

0.24 (-1.87t02.34) .83 .94
Yes (n = 124 deaths) 1 [Reference] 1.14 (0.30to 4.34)
CcvD
No (n = 3610 deaths) 1 [Reference] 1.20(1.05t0 1.36)

1.12(-0.59t02.82) .20 .50

Yes (n = 327 deaths) 1 [Reference]

1.52(1t02.32)

Abbreviations: AHEI, Alternative Healthy Eating Index; BMI, body mass index
(calculated as weight in kilograms divided by height in meters squared);
COPD, chronic obstructive pulmonary disease; CVD, cardiovascular disease;
HR, hazard ratio; RERI, relative excess risk due to interaction.

2 In multivariable models, age in months (continuous) at the start of follow-up
and calendar year of the current questionnaire cycle were included as
stratified variables to control for age, calendar time, and any possible
interactions between these 2 timescales, with adjustment for race and
ethnicity (non-Hispanic White or other), age at first birth (=25, 26-35, or >35
years), age at menarche (continuous), BMI at age 18 years (<18.5, 18.5-24.9,
25-29.9, or =30), history of infertility (no or yes), and parental history of

diabetes (no or yes) as well as time-varying parity (<1, 2, or =3), oral
contraceptive use (never or ever), BMI change before and after pregnancy
(loss >1.0, within 1.0, or gain >1.0), smoking status (never, former, current 1-34
cigarettes/d, or current =35 cigarettes/d), exercise at moderate to high
intensity (O, 0.1-1.0, 11-3.4, 3.5-5.9, or =6 h/wk), and AHEI score (5 categories)
during the reproductive life span except for the stratified variables.

b ifestyle factors were updated during the reproductive life span.

< Alikelihood ratio test was conducted to compare a model including
multiplicative interaction terms between gestational diabetes and smoking
status with a model without such terms.

more than 50 years of follow-up. In a more recent prospec-
tive cohort study of 48197 pregnant individuals from 12
US clinical centers, Hinkle and colleagues” reported a greater
risk of mortality due to total and infectious diseases among
participants with gestational diabetes or impaired glucose tol-
erance. However, Hinkle and colleagues” found that gesta-
tional diabetes or impaired glucose tolerance was not associ-
ated with CVD mortality. The observed discrepancy may be
attributed, at least partially, to variations in the timeframes of
pregnancies examined (1989-2009 in the present study vs
1959-1966 in the previous study), population characteristics,

JAMA Internal Medicine November 2023 Volume 183, Number 11

exposure definitions, and clinical screening practices. The ex-
isting evidence of the association between gestational dia-
betes and cancer morbidity and mortality is limited and has
controversial findings.* For instance, several studies found an
inverse association between gestational diabetes and the risk
of breast cancer morbidity,>®-%° but direct associations with
ovarian, uterine, and breast cancer have also been reported. 42
In the present study, while we observed an inverse associa-
tion between gestational diabetes and cancer mortality, ges-
tational diabetes was not associated with any type-specific can-
cer mortality. Similarly, Hinkle and colleagues’ did not find any
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association between gestational diabetes and cancer mortal-
ity. Instead, they reported direct associations with mortality
due to diabetes and kidney disease, which were not investi-
gated in the present study due to the limited number of
death cases.”

Individuals with a history of gestational diabetes face an
almost 10-fold increased subsequent risk of T2D.3 Therefore,
we explored whether the increased mortality risk was associ-
ated with the development of T2D. Reduced cancer risk was
observed only among participants who simultaneously expe-
rienced gestational diabetes and subsequent T2D. Mediation
analyses showed that T2D mediated the association between
gestational diabetes and cancer mortality. These findings sug-
gest that gestational diabetes itself may not be associated with
cancer mortality. In contrast, the direct associations between
gestational diabetes and total and CVD mortality were not en-
tirely attributable to subsequent T2D, which persisted inde-
pendent of the subsequent occurrence of T2D. Existing evi-
dence has yielded conflicting results on whether CVD morbidity
was dependent on the intercurrent development of T2D.37:43-47
However, individuals who have experienced both gestational
diabetes and T2D consistently exhibit the highest risk of CVD
morbidity.3”4” We observed a similar risk of CVD mortality
among participants who reported gestational diabetes only and
those who reported both gestational diabetes and T2D. We sus-
pected that the risk of CVD mortality among participants with
a history of gestational diabetes and intercurrent T2D might
have been underestimated because most NHS II participants
were relatively young by the end of follow-up and may not have
yet developed T2D. Additionally, we found an association be-
tween gestational diabetes and total mortality among partici-
pants with a low-quality diet, heavy smoking habits, over-
weight or obesity, low levels of physical activity, nonmoderate
alcohol intake, hypercholesterolemia, chronic hypertension,
and CVD. A greater risk of mortality was observed among
participants with a history of gestational diabetes in 2 or more
pregnancies, who had gestational diabetes both in the first and
subsequent pregnancies, and who experienced other ad-
verse pregnancy or birth outcomes. These findings were not
unexpected given that individuals with less healthy lifestyle
patterns, recurrent gestational diabetes, and multiple ad-
verse maternal and fetal pregnancy outcomes may have more
severe metabolic disorders (eg, hypercholesterolemia and
chronic hypertension) that may interact synergistically with
gestational diabetes, eventually playing arole in increased risk
of mortality later in life.

Gestational diabetes may be etiologically linked to a greater
risk of mortality, particularly CVD mortality, through shared
mechanistic pathways that predate pregnancy, such as sys-
temicinflammation, delayed insulin secretion, heightened in-
sulin resistance, vascular changes, endothelial dysfunction, and
dyslipidemia.®-*84° Meanwhile, the increased risk of CVD mor-
tality may also be accelerated by reduced sex hormone-
binding globulin levels, insulin resistance, and increased re-
lease of inflammatory cytokines implicated in the cause of
gestational diabetes during pregnancy.*°->! Together, these data
support the emerging concept that individuals who develop
adverse pregnancy outcomes may have greater underlying sus-
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ceptivity to chronic metabolic disorders before or during preg-
nancy that can be unveiled by increased physiological stress
during pregnancy.>2 The reasons for the inverse associations
between gestational diabetes and cancer are less clear. Re-
sults from the cause-specific proportional hazards models sug-
gest that this inverse association is unlikely to be associated
with the competing risk of mortality from other causes. In-
stead, it could be partly explained by early detection, man-
agement of medical conditions, and lifestyle interventions
(eg, BMI reduction or maintenance, healthy diet, and physi-
cal activity) that are often recommended to patients with
T2D. For instance, in a systematic review consisting of 41
observational studies, Franciosi and colleagues®® reported
that metformin, the first-line oral antidiabetic medication,
was associated with lower risk of total and cause-specific
cancer. However, uncontrolled residual confounding cannot
be fully ruled out.

Strengths and Limitations

The strengths of this study include its prospective research de-
sign, extensive follow-up period, high response rates, large
sample size, and the collection of various time-varying life-
style and health-related factors. The study also has several limi-
tations. First, participants’ history of physician-diagnosed ges-
tational diabetes was self-reported, which may have led to
exposure misclassification. However, self-reported gesta-
tional diabetes has been confirmed to be highly accurate (94%)
among NHS II participants.! Meanwhile, the rate of gesta-
tional diabetes in the NHS II (6.6%) was comparable with the
reported rates in the US population based on the National
Diabetes Data Group criteria (3%-6%).%%->> Therefore, we sus-
pected that the exposure misclassification of the present study
would be minimal. Second, most of the NHS I participants self-
identified as non-Hispanic White, which may have limited the
representativeness of these findings. One study found that
White individuals at first live birth exhibited a faster increas-
ingrate of gestational diabetes in 2011 to 2019 than those from
racial and ethnic minority populations in the US.? Differ-
ences in pregnancy complications and the burden of chronic
diseases across race and ethnicity groups have also been re-
ported among US individuals with a history of gestational
diabetes.>®>” However, the present stratified analysis showed
homogeneous associations between gestational diabetes and
total mortality between White and racial and ethnic minority
participants. Third, there was a limited number of deaths
from non-CVD or noncancer causes, which may have gener-
ated imprecise estimations.”® Fourth, we did not collect data
on the presence of prediabetes, gestational age of gestational
diabetes onset, and disease severity, which may be useful to
identify individuals at the highest risk. Fifth, the study’s
observational design did not allow us to establish any causal
associations.

|
Conclusions

In this cohort study, we observed a greater risk of mortality over
a 30-year follow-up among participants who reported a his-

JAMA Internal Medicine November 2023 Volume 183, Number 11

© 2023 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by elisabetta torlone on 11/10/2023

121


http://www.jamainternalmedicine.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamainternmed.2023.4401

1212

Research Original Investigation

tory of gestational diabetes vs those without a history of ges-
tational diabetes, with an absolute difference in the mortality
rate of 0.25 per 1000 person-years. The findings emphasize the
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