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National Birth Cohort (1996-2002), we assessed associations of cumulative lactation duration (none,
< 6 months, 6-12 months, > 12-24 months, and > 24 months) with clinical metabolic outcomes (in-
cluding type 2 diabetes [T2D], prediabetes, and obesity) and cardiometabolic biomarkers (including
biomarkers of glucose/insulin metabolism, fasting lipids, inflammation, and anthropometrics) 9-16
years after enrollment when women were at mid-life. At follow-up, women were 43.9 years old (SD
4.6) with a BMI of 28.7 kg/m? (IQR 24.6, 33.0); 28.6% of participants had T2D, 39.7% had prediabetes,
and 41.2% had obesity. Relative risks (95% CI) of T2D for 0-6, 612, 12-24, and > 24 months of cu-
mulative lactation duration compared to none were 0.94 (0.62,1.44), 0.88 (0.59,1.32), 0.73 (0.46,1.17),
and 0.71 (0.40,1.27), respectively. Cumulative lactation duration was not significantly associated
with any other clinical outcome or continuous biomarker. In this high-risk cohort of middle-aged
women with past GDM, T2D, prediabetes, and obesity were common at follow-up, but not associ-
ated with history of cumulative lactation duration 9-16 years after the index pregnancy. Further
studies in diverse populations among women at mid-age are needed to understand associations of
breastfeeding with T2D.
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1. Introduction

Gestational diabetes (GDM) is prevalent around the world, with the highest burden
seen in the Middle East and North Africa, where prevalence estimates, on average, range
from 8.4% to 24.5% depending on characteristics of underlying population and diagnostic
criteria [1]. Women with past GDM may be unaware of their diagnosis [2]. Women with
past GDM are at higher risk of cardiometabolic diseases such as type 2 diabetes (T2D) [3]
and cardiovascular disease [4], which they develop at a younger age than parous women
without GDM. Among the general population of parous women, longer cumulative du-
ration of lactation is associated with lower risk of T2D [5,6], metabolic syndrome [7], hy-
pertension [6,8], and myocardial infarction [9]. Among women with past GDM, longer
duration of lactation has been associated with lower levels of glucose, insulin, and triglyc-
erides and with higher high-density lipoprotein-cholesterol (HDL-c) in the immediate
post-partum period [10,11], as well as with lower long-term risk of T2D in large longitu-
dinal cohorts [5,12]. Associations of cumulative lactation duration with cardiometabolic
biomarkers at mid-life in women with past GDM, however, are not well characterized. In
addition, mechanisms underlying observed associations of lactation duration with cardi-
ometabolic disease are unknown.

Several mechanisms are hypothesized to contribute to a potential protective effect of
lactation on cardiometabolic risk including decreased metabolic demand on pancreatic
islet cells [13] and more rapid utilization of visceral fat depots and ectopic fat in liver and
skeletal muscle [14] during lactation. In addition, higher prolactin levels may directly sup-
port islet health and function [13]. Beyond direct effects on glucose and insulin metabo-
lism, differences in lipolysis [15] and favorable changes in lipid metabolism are also pre-
sent among breastfeeding mothers during the puerperium [10] and persist after weaning
[16]. In addition, suckling may lead to higher oxytocin levels [17], with favorable effects
on blood pressure regulation [18]. We therefore hypothesized that longer cumulative du-
ration of lactation among women with past GDM is associated with healthier levels of
cardiometabolic biomarkers (including measures of glucose/insulin metabolism, fasting
lipids, inflammation, and anthropometrics), as well as with lower risk of clinical metabolic
outcomes (including hypertriglyceridemia, prediabetes, T2D, and obesity).
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2. Research Design and Methods
2.1. Study Setting and Study Population

The Diabetes & Women’s Health (DWH) Study is a longitudinal cohort study of
women with past GDM, identified from the Danish National Birth Cohort (DNBC; 1996-
2002) [19], and has been previously described in detail [20]. In Denmark, at the time of the
index pregnancy, selective GDM screening was performed among women with risk fac-
tors including family history of diabetes, pre-pregnancy overweight or obesity, and age >
35 years, and among parous women with unexplained stillbirth, delivery of infant > 4500
g, or GDM in a past pregnancy [21]. GDM status in DNBC was obtained by review of
medical records, International Classification of Diseases codes from the Danish National
Patient Register, and/or retrospective interview. In medical records, GDM diagnosis was
based on available data such as blood glucose measurements, if available, or on other
notes from the doctor indicating GDM. When blood glucose measurements were availa-
ble, two or more venous glucose values > 6.2 mmol/L (fasting), 10.9 mmol/L (30 min), 11.1
mmol/L (60 min), 9.2 mmol/L (90 min), 8.9 mmol/L (120 min), 8.2 mmol/L (150 min), or 7.3
mmol/L (180 min) were diagnostic of GDM [21,22]. All women diagnosed with GDM in
the DNBC (1 = 1274 out of 91,827 women) were invited to participate in the DWH Study
(2012-2014), of whom a total of 607 completed questionnaires and a clinical exam 9-16
years after the index pregnancy complicated by GDM. DWH participants who completed
the follow-up clinical exam were similar to the eligible source population in age, pre-preg-
nancy body mass index (BMI), parity, and smoking status [20]. For this analysis, we ex-
cluded women who were diagnosed with type 1 diabetes before the DWH follow-up visit
(n=17), were < 6 months postpartum (n =7), or were currently lactating (n = 12), leaving
a final analytic sample of n = 577. The study was approved by the Regional Scientific Eth-
ical Committee of the Capital Region of Denmark (record no. H-4-2013-129), and all par-
ticipants provided written informed consent.

2.2. Data Collection

At the DWH Study follow-up visit, women retrospectively reported the duration of
lactation for each of their pregnancies.

Duration of lactation was collected by two methods. First, duration of lactation sub-
sequent to the index pregnancy was collected shortly after the index pregnancy in the
DNBC. Then, during the DWH Study follow-up visit, participants completed a question-
naire reporting duration of lactation retrospectively for all pregnancies. The correlation
between lactation duration collected after the index pregnancy and lactation duration sub-
sequently recalled for that pregnancy on the DWH Study follow-up questionnaire 9-16
years later was high (Spearman rho = 0.81), with 69.9% of women reporting the duration
accurately within a one-month difference [23]. For the current analysis, we calculated cu-
mulative duration of lactation following the index pregnancy by summing the number of
lactating months (any lactation) following each birth after the index birth as described in
detail previously [23]. Lactation was categorized as: none, < 6, 6—12, > 12-24 months, and
> 24 months.

Outcome measures were collected at the follow-up clinical exam by trained examin-
ers according to a standardized protocol, and consisted of anthropometric measurements,
blood pressure measurements, fasting blood samples, and a 2 h, 75 g oral glucose toler-
ance test (in those without known diabetes). Laboratory methods have been described in
detail previously [24]. In brief, blood was collected after an 8-10 h overnight fast and was
assayed for glucose (mmol/L), insulin (pmol/L), c-peptide (pmol/L), triglycerides (mg/dL),
HDL-c (mg/dL), high-sensitivity C-reactive protein (mg/L), and interleukin-6 (IL-6) level
(pg/mL) in plasma using Roche Diagnostics reagents (Indianapolis, IN, USA). Plasma glu-
cose (mmol/L) and insulin (pmol/L) were measured in clinic, while other sample aliquots
were processed within 30 min of collection, frozen at —80 °C, and measured at the Univer-
sity of Minnesota. Low-density lipoprotein-cholesterol (LDL-c, mg/dL) was calculated as
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total cholesterol —HDL-c—(triglycerides / 5). C-peptide concentrations were measured
using c-peptide microELISA (Quansys Biosciences, Logan, UT, USA; inter-assay coeffi-
cient of variation [CV] 10.0% at 3.6 ng/mL and 7.3% at 1.9 ng/mL). Insulin concentrations
were measured using a Roche COBAS 6000 chemistry analyzer (Roche Diagnostics, Indi-
anapolis, IN, USA; inter-assay CV 3.1% at 121.2 pmol/L and 3.1% at 377.9 pmol/L). Hemo-
globin Alc was measured using a non-porous ion exchange high performance liquid chro-
matograph assay (Tosoh Automated Analyzer HLC-723G8, Tosoh Bioscience, Inc., San
Francisco, CA, USA; inter-assay CV < 1.2%). Height (cm), weight (kg), and waist circum-
ference (WC, cm) midway between the lowest rib and the iliac crest were measured at
least twice. Weight change was calculated as the difference between measured weight at
the DWH cycle 1 follow up and self-reported pre-pregnancy weight recalled at the first
baseline DNBC pregnancy visit. BMI was calculated as kg/m?. Mean resting arterial blood
pressure was calculated as [(systolic blood pressure) + 2 x (diastolic blood pressure)] / 3.
The homeostatic model assessment for insulin resistance (HOMA-IR) was calculated as
(Fasting Plasma Insulin [mU/L] * Fasting Plasma Glucose [mmol/L]) / 22.5 and B-cell func-
tion (HOMA-B%) as (20 x Fasting Plasma Insulin [mU/I]) / (Fasting Plasma Glucose
[mmol/l] x 3.5) [25]. For the women who had their follow-up visit at the tertiary care
Righospitalet in Copenhagen (n = 192), a whole-body dual-energy X-ray absorptiometry
(GE Lunar Prodigy, GE Healthcare, Madison, WI, USA) scan was performed. In this sub-
set, abdominal visceral adipose tissue mass was estimated in cm? using enCORE software
(version 15, GE Healthcare) v15 [26]. Binary clinical outcomes were defined as obesity
(BMI > 30.0 kg/m?), hypertriglyceridemia (TG =200 mg/dL), T2D, a composite endpoint of
T2D or prediabetes (impaired fasting glucose or impaired glucose tolerance), and hs-CRP
> 3 mg/L [27]. Diagnosis of T2D was based on clinical exam results (Alc = 6.5%, fasting
glucose = 7.0 mmol/L, and/or 2 h glucose = 11.1 mmol/L) or self-report of physician diag-
nosis [28]. Individuals with fasting glucose of 5.6-6.9 mmol/L, 2 h glucose of 7.8-11.1
mmol/L, or Alc 5.7-6.4% were classified as having prediabetes [28].

In the DNBC at the index pregnancy, data were collected on age, pre-pregnancy BMI
(kg/m?) calculated from self-reported pre-pregnancy height and weight, high school edu-
cation attainment (yes/no), living with partner (yes/no), offspring birthweight (kg), parity
prior to the index pregnancy (0, 1, 2, or 2 3), current or former tobacco use (yes/no), alcohol
use during pregnancy (yes/no), moderate or vigorous physical activity during pregnancy
[metabolic equivalent (MET)-h/week], dietary quality (using a food frequency question-
naire from which the Alternate Healthy Eating Index score [29] was calculated), and pre-
pregnancy chronic diseases (yes/no) (including hypertension). At the DWH Study follow-
up visit, data were collected on current age, years since most recent pregnancy, total parity
(1, 2, or 2 3), menopausal status, and prevalent chronic diseases (yes/no, including self-
reported heart disease, T2D, cancer, gout, elevated cholesterol, and elevated blood pres-
sure), recent medication use including the use of antidiabetic medications, and family his-
tory of diabetes in a first-degree relative. Data on race/ethnicity are not available, but
roughly 90% of the Danish female population during the DWH study period reported at
least one parent of Danish ancestry [30].

2.3. Statistical Analyses

We estimated the mean, median, or frequency, as applicable, of covariates within
each category of cumulative lactation duration. Statistical significance was estimated us-
ing ANOVA, Kruskal-Wallis tests, or chi-square tests, respectively. Regression models for
continuous outcomes used log-transformed outcomes, and the final results were pre-
sented as the percent difference in each outcome (weight change, Alc, fasting glucose,
fasting insulin, fasting c-peptide, HOMA-IR, HOMA-%p, fasting triglycerides, HDL-c,
LDL-c, BMI, waist circumference, visceral adipose tissue volume, mean arterial pressure,
hs-CRP level, and IL-6 level) comparing each cumulative lactation group to the reference
category (no lactation). Models with binary clinical outcomes (TG =200 mg/dL, T2D, BMI
> 30 kg/m?, and hs-CRP = 3 mg/L, and the composite endpoint of T2D or prediabetes)
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utilized modified Poisson regression with robust variance to estimate relative risks (RRs)
and 95% confidence intervals (95% CI) for each category of cumulative lactation duration.
Multiple imputation with 20 replicates was used to address missing exposure and covari-
ate data [31]. We assumed data were missing at random. The missing data rate for the
most commonly missing imputed variable (high school education attainment) was 26%.
Each missing variable was imputed using lactation and covariate data at both time points
(i.e., pregnancy and follow-up) and the log-transformed continuous outcomes. The distri-
butions of the imputed variables were checked, and the range of the continuous values
was limited to the range in the original data. Models were adjusted for variables based on
prospective assessment prior to or during the index pregnancy including pre-pregnancy
chronic disease, age at index pregnancy, pre-pregnancy BMI, living with partner, high
school education or greater, current or former tobacco use, alcohol use during the index
pregnancy, Alternate Healthy Eating Index score, moderate-vigorous physical activity
MET-h/wk, family history of T2D, and parity at the time of the index pregnancy, as well
as the number of pregnancies for which cumulative lactation was reported. Sensitivity
analyses were performed stratifying by pre-pregnancy BMI (n = 220 BMI < 25.0 kg/m? vs.
n =312 BMI 2 25.0 kg/m?). We performed analyses stratified by menopausal status at fol-
low-up (n = 492 not post-menopausal, n = 85 post-menopausal). We also performed anal-
yses restricted to participants in whom the diagnosis of GDM was confirmed on retro-
spective records review (n = 335), those who reported only one lifetime pregnancy (n =
174), those who reported no use of antidiabetic medications in the 48 h prior to the follow-
up visit (n = 518), and those who did not self-report prevalent chronic disease at follow-
up (n = 354). All analyses were performed using SAS (version 9.4, SAS Institute) with p-
values < 0.05 used to determine statistical significance.

3. Results

On average, women were 31.7 (+ 4.4) years old (mean (+ SD)) at the index pregnancy
and had a pre-pregnancy BMI of 27.3 (+ 5.7) kg/m? (Table 1). Women in categories of
longer cumulative lactation duration had lower pre-pregnancy BMI, greater parity, and a
shorter time interval between the last pregnancy and the DWH follow-up visit. At the
DWH Study follow-up visit, women were 43.9 (+ 4.6) years old with BMI of 28.7 (24.6,
33.0) kg/m?; 41.2% had obesity (BMI > 30 kg/m?), 14.7% were post-menopausal, 28.6% had
T2D, and 39.7% had either prediabetes or T2D (Table 2). Women in categories of longer
cumulative lactation duration had lower waist circumference and BMI at follow-up.

Table 1. Characteristics of women with past gestational diabetes mellitus enrolled in the Diabetes
& Women'’s Health Study, overall and stratified by cumulative duration of lactation.

Cumulative Lactation Duration, Months

Overall None >0to<6 6to<12 12to <24 24 p for
differ-

n=>577* n=>57 n=101 n=171 n=143 n= 60 o
ence

Characteristics at Index Pregnancy

Age, years 317 (44) 31.1(43) 31.9(40) 32447  309(42)  312(45) 0034
Pre-pregnancy BMI, kg/m? 273(5.7) 297 (64) 287(5.6) 269(55)  258(50)  265(58) <0.0001
Pre-pregnancy BMI by category 0.0002
<25.0 220(381)  12(21.1)  28(27.7) 69 (40.4) 68 (47.6) 28 (46.7)
25.0-29.9 258 (27.4)  15(263)  24(23.8) 49 (28.7) 38(26.6)  17(28.3)
>30.0 154 (26.7) 24 (42.1) 40 (39.6) 41 (24.0) 26 (18.2) 11 (18.3)
Alternate Healthy Eating Index 485(7.6)  455(69) 483 (85)  49.1(69)  49.1(69)  50.1(75) 0.039
Moderate-vigorous physical activity,
MET-h/wk 0 (0, 30) 0(0,0) 0 (0, 30) 0 (0, 45) 0 (0, 45) 0 (0, 45) 0.630
Offspring birthweight, kg 3.8 (0.6) 37(0.8)  3.8(07) 3.8 (0.6) 3.8 (0.5) 37(05) 0353
GDM case verified, y 335(58.1)  35(614)  65(644)  111(649) 71(49.7)  31(5L7) 0.122

Living with partner, y

514 (89.1)  43(754)  86(852)  161(942)  132(92.3)  56(93.3) 0.848
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High school education or greater, y 174 (30.2) 15 (26.3) 26 (25.7) 48 (28.1) 54 (37.8) 23(38.3)  0.053
Parity at the index pregnancy 0.0010
0 208 (36.1) 29 (50.9) 33 (32.7) 41 (24.0) 68 (47.6) 28 (46.7)
1 210 (36.4) 16 (28.1) 36 (35.6) 75 (43.9) 45 (31.5) 18 (30.0)
2 92 (15.9) 4 (7.0) 17 (16.8) 35 (20.5) 20 (14.0) 7 (11.7)
>3 35 (6.1) 2 (3.5) 7 (6.9) 14 (8.2) 4(2.8) 4 (6.7)
Pre-pregnancy chronic disease, y 48 (8.3) 3(5.3) 11 (10.9) 12 (7.0) 11 (7.7) 3(5.0) 0.612
Family history of diabetes ina first-de- 5 37 3 54421y 44436) 68(39.8)  49(343)  16(267) 0.193
gree relative, y
Smoking in pregnancy, y 149 (25.8) 15 (26.3) 29 (28.7) 44 (25.7) 33 (23.1) 15 (25.0)  0.780
Alcohol use in pregnancy, y 292 (50.6) 21 (36.8) 55 (54.5) 100 (58.5) 77 (53.9) 23(38.3)  0.035
Characteristics at 9-16 Year Follow-Up Visit
Age, years 43.9 (4.6) 43.1 (4.5) 44.0 (4.3) 445 (4.7) 43.2 (4.4) 43.6 (44) 0.073
Time since most recent pregnancy, years  10.6 (3.0) 10.3 (3.0) 11.3 (2.3) 11.4 (2.3) 9.6 (2.8) 8.4 (3.1) <0.0001
Total parity <0.0001
1 324 (56.2) 38 (66.7) 83 (82.2) 138 (80.7) 46 (32.2) 13 (21.7)
2 158 (27.4) 14 (24.6) 16 (15.8) 28 (16.4) 76 (53.2) 23 (38.3)
>3 57 (9.9) 5(8.8) 2(2.0) 5(2.9) 21 (14.7) 24 (40.0)
Prevalent chronic disease ***, y 223 (38.7) 25 (43.9) 47 (46.5) 68 (39.8) 44 (30.8) 16 (26.7)  0.031
Prevalent type 2 diabetes, y 114 (19.8) 13 (22.8) 25 (24.8) 38 (22.2) 20 (14.0) 8(13.3) 0.126
Taken an anti-diabetic medicationinthe 59 5, g140) 131290 20017 1@ 2(33) 0184
past48h,y
Post-menopausal, y 85 (14.7) 10 (17.5) 16 (15.8) 33 (19.3) 13 (9.1) 6 (10.0) 0.091

Data are presented as mean (standard deviation, SD) or median (interquartile range) for continu-
ous variables and n (%) for categorical variables. * Sample size includes n = 45 with data missing
on duration of lactation. ** p-values for global differences in participant characteristics across cate-
gories of lactation duration (ANOVA, Kruskal-Wallis, or X2). *** self-reported type 2 diabetes,
heart problems, cancer, elevated cholesterol, elevated blood pressure, or gout.

Table 2. Cardiometabolic outcomes 9-16 years after the index pregnancy among women with a
history of gestational diabetes, overall and stratified by cumulative lactation duration.

Cumulative Lactation Duration, Months

Overall None >0to<6 6to<12 12to<24 224
n=>577* n=>57 n=101 n=171 n=143 n=60 p-Value
Continuous Outcomes
Weight change, kg 40 (-1.6,9.8) 2.5 (4.0, 6.9) 3.8(-2.8,9.1) 3.6 (-1.7,9.4) 44(01,95) 79 (11,125 0.054
Alc, % 54(52,57) 55 (53,6.0) 54(52,57) 54(52,57) 53(51,57) 54(5.1,5.6) 0.003
Fasting glucose, mmol/L 5.5(5.0,6.1) 5.4(5.0,6.2) 5.6(5.1,6.2) 55(5.1,6.1) 5.4(5.0,5.7) 53(4.9,5.7) 0.051
Fasting insulin, pmol/L 50 (35, 79) 56 (42, 85) 52 (38, 80) 47 (33, 78) 49 (34, 70) 50 (40, 80) 0.257
Fasting c-peptide, pmol/L. 983.4 (759.0, 1247.4) 1049.4 (7458, 13464) 1023,0 (798.6,1234.2) 9702 (745.8, 1247.4) in'fgf‘z?'o’ 1006.5 (831.6,12243)  0.570
HOMA-IR 1.8 (1.2,3.0) 1.9 (1.5, 3.9) 1.9 (1.3, 3.0) 1.7 (1.1, 2.8) 1.7(1.1,2.8) 1.7 (1.3, 2.6) 0.264
HOMA-%B 72.1 (50.1, 102.1) 78.7 (56.0, 97.1) 75.5 (49.8, 101.8) 65.0 (453, 97.5) 71i25(,437)'5' 84.1 (64.8,109.2) 0.056
Triglycerides, mg/dL 104 (80, 149) 111 (84, 158) 108 (84, 157) 100 (76, 152) 103 (79, 141) 113 (80, 138) 0557
HDL-c, mg/dL 57 (48, 68) 54 (43, 68) 55 (46, 63) 57 (48, 70) 58 (48, 68) 57 (49, 70) 0310
LDL-c, mg/dL 114 (94, 137) 105 (82, 137) 117 (98, 144) 113 (95, 137) 116 (93, 136) 114 (94, 134) 0.304
BMI, kg/m? 28.7 (24.6,33.0) 31.2(263,35.2) 30.7 (26.6, 34.4) 281(241,323) 269 (23.7,30.9) 28.0 (253, 32.1) 0.0002
Waist circumference, cm  99.5(89.4,109.7)  104.0(97.9,1152)  102.3(92.4,1134)  99.3 (88.8, 109.5) 96%;818)'2’ 99.0 (90.4, 106.5) 0.003
Visceral ajg’:’ sefissue, 709 (360, 1272) 1276 (376, 1512) 824 (434, 1471) 597 (353, 1174) 797 (357, 1016) 470 (207, 1272) 0252
Mean az;erﬁ?}l{zressure’ 91.3 (84.5, 100.7) 96.2 (84.5, 103.7) 91.8 (85.0, 101.2) 91.5(84.7,99.8)  89.5 (83.5,99.5) 90.3 (84.8,97.1) 0.368
CRP, mg/L 1.6 (0.6, 3.8) 1.8(0.7,6.2) 22(1.0,4.1) 12(0.5,3.6) 1.4(0.6,3.6) 14(0.6,3.2) 0.039
IL-6, pg/mL 1.3(0.7,2.4) 1.4(0.8,3.8) 1.4(0.9,2.5) 1.3 (0.6, 2.4) 12(0.7,2.2) 1.2 (0.6,1.9) 0217
Binary Outcomes
TG > 200 mg/dL 56 (9.8) 4(7.0) 12 (12.0) 21 (12.4) 13 (9.2) 2(33) 0.265
Type 2 diabetes 165 (28.6) 21 (36.8) 34 (33.7) 49 (28.7) 30 (21.0) 13 (217) 0.073
Prediabetes or T2D 228 (39.7) 27 (47.4) 39 (38.6) 73 (42.9) 46 (32.4) 20 (33.3) 0.184
BMI > 30 kg/m? 237 (412) 35 (61.4) 54 (53.5) 65 (38.2) 40 (28.0) 21 (35.0) <0.0001
hs-CRP > 3 mg/L 185 (32.4) 21 (36.8) 38 (38.0) 49 (29.0) 44 (31.4) 16 (26.7) 0437
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Abbreviations: CI (confidence interval), Alc (hemoglobin Alc), HOMA-IR (homeostatic model
assessment of insulin resistance), HOMA-%B (homeostatic model assessment of -cell function),
HDL-c (high-density lipoprotein cholesterol), LDL-c (low-density lipoprotein cholesterol), hs-CRP
(c-reactive protein), and BMI (body-mass index). Data are presented as mean (SD) or median (IQR)
for continuous variables and n (%) for categorical variables. p-values for parametric continuous
variables calculated using ANOVA tests; p-values for non-parametric continuous variables calcu-
lated using Kruskal-Wallis tests; p-values for categorical variables calculated using Chi-square
tests. The following definitions were used for the binary outcomes: hypertriglyceridemia, triglyc-
erides > 200 mg/dL; diabetes, A1C > 6.5%, fasting glucose > 7.0 mmol/L, or 2-h oral glucose toler-
ance test glucose > 11.1 mmol/L or self-report of physician diagnosis; prediabetes or diabetes, fast-
ing glucose > 5.6 mmol/L, 2-h oral glucose tolerance test glucose > 7.8 mmol/L, Alc>5.7, or self-
report of physician diagnosis of diabetes; obesity, BMI > 30.0 kg/m?. * Sample size includes n = 45
with data missing on duration of lactation.

After adjustment, cumulative lactation duration was not associated with any clinical
outcome or continuous biomarker. For T2D, RR (95% Cls) by increasing categories of cu-
mulative lactation duration compared to none were 0.94 (0.62, 1.44), 0.88 (0.59, 1.32), 0.73
(0.46, 1.17), and 0.71 (0.40, 1.27). RR for other binary outcomes in relation to categories of
cumulative lactation duration are shown in Table 3. For Alc, % differences (95% CI) by
increasing categories of cumulative lactation duration compared to none were —2.7% (-6.2,
1.0), 2.1% (-5.4, 1.4), 2.5% (-6.0, 1.1), and —4.1% (-8.3, 0.2). For fasting glucose, % differ-
ences (95% CI) were -1.9% (-8.0, 4.7), 0.2% (-5.7, 6.5), -2.2% (-8.3, 4.3), and —4.3% (-11.5,
3.5) respectively. Percent difference for other continuous outcomes in relation to catego-
ries of cumulative lactation duration are shown in Table 4.

Table 3. Adjusted associations of cumulative lactation duration with dichotomous cardiometabolic
outcomes 9-16 years after the index pregnancy among women with a history of gestational diabetes
compared to no lactation, n = 577.

Adjusted RR
(95% CI)
Cumulative Lactation Dura- >0to<6 6to<12 12to<24 224
tion, Months n=101 n=171 n =143 n=:60

TG 2 200mg/dL 1.64 2.15 2.02 0.81
(0.60, 4.48) (0.84, 5.47) (0.77, 5.30) (0.15, 4.40)

T2D 0.94 0.88 0.73 0.71
(0.62, 1.44) (0.59, 1.32) (0.46, 1.17) (0.40, 1.27)

Prediabetes or T2D 0.82 0.93 0.78 0.75
(0.57,1.18) (0.67, 1.30) (0.54, 1.13) (0.48,1.19)

BMI > 30 kg/m? 1.08 0.89 0.73 0.79
(0.82, 1.42) (0.67, 1.19) (0.52, 1.03) (0.52,1.21)

hs-CRP 2 3 mg/L 1.16 1.02 1.12 0.97

(0.77,1.76) (0.68, 1.53) (0.73, 1.70) (0.54, 1.76)

Abbreviations: CI (confidence interval), TG (triglycerides) T2D (type 2 diabetes), hs-CRP (high-
sensitivity c-reactive protein), RR (relative risk), and BMI (body-mass index). The following defini-
tions were used for the binary outcomes: hypertriglyceridemia, triglycerides > 200 mg/dL; diabe-
tes, A1C > 6.5%, fasting glucose > 7.0 mmol/L, or 2-h oral glucose tolerance test glucose > 11.1
mmol/L or self-report of physician diagnosis; prediabetes or diabetes, fasting glucose > 5.6mmol/L,
2-h oral glucose tolerance test glucose > 7.8 mmol/L, Alc > 5.7, or self-report of physician diagnosis
of diabetes. Models were adjusted for pre-pregnancy chronic disease, age at index pregnancy, pre-
pregnancy body-mass index, living with partner, less than high school education, current or for-
mer tobacco use, alcohol use during pregnancy, Alternate Healthy Eating Index score, moderate-
vigorous physical activity MET-h/wk, family history of type 2 diabetes, parity at the time of the
index pregnancy, and total parity.
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Table 4. Adjusted associations of cumulative lactation duration with continuous cardiometabolic
outcomes 9-16 years after the index pregnancy among women with a history of gestational diabetes
compared to no lactation, n = 577.

Adjusted % Difference (95% CI)

Cumulative Lactation >0to<6 6to<12 12to <24 224
Duration, Months n=101 n=171 n=143 n =60
. -2.3 -7.3 -8.3 -6.8
Weight change, kg (-12.2,8.7) (-16.1,2.5) (-17.5,1.9) (-18.0, 6.1)
Alc, % 2.7 -2.1 -2.5 -4.1
(-6.2, 1.0) (-5.4,1.4) (-6.0, 1.1) (-8.3,0.2)
Fasting glucose, mmol/L -1.9 0.2 -2.2 -4.3
(-8.0,4.7) (-5.7, 6.5) (-8.3,4.3) (-11.5, 3.5)
Fasting insulin, pmol/L 4.6 4.6 6.3 19.1
(-19.5, 13.0) (-18.7,11.9) (-10.1, 25.7) (-3.1, 46.4)
Fasting c-peptide, pmol/L 0.1 3.4 6.1 15.2
(-11.3, 13.0) (-7.8,15.9) (-5.9, 19.6) (-0.6, 33.6)
HOMA-IR -12.7 -18.2 -4.9 -0.5
(-32.2,12.5) (-35.9,4.5) (-27.0, 23.8) (-27.7,37.0)
HOMA-%B 1.7 -4.8 7.3 26.4
(-17.4, 25.1) (-21.9,16.0) (-13.5,33.1) (-2.6,64.0)
Triglycerides, mg/dL 2.7 2.2 2.6 2.2
(-16.1, 13.0) (-15.0, 12.5) (-11.4, 18.9) (-14.6,22.4)
HDL-c, mg/dL -2.5 -1.3 -14 0.6
(9.8, 5.4) (-8.3,6.2) (-8.7, 6.6) (-8.5, 10.6)
LDL-c, mg/dL 9.6 3 6.6 53
(-1.0, 21.2) (-6.3,13.3) (-3.4,17.7) (-6.4, 18.6)
BMI, kg/m2 0.8 0.3 -1.3 1.2
(3.9, 5.6) (-4.1,4.9) (-5.8, 3.5) (-4.6,7.3)
Waist circumference, cm 1 0 -0.3 -0.9
(-2.3,4.3) (-3.0, 3.1) (=34, 3.0 (-4.8,3.2)
Visceral adipose tissue, cm? 304 184 29.9 18.4
(-25.4, 128.0) (-29.4,98.7) (-24.8,124.4) (-38.9, 129.6)
Mean arterial pressure, -2.5 -1.1 -1.6 -1.2
mm/Hg (-6.1,1.4) (4.7, 2.6) (-5.3,2.3) (-5.7, 3.6)
hs-CRP, mg/L 18 -13.7 13.9 0.2
(-19.3,72.5) (-39.6, 23.4) (-21.8, 65.9) (-36.7, 58.5)
IL-6, pg/mL 48.5 19.6 40.6 58.9

(-61.6,474.2) (=66.7, 330.3) (—63.4, 439.7) (-68.8, 708.0)
Abbreviations: CI (confidence interval), Alc (hemoglobin Alc), HOMA-IR (homeostatic model
assessment of insulin resistance), HOMA-%B (homeostatic model assessment of -cell function),
HDL-c (high-density lipoprotein cholesterol), LDL-c (low-density lipoprotein cholesterol), hs-CRP
(high sensitivity c-reactive protein), and BMI (body-mass index). The following definitions were
used for the binary outcomes: hypertriglyceridemia, triglycerides > 200 mg/dL; diabetes, A1C >
6.5%, fasting glucose > 7.0 mmol/L, or 2-h oral glucose tolerance test glucose > 11.1 mmol/L or self-
report of physician diagnosis; prediabetes or diabetes, fasting glucose > 5.6mmol/L, 2-h oral glu-
cose tolerance test glucose > 7.8 mmol/L, Alc>5.7, or self-report of physician diagnosis of diabe-
tes. Models were adjusted for pre-pregnancy chronic disease, age at index pregnancy, pre-preg-
nancy body-mass index, living with partner, less than high school education, current or former
tobacco use, alcohol use during pregnancy, Alternative Healthy Eating Index score, moderate-
vigorous physical activity MET-h/wk, family history of type 2 diabetes, parity at the time of the
index pregnancy, and total parity.

For analyses stratified by pre-pregnancy BMI, results for the continuous outcomes
were similar to the overall results and the same was true for the binary clinical outcomes
among women with pre-pregnancy BMI > 25 kg/m? (Supplementary Table S1). Very few
adverse binary outcomes were reported among women with pre-pregnancy BMI < 25
kg/m?; therefore, these models did not converge. There were some statistically significant
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results that differed from the overall results in the analyses stratified by menopausal sta-
tus, but the 95% CI were very wide. Specifically, among post-menopausal women, IL-6
and HDL had a significant (inverse) association with cumulative lactation duration. (Sup-
plementary Table S2). For analyses restricted to women with a confirmed diagnosis of
GDM, women who reported only one lifetime pregnancy, women who reported no use of
antidiabetic medications in the 48 h prior to the follow-up visit, and women without self-
reported prevalent chronic disease at follow-up, results were similar to the overall results
(data not shown).

4. Discussion

In this well-characterized cohort of Danish women with past GDM, we found a high
prevalence of T2D (28.6%), prediabetes or T2D (39.7%), and obesity (41.2%) at mid-life (9—
16 years after the index pregnancy, mean age 44 years). After adjustment for maternal risk
factors including pre-pregnancy BMI at the index pregnancy, parity, and lifestyle factors,
longer duration of lactation was not associated with any of the cardiometabolic bi-
omarkers or clinical metabolic outcomes that we assessed compared to no lactation. To
our knowledge, this study is the first to systematically assess associations of lactation du-
ration with a broad variety of cardiometabolic biomarkers among women at mid-life.

In prior studies of women with past GDM, longer duration of lactation has been as-
sociated with lower levels of glucose, insulin, and triglycerides, with higher HDL-c in the
immediate post-partum period [10,11], and with lower 2-year incidence of T2D [32]. Three
studies have also demonstrated a long-term inverse association of duration of lactation
with development of T2D in later life among women with GDM over up to 30 years of
follow-up [5,12]. An analysis of Coronary Artery Risk Development in Young Adults
(CARDIA) participants demonstrated graded inverse associations of lactation duration
with incident T2D in a cohort of black and white U.S. women (including 155 with GDM)
over 30 years of follow-up with no evidence of effect modification by GDM status [5].
Second, an analysis of data from a German cohort (the German GDM Study) demon-
strated a 10-year longer median diabetes-free duration among women who lactated for
any duration compared to women who reported no lactation over 19 years of follow-up
[12]. Finally, a recent analysis by our group [33] among Nurses’ Health Study (NHS) I
participants—who had a median age of 58 years—demonstrated an inverse association of
lactation duration with fasting insulin and C-peptide (1 = 543), and a lower risk of T2D (n
= 4372) over 25 years of follow-up. In contrast, similar to the null findings in the present
study, in an earlier study in the subgroup of women with past GDM in the NHS II, dura-
tion of lactation was not associated with subsequent T2D (HR 0.96) at mid-life (mean age,
12 years after the index pregnancy) [34].

The current findings, which are generally null, may at first glance appear to contra-
dict previous reports including our own recent findings in the NHS II cohort, but there
are notable differences between the study populations that may contribute to or partially
explain the differences seen. These include: (1) differences in duration of follow-up, which
ranged from 9-16 years in the current study to 30 years in Gunderson et al. [5]; (2) post-
menopausal status at follow-up, which was not reported in all studies, but was only 14.7%
in our population, which was comparatively younger than the other groups studied; and
(3) the cumulative incidence of diabetes, which ranged from an estimated ~ 10% over 12
years in Stuebe et al. [34] to > 48% over 19 years in Ziegler et al. [12] (with a cumulative
incidence of 28.6%, the current study fell in the middle). In light of the substantial differ-
ences in cumulative diabetes incidence across these cohorts, the current findings might
suggest that the protective association of lactation with cardiometabolic disease may de-
pend on other maternal or pregnancy-related factors. One such factor may be severity of
dysglycemia during pregnancy. The studies cited above used a variety of cutpoints for
GDM diagnosis, which may have resulted in the inclusion of women with relatively more
severe dysglycemia during pregnancy in our cohort compared to others. For the current
cohort, cutpoints three standard deviations above mean levels in a cohort of 40 healthy
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Danish women were used to define diabetes [35]. These values were relatively higher than
the other cohorts, which primary used Carpenter—-Coustan or National Diabetes Data
Group criteria. The lack of a protective effect from lactation in our cohort in contrast to
the other populations studied suggests the possibility that, among women who exhibit
more severe dysglycemia in pregnancy, the disease may have progressed too far for lac-
tation to exert a protective long-term effect. Consistent with this hypothesis, in the Ger-
man GDM Study, Ziegler et al. reported that the protective effect of lactation was not pre-
sent in women who required insulin during pregnancy (HR 0.81, p = 0.4) compared to
those with diet-controlled GDM (HR 0.46, p = 0.014) [12], suggesting that the severity of
insulin resistance or p-cell dysfunction during pregnancy might modify the relationship
between lactation duration and progression of dysglycemia. Studies assessing whether
severity of GDM or the use of different GDM diagnostic criteria modifies the association
of lactation duration with subsequent T2D could help improve understanding of the
mechanisms by which lactation might protect against the development of T2D and/or in-
form tailored strategies for peripartum counseling.

Major strengths of this study include the hybrid longitudinal study design combining
DNBC pregnancy data with follow-up data from the DWH Study, which provided an
opportunity to follow a large, high-risk cohort of women for more than a decade and char-
acterize modifiable risk factors associated with an extensive list of cardiometabolic out-
comes. Limitations include the retrospective ascertainment of cumulative lactation dura-
tion; however, correlation between lactation duration for the index pregnancy collected
shortly afterward and lactation duration recalled for that pregnancy on the DWH follow-
up questionnaire 9-16 years later was high (Spearman rho = 0.81), with 69.9% of women
reporting the duration accurately within 1 month [23]. Secondly, deaths were not re-
ported, but the mortality rate among women in this age group in Denmark was
52.58/100,000 in 2014 [36]; therefore, the expected number of deaths in this cohort of 577
women over 16 years would be < 1. Lastly, because of factors such as the racial/ethnic
homogeneity of the cohort, the stringent criteria used for GDM diagnosis, and the selec-
tive approach used for GDM screening, the findings may not be generalizable to other
populations of parous women with past GDM; however, the relative homogeneity of the
study population reduces the potential for unmeasured confounding by socio-economic
status.

In conclusion, in our cohort of women with past GDM, we found no significant evi-
dence of a protective effect of lactation on the development of T2D or associated cardi-
ometabolic risk markers 9-16 years after the index pregnancy when women were at mid-
life. The high prevalence of T2D, prediabetes, and obesity in this cohort at mid-life high-
lights the importance of longitudinal preventive care and screening among women with
past GDM, who frequently fail to receive post-partum glucose tolerance testing [37]. Fur-
ther studies in diverse populations among women at mid-age are needed to understand
associations of breastfeeding with T2D.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/nu14030650/s1, Table S1 Cumulative duration of lactation and ad-
justed associations with cardiometabolic outcomes 9-16 years after the index pregnancy, stratified
by pre-pregnancy BMI. Table 52: Cumulative duration of lactation and adjusted associations with
cardiometabolic outcomes 9-16 years after the index pregnancy, stratified by menopausal status.
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