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Exposure to maternal diabetes in utero increases the risk in the offspring for a range of metabolic disturbances. However, the
timing and variability of in utero hyperglycemic exposure necessary to cause impairment have not been elucidated. The TEAM
Study was initiated to evaluate young adult offspring of mothers with pregestational diabetes mellitus. This paper outlines the
unique enrollment challenges of the TEAM Study and preliminary analysis of the association between exposure to diabetes in
pregnancy and adverse metabolic outcomes. The TEAM Study enrolls offspring of women who participated in a Diabetes in
Pregnancy (DiP) Program Project Grant between 1978 and 1995. The DiP Study collected medical and obstetric data across
pregnancy. The first 96 eligible offspring of women with pregestational diabetes were age-, sex-, and race-matched to adults
from the National Health and Nutrition Examination Survey (NHANES) 2015-2016 with an OGTT. Descriptive and regression
analyses were employed to compare TEAM participants to NHANES participants. Among a subset of TEAM participants, we
compared the metabolic outcomes across maternal glucose profiles using a longitudinal data clustering technique that
characterizes level and variability, in maternal glucose across pregnancy. By comparing categories of BMI, TEAM Study
participants had over 2.0 times the odds of being obese compared to matched NHANES participants (for class III obesity, OR
= 2:81; 95% confidence interval (CI): 1.15, 6.87). Increasing levels of two-hour glucose were also associated with in utero
exposure to pregestational diabetes in matched analyses. Exposure to pregestational diabetes in utero may be associated with
an increased risk of metabolic impairment in the offspring with clinical implications.

1. Introduction

Diabetes mellitus has reached epidemic proportions in the
United States and around the world. In some counties in
the United States, over 25% of the population has diabetes

[1] and 35% of adults 20 years and older have prediabetes
[2]. Furthermore, the prevalence of diabetes has increased
among women of child-bearing age [3]. Even in regions with
the lowest prevalence, nearly one-tenth of the population is
affected [1]. Not only is diabetes itself the seventh leading
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cause of death but also the consequences of diabetes can be
transferred to the next generation.

Exposure to maternal diabetes in utero increases the risk
in the offspring for metabolic disturbances, including obesity
[4–7], insulin resistance [8–10], type 2 diabetes mellitus [6,
11, 12], and cardiovascular (CV) dysfunction [13, 14]. In
addition to metabolic consequences, offspring of mothers
with diabetes may be at risk for cognitive and behavioral
impairments [15, 16].

While these associations are clear, the timing of hypergly-
cemic exposure across pregnancy, as well as the level and var-
iability of exposure necessary to cause impairment, has not
been elucidated. In addition, it is unknown whether detection
of more subtle health consequences, early in the natural his-
tory, may provide opportunities for secondary prevention.

In an effort to fill the gap regarding the level and timing
of diabetic hyperglycemia in utero, the Transgenerational
Effect on Adult Morbidity (TEAM) Study was initiated to
evaluate young adult offspring of mothers with pregesta-
tional diabetes mellitus, type 1 diabetes or type 2 diabetes,
to determine the association between the timing and vari-
ability of glucose exposure in pregnancy and risk of obesity,
diabetes, and renal and cardiovascular compromise in adult
offspring. Building on a Program Project Grant, herein
referred to as the Diabetes in Pregnancy (DiP) Study, con-
ducted at the University of Cincinnati Medical Center and
Cincinnati Children’s Hospital Medical Center between
1978 and 1995, the TEAM Study is enrolling up to 250
young adults from the 454 offspring of women with preg-
estational diabetes who participated in the DiP Study. The
objective of the TEAM Study is to evaluate the association
between hyperglycemia in pregnancy and biomarkers,
intermediates, and clinical outcomes related to metabolic,
cardiac, nephrotic, and both cognitive and behavioral out-
comes (Table 1).

The DiP Study examined the effect of the level of mater-
nal diabetic control on major congenital malformations in
offspring. This landmark study, along with others [17, 18],
demonstrated the benefit of strict glucose control through-
out pregnancy resulting in a decreased incidence of congen-
ital malformations and of perinatal mortality from 17% and
16% [19], respectively, to rates which approach those for
pregnancies not complicated by diabetes (around 3% and
less than 10 per 1,000, respectively) [20–22]. However, expo-
sure to hyperglycemia may result in more subtle and long-
term effects to offspring, motivating the initiation of the
TEAM Study. The DiP Study collected comprehensive longi-
tudinal clinical, obstetric, and perinatal data throughout
pregnancy and delivery (described below), which will be lev-
eraged for the TEAM Study.

In order to enroll offspring of mothers who participated
in the DiP Study, it is necessary to identify, locate, and
acquire contact information and then contact and enroll
individuals with whom the study has had no prior contact
and whose mothers have not been contacted in up to 43
years. This is a formidable task but once completed will cul-
minate in an unparalleled research opportunity. Nearly two
years into recruiting, over 100 offspring have been enrolled
and over 400 have been identified.

This paper describes the successful methods addressing
each of the challenges of identifying and enrolling the partic-
ipants. In addition, we describe the comprehensive TEAM
Study procedures, provide a description of the cohort to
date, and present preliminary analyses. Preliminary analyses
presented here compare anthropometric and metabolic out-
comes of TEAM participants (exposed to pregestational dia-
betes in utero) to an age-, sex-, and race-matched cohort
from the National Health and Nutrition Examination Survey
(NHANES). In addition, among a subset of participants, we
examine associations in the mean level and variability of glu-
cose across pregnancy, characterized by maternal glucose
profiles.

2. Methods

2.1. Diabetes in the Pregnancy Program Project Grant (DiP).
The DiP Study was a clinical trial conducted at the Univer-
sity of Cincinnati between 1978 and 1995, which enrolled
women preconceptionally or during pregnancy prior to 10-
week gestation for randomization and later in gestation for
observation. Participants were diagnosed with diabetes pre-
pregnancy including women with both type 1 and type 2
diabetes. The purpose of the study was to determine if more
strict glucose targets combined with more frequent clinic
visits early in pregnancy would have an impact on preg-
nancy outcomes. Women participating in the clinical trial
were randomized to receive either strict glycemic control
or customary glycemic control [22]. Treatment groups were
defined by fasting and 90-minute targeted levels of glucose
control. Fasting and 90-minute postprandial blood glucose
targets for strict glycemic control were <100mg/dL
and<120mg/dL, respectively, and those for customary glyce-
mic control were <120mg/dL and <140mg/dL, respectively
[23]. Blood glucose was monitored at clinic visits and daily
by participants (after 1981). At the clinic visit, both pre-
and 90-minute postprandial blood glucose concentrations
were measured. At home (after 1981), reflectance blood glu-
cose meters (Ames Dextrometer; Miles Inc., Diagnostics
Division, Elkhart, IN) were employed for women to self-
monitor glucose levels four to six times daily.

Complete medical and obstetric histories were obtained
from each participant. Ongoing medical data related to dia-
betes and pregnancy were obtained at regular clinic visits,
which were required for study participation. During the first
trimester, clinic visits occurred every week for the strict gly-
cemic control group and every 2 weeks for the standard con-
trol group. For the rest of pregnancy, all participants had
weekly clinic visits. Care at each visit was provided by a team
of specialists including a dietician, a diabetes nurse educator,
a maternal-fetal specialist, and an endocrinologist with addi-
tional care available by an ophthalmologist, neonatologist,
and geneticist. Women were provided intensive diabetes
education, and their glucose control and insulin require-
ments were monitored throughout gestation to optimize
management of their diabetes. Infants, whether liveborn or
stillborn, were examined by both a neonatologist and genet-
icist/dysmorphologist immediately after birth.
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2.2. The TEAM Study. The TEAM Study is aimed at applying
innovative statistical approaches to associate the timing,
level, and variability of in utero glucose exposure to morbid-
ity in the adult offspring of women with pregestational
diabetes mellitus. The specific aims of the TEAM Study are
as follows:

(1) To demonstrate the transgenerational effect of the
hyperglycemic intrauterine environment on meta-
bolic health of adult offspring of women with preges-
tational diabetes. Specific gestational periods of
hyperglycemia predictive of specific metabolic mor-
bidities in the adult offspring will be identified

(2) To demonstrate the transgenerational effect of the
hyperglycemic intrauterine environment on cardiac
and peripheral vascular structure and function in
adult offspring of women with pregestational diabe-
tes. We will determine if cardiovascular compromise
in the adult offspring may be predicted by the gesta-
tional glycemic profile

(3) To determine the effect of the hyperglycemic intra-
uterine environment on cognition in young adult
offspring of women with pregestational diabetes

(4) To determine the effect of exposure to a hyperglyce-
mic intrauterine environment on behavioral out-
comes in young adult offspring of women with
pregestational diabetes

2.3. The TEAM Study Procedures. The TEAM Study includes
one clinical study visit that takes place at the Cincinnati Chil-
dren’s Hospital Medical Center (CCHMC) William K. Shu-
bert Clinical Research Center. Participants are asked to fast
for 9 hours prior to the visit and provide first morning urine
using a collection kit that was provided in advance. Upon
arrival, participants provide a second urine sample to assess
renal function and to test for pregnancy in female participants.
If they are pregnant, they are required to reschedule at least 3
months following the pregnancy outcome. Participants
undergo anthropometric measures and cardiovascular tests

of structure and function including left ventricular mass
(LVM), pulse wave velocity (PWV), augmentation index,
and carotid intima-media thickness (cIMT) to enable detec-
tion of subclinical abnormalities of cardiac and peripheral vas-
cular structure and function; a fasting blood sample and a
frequently sampled oral glucose tolerance test (OGTT) (glu-
cose measured by an enzymatic assay) and c-peptide were
interpreted using the minimal model developed by Gower
et al. [24, 25] to assess beta cell function; dual-energy X-ray
absorptiometry (DXA) and sagittal abdominal diameter
(SAD) to assess visceral and total body fat, measurement of
hip, and iliac and midpoint waist; measures of nutrition, phys-
ical activity, and a sleep survey, as well as neurocognitive and
behavioral testing (the fasting blood sample also provides
measures of metabolic, cardiac, and renal indices).

2.3.1. Potential Participant Identification and Contact
Process. The TEAM Study sampling base was limited to the
454 offspring of DiP pregnancies. We aim to enroll 250 of
these offspring for the TEAM Study. The youngest enrolled
participant will be 22 years old and the oldest up to 43 years
old at the time of study participation. To ensure an unbiased
order of recruitment, the list of the 435 offspring (all eligible
offspring except 19 who participated in a pilot study in
2008/2009) was randomized using simple randomization to
determine the order of contact. The identity of most off-
spring was unknown as infant names were not recorded in
the DiP Study database. We therefore employed two
approaches to identify and contact the offspring: (1) contact-
ing their mothers and (2) a comprehensive Internet search
for names and contacts using methods described below.

To contact mothers, starting with the last known con-
tact, a letter was sent describing the TEAM Study and asking
for contact information for their offspring. However, for
some mothers, only mothers’ name and both her date of
birth and that of the offspring were available, so a compre-
hensive Internet search was conducted to find her current
contact information employing many of the methods listed
below. In addition, if mothers were found to be deceased, a
search was conducted to locate an obituary which could
potentially include the offspring names.

Table 1: The TEAM Study visit procedures, methods, lab tests, and assessments.

Assessment Measurement

Pregnancy test Urine pregnancy testing (for females)

Questionnaires Health history, sociodemographic, physical activity, and sleep questionnaires

Cardiovascular
Endothelial & vascular function (Endo-Pat, FMD), blood pressure, brachial artery distensibility,
augmentation index (AiX) and pulse wave velocity (PWV), carotid ultrasound, echocardiography

Renal Creatinine, cystatin C, albumin, hepatic panel

Metabolic, diabetogenic

Oral glucose tolerance test (glucose, insulin), glucose-like peptide 1 (GLP-1), gastric inhibitory
polypeptide (GIP), glucagon, C-peptide, hemoglobin A1c (HbA1C), lipids, islet cell antibodies (ICA),

adiponectin, leptin, phospholipids, free fatty acids, high-sensitivity C-reactive protein (hsCRP),
vitamin D, thyroid-stimulating hormone (TSH)

Nutrition 24-hour food recall (followed by 2 postvisit recalls) & block food frequency V3

Anthropometric Hip, waist (iliac and midpoint) and sagittal abdominal diameter (SAD), dual X-ray absorptiometry (DXA)

Neurocognitive
Brief Symptom Index (BSI-18); Conners’ Adult ADHD Ratings Scale (CAARS); Wechsler Abbreviated

Scale of Intelligence, 2nd edition (WASI-II); Social Responsiveness Scale (SRS-2); PedsQL
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To determine the identity of offspring directly, the fol-
lowing procedures were employed in order:

(i) The CCHMC electronic medical record (EPIC) was
searched using the infants’ date of birth and sex.
Each date of birth/sex search resulted in approxi-
mately 30 records to be reviewed for matches with
the mothers’ name

(ii) Accurint LexisNexis was searched for the mother
using her name and date of birth. Though Lexis-
Nexis does not track relatives, this provided infor-
mation about the mothers’ current city

(iii) Using the mother’s current name and city, a search
of https://fastpeoplesearch.com/ was employed
which results in a current age (additional confirma-
tion of correct individuals) and family members.
These family members were reviewed to identify
the offspring with an age or date of birth and sex
matching those of the offspring in question

(iv) The offspring name was searched in LexisNexis to
confirm age and date of birth or determine if they
are incarcerated or deceased

(v) If still unable to identify and locate participants,
additional websites were searched including http://
familytreenow.com/ (which lists all possible rela-
tives and year they were born) and Google searches

Once potential participants were identified, contact was
initiated to introduce the study and confirm interest in par-
ticipation. First, letters were sent with a contact information
sheet, business reply, and refusal opt out. The study team
then waited six weeks until additional communications were
attempted. After six weeks, participants were called using
phone numbers identified through online searches. The fre-
quency of calls was every 8-15 days. After four voice mails
were left with no return call, the frequency was reduced to
once per month or ceased for a period of time to focus on
the next batch. If only an email was identified online, an
email was sent every two weeks for about six weeks and then
likewise ceased for a period of time to focus on the next
batch. If no phone number or email address was available,
then a follow-up contact attempt from the letter was not
possible. Post cards were also sent to 88 potential partici-
pants who never made verbal contact or for whom the study
team had sent information and had been attempting contact
for more than three months.

To date these methods have been successful for identify-
ing our first 107 participants who completed a study visit
prior to the March 2020 COVID-19 shutdown. However,
to contact the next set of potential participants, additional
methods will be employed, including additional contact via
phone calls and emails to the original DiP participants, the
mothers. It was a priori determined to concentrate on con-
tacting offspring of mothers with type 1 diabetes first and
then mothers with type 2 diabetes, and this was included
in the randomization scheme. Thus, the first 96 (after
excluding 11 participants who were taking insulin or other

oral or injectable medications for diabetes in order to repli-
cate exclusion criteria used for the NHANES OGTT)
included in the analyses are offspring of mothers with type
1 diabetes only. All participants provided written informed
consent.

2.4. Preliminary Analysis

2.4.1. NHANES. Analyses were conducted using the 2015-
2016 NHANES cohort, the most current data available at
the time of analysis. NHANES participants were eligible
for inclusion in the present analyses if they provided fasting
and 2-hour samples for the oral glucose tolerance test
(OGTT). In addition, NHANES participants included for
matching were restricted with the same age range as TEAM
participants (24-43 years). In total, 719 individuals were
included from the NHANES cohort. For NHANES, the fast-
ing blood tests were performed on all participants who were
over 12 years of age following a nine-hour fast. For the
OGTT, after initial venipuncture, participants consumed a
75 g dose of glucose (Trutol™). After two hours, a second
venipuncture was performed. Participants were excluded
from the OGTT if they had hemophilia, were on chemother-
apy, had fasted less than nine hours, and were taking insulin
or other oral or injectable medications for diabetes, if they
had self-reported weight loss or bariatric surgery, and if they
refused phlebotomy, were pregnant, or were unable to con-
sume the Trutol™ in the allotted time (5 minutes). Glucose
was measured employing an enzymatic method using the
Roche C311 (https://wwwn.cdc.gov/Nchs/Nhanes/2015-
2016/OGTT_I.htm), and HbA1c was measured using the
Tosoh Automated Glycohemoglobin Analyzer HLC-723G8
for quantitative measurement of the percent HbA1c in
whole blood (https://wwwn.cdc.gov/nchs/data/nhanes/
2015-2016/labmethods/GHB_I_MET.pdf).

2.4.2. Matching of TEAM Study Participants with NHANES
Participants. TEAM Study participants were age- (within 1
year), sex-, and race-matched up to 1 : 3 to NHANES partic-
ipants using the gmatch macro for SAS, which employs a
greedy matching algorithm, also known as the local optimal
method [26]. Using the greedy method, after randomly sort-
ing each group, a match is selected once a participant is
identified meeting the matching criteria and is not broken,
even if more optimal matches could be found across the
sample. The “distance” between TEAM Study and compari-
son participants (Dij) was determined by identifying the
NHANES participant (j) closest to the TEAM participant
(i) based on the weighted sum of the absolute difference
between the matching factors. This process is repeated until
no more matches can be found up to the preselected case to
the comparison ratio within the program.

2.4.3. Outcomes. The primary outcomes included body mass
index (BMI, kg/m2), obesity class (normal: BMI < 25; over-
weight: 25 ≤ BMI < 30; class I: 30 ≤ BMI < 35; class II: 35 ≤
BMI < 40; and class III: BMI ≥ 40), iliac waist circumference
(mean centimeters of three measurements), systolic blood
pressure (SBP, mean mmHg of three measurements),
diastolic blood pressure (DBP, mean mmHg of three
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measurements), fasting glucose (<100mg/dL, 100-<126
mg/dL, and ≥126mg/dL), and 2-hour glucose (<140mg/dL,
140-<200mg/dL, and ≥200mg/dL) and HbA1C (<5.7%/
39mmol/mol, 5.7-6.4%/39mmol/mol–46mmol/mol, and
≥6.5%/48mmol/mol).

2.4.4. Statistical Analyses. Data were summarized using n
(%) for categorical variables and means (standard devia-
tions) and medians (25th-75th percentile) for continuous var-
iables. Differences were evaluated using linear regression,
accounting for the matched sets by employing a random
effect of an identity variable for each matched cluster and
for continuous variables and a Friedman test for categorical
variables. Logistic regression employing GEE to the matched
sets generated odds ratios and 95% confidence intervals
describing the odds of metabolic impairment in TEAM par-
ticipants versus the comparison (NHANES) participants.

Among a subset of TEAM participants whose mothers
provided up to six daily glucose measures, glucose profiles
representing longitudinal patterns of control across preg-
nancy were evaluated [27]. Profiles of temporal glucose
were estimated utilizing cubic B-splines. Sparse functional
principal component analysis (fPCA) for longitudinal data
was used to obtain univariate scores based on the first
fPC. Each mother’s score was used to assign her profile
into exactly one of three groups. Based on these scores,
those below the first quartile of scores were classified as
group 1 and represented high mean and variability; those
between the first and third quartile of scores were classi-
fied as group 2 and represented moderate mean levels with
moderate variability; scores exceeding the third quartile
were considered to be in group 3 and represented low
mean and variability across pregnancy [27]. ANOVA and
chi-square tests determined whether differences in contin-
uous and categorical variables, respectively, varied across
glucose profile groups.

3. Results

The first mailing was initiated on February 15, 2018, and the
107th participant was enrolled on February 11, 2020. Contact
information was identified for 331 of the 454 offspring
through either contact with the original DiP participant
(mother) or directly searching for the participants. Of the
331, there has been successful contact with 171 participants
(no successful contact yet with 130 individuals). For the
remaining 30 individuals, we have successfully contacted a
family member. For seven of the 30, there was a refusal by
proxy (unwilling to share information) while 23 were willing
to either pass along study information or provide the partic-
ipant’s information. In total, 107 study visits have been com-
pleted, 46 are in-process (scheduled or will be recontacted
for scheduling), and 13 individuals refused study participa-
tion. There have been 5 participants willing to schedule a
remote visit, which is planned to take place in the coming
year. There are 123 offspring with whom no contact has
been attempted, 81 of whom are offspring of women with
type 2 DM. For the remaining 42 offspring of mothers with
type 1 DM, we have been unable to find their name or con-
tact information online for 27; however, of the other 15, nine
are deceased and six are either incarcerated or were excluded
at the PI discretion, but no other exclusion criteria were
applied (Figure 1).

The first 96 Team Study participants were matched to
the NHANES comparison cohort at least 1 : 2 (mean
matches per TEAM participant was 2.13) after excluding
11 of the 107 who were taking diabetes medications to match
NHANES eligibility criteria (including 4 with T1DM, 3 with
T2DM, 3 with GDM, currently still on diabetes medication,
and 1 with MODY). After matching, TEAM and NHANES
participants were not appreciably different by age at screen-
ing, race, or sex. Groups did differ by several metabolic indi-
cators (Table 2). While 32% of NHANES participants had

DiP Offspring n = 454

Contact information 
identified n = 331

Successful contact 
made n = 171

No 
contact 

yet n = 130

Mother with 
T2DM n = 81

Completed 
study visits
n = 107

In 
process 
n = 46

Refusal 
n = 13

Willing to 
complete 
remote 

visit n = 5 

Can’t find 
contact 

information 
n = 27

Deceased 
n = 9

Incarcerated 
or PI 

exclusion 
n = 6

No contact 
attempted n = 42

Refusal 
n = 7

Willing to 
pass on study 
information 

n = 23

Contact with 
family member

Figure 1: Eligible participant identification, contact attempts, and enrollment in the TEAM Study.
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normal BMI (<25 kg/m2), only 21% of TEAM participants
had normal BMI (overall P = 0:04). Similarly, morbid obe-
sity (≥40 kg/m2) was about 1.7 times as high among TEAM
participants compared with NHANES participants (15%
versus 9%). Both fasting glucose and two-hour glucose dif-
fered between NHANES and TEAM participants, though

the results were somewhat less consistent. A normal two-
hour glucose was present in 93% of NHANES participants
and only 72% of TEAM participants and elevated among
2% versus 6% for NHANES and TEAM, respectively
(P < 0:0001). For fasting glucose, three times the number
of NHANES participants had impaired fasting glucose

Table 2: Demographic and glycemic measures comparing TEAM participants to NHANES participants matched on age, race, and sex.

NHANES participants (N = 213) TEAM participants (N = 96) P value∗

Age

Mean (standard deviation) 31.8 (5.0) 32.0 (4.5) 0.78

Median (25th–75th percentile) 32.0 (28.0-36.0) 32.2 (28.0-35.5)

Race

White 175 (82.2) 85 (88.5) 0.16

Black 38 (17.8) 11 (11.5)

Male sex 118 (55.4) 52 (54.2) 0.84

BMI (kg/m2)

Mean (standard deviation) 29.1 (7.5) 31.8 (8.1) 0.01

Median (25th–75th percentile) 27.4 (23.8-33.0) 30.4 (26.4-35.1)

Normal 68 (31.9) 20 (20.8) 0.04

Overweight 68 (31.9) 24 (25.0)

Class I obesity 39 (18.3) 28 (29.2)

Class II obesity 19 (8.9) 10 (10.3)

Class III obesity 19 (8.9) 14 (14.6)

Iliac waist circumference (cm)

Mean (standard deviation) 98.3 (17.8) 102.2 (18.6) 0.09

Median (25th–75th percentile) 95.9 (85.5-108.5) 98.7 (88.8-112.1)

Systolic blood pressure (mmHg)

Mean (standard deviation) 117.6 (12.4) 119.6 (11.5) 0.18

Median (25th–75th percentile) 116.0 (109.3-124.7) 117.2 (111.8-126.2)

Diastolic blood pressure (mmHg)

Mean 69.4 (9.3) 75.2 (10.6) <0.0001
Median 69.3 (62.7-76.0) 74.0 (68.0-83.0)

Fasting glucose (mg/dL)

Mean (standard deviation) 100.6 (23.9) 90.8 (23.0) 0.001

Median (25th–75th percentile) 98.0 (92.0-103.0) 85.7 (80.2-96.2)

<100 121 (56.8) 79 (82.3) <0.0001
100-<126 86 (40.4) 13 (13.5)

≥126 6 (2.8) 4 (4.2)

Two-hour glucose (mg/dL)

Mean (standard deviation) 100.8 (37.9) 133.5 (49.2) <0.0001
Median (25th–75th percentile) 95.0 (82.5-116.0) 124.3 (102.3-144.8)

<140 171 (92.9) 69 (71.9) <0.0001
140-<200 10 (5.4) 21 (21.9)

≥200 3 (1.6) 6 (6.3)

HbA1C (%)

Mean (standard deviation) 5.3 (0.8) 5.4 (0.8) 0.24

Median (25th–75th percentile) 5.2 (5.0-5.5) 5.3 (5.1-5.6)

<5.7% 188 (88.7) 80 (83.3) 0.34

5.7-6.4% 20 (9.4) 12 (37.5)

≥6.5% 4 (1.9) 4 (4.2)
∗For continuous variables, difference between means and for categorical variables, chi-square.
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between 100 and 126mg/dL (40% versus 14%), and a higher
percentage of TEAM participants had normal fasting
glucose < 126mg/dL (82% versus 57%, P < 0:0001). In bivar-
iate comparisons, diastolic blood pressure also differed sig-
nificantly between NHANES and TEAM participants.
Comparable findings were observed in multivariable analy-
ses with and without adjustment for age (Figure 2).

Representations from the three groups of glucose profiles
based on quartiles of fPC scores could be characterized as
follows: group 1: both high mean and variability in glucose
control across pregnancy; group 2: moderate mean levels
with moderate variability; and group 3: low mean and vari-
ability across pregnancy. Mean levels of adult offspring
BMI varied across profiles (35.6, 31.2, and 28.0 kg/m2,
respectively, P value 0.05). However, their fasting and 2-
hour plasma glucose as well as HbA1C did not vary by
maternal glucose profiles (Table 3).

4. Discussion

We described the identification, recruitment, enrollment,
and study completion of the first 107 participants of the
TEAM Study. In addition, we observed that adult offspring
born to mothers with type 1 diabetes during pregnancy were
more likely to be obese and have impaired glucose metabo-
lism as indicated by elevated two-hour glucose compared
to an age-, sex-, and race-matched cohort. Finally, a profile
of maternal glucose in pregnancy representing a high mean
level with high variability of glucose across pregnancy was
associated with obesity in a subset of participants. Overall,
these results align with prior studies that have identified an
association between exposure to glucose impairment in
utero and adverse offspring metabolic outcomes. In addition,
these results ideally frame the context for completing the
TEAM Study with the aim of determining the timing in
pregnancy that is most detrimental to development of meta-
bolic impairment and how variability in the level of glucose
exposure across pregnancy contributes to this impairment.

The importance of the fetal environment for adult health
outcomes was popularized by the work of Barker who dem-
onstrated that women and men whose own birth weights
were low had an increased risk for coronary heart disease
[28]. Following the “Barker hypothesis,” additional findings
were found that not only low birth weight but also increased
weights at birth were associated with adverse childhood and
adult metabolic outcomes. For example, longitudinal studies
in Pima Indians identified an association between small for
gestational age, large for gestational age, and exposure to
diabetes in pregnancy with type 2 diabetes later in life
[29, 30]. Both obesity [31] and hyperglycemia in preg-
nancy [32, 33] have been associated with neonatal adipos-
ity [34]. Research in this area was additionally guided by
the Pedersen hypothesis, which suggested that fetal over-
growth was driven by placental transfer of maternal glu-
cose, leading to the release of fetal insulin and, in turn,
fetal macrosomia [35]. Evidence of fetal macrosomia and
other short-term consequences of exposure to type 1 dia-
betes, such as still birth, major malformations, perinatal
mortality, and preterm birth, have been demonstrated
and broadly reproduced [21, 36–39].

Studies of the long-term offspring metabolic conse-
quences of exposure to type 1 diabetes in utero are more
sparse. However, results of existing studies are generally
in line with our findings. For example, a study in Den-
mark of 160 offspring aged 18-27 years of women with
type 1 diabetes identified a two-fold increased risk for
overweight and 2.5-fold increased risk for metabolic syn-
drome compared with the background population [40].
Most striking is the background level of overweight
(≥25 kg/m2) in each population, which was around 24%
in Denmark and 65% in NHANES. Therefore, relative to
background, differences between TEAM and NHANES
participants were most evident at the highest levels of obe-
sity with a nearly 2- and 3-fold increased risk for class II
and class III obesity, respectively. In the same Danish
cohort, comparisons of fasting glucose and two-hour
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Figure 2: Odds ratios (95% confidence intervals) for adverse anthropometric and metabolic outcomes comparing offspring of mothers with
pregestational diabetes (the TEAM Study) to age-, sex-, and race-matched NHANES 2015-2016 participants.
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glucose were also comparable to those of the TEAM Study
cohort. As with the Danish study (5.2 versus 5.1mmol/L;
for offspring of women with type 1 diabetes versus con-
trol), we did not see appreciably higher levels of fasting
glucose among offspring of type 1 diabetes; in fact, we
observed lower levels among our offspring of type 1 diabe-
tes compared to NHANES participants (5.0 versus
5.6mmol/L; note: values are converted from mg/dL in
Table 2 to mmol/L in order to compare with the Danish
study). However, both studies observed larger differences
compared with pregnancies without diabetes with mean
two-hour glucose of 5.8 versus 5.3mmol/L for the Danish
study and 7.4 versus 5.6mmol/L for the TEAM Study [6].
Despite several studies with comparable findings, we did
identify one small study (n = 21) of young adult offspring
aged 16 to 23 years born to women with type 1 diabetes
which found no increase in blood glucose or anthropomet-
ric measures compared with no maternal history of diabe-
tes [41]. The reasons for these findings are unclear but
may be due to differences in exclusion criteria, for exam-
ple, offspring with type 1 diabetes were excluded in the
TEAM Study, due to comparison with the NHANES
participants or due to variations in participation rates,
potentially affecting their results.

The findings associating maternal glucose profiles in
pregnancy with obesity in the offspring introduce the poten-
tial for identifying the critical windows and type of exposure
(constant high exposure versus glucose excursions, for
example) that are most detrimental to the developing fetus.
Future analyses among the entire cohort will allow us to
identify specific timing and variability associated with
adverse metabolic and cardiac and nephrotic outcomes and
refine these clinically relevant phenotypes.

A few limitations of the present analyses should be
noted. First, it is unknown whether the NHANES partici-
pants were exposed to diabetes in utero. However, we can
expect only a minority of the pregnancies complicated by
diabetes, especially due to the age of the participants under
study, and therefore, it would not have a strong effect on
the results. In addition, any effect would likely underestimate
the relative effect of in utero exposure for TEAM partici-
pants compared with NHANES participants. Also, for
NHANES participants, we do not have detailed information
on maternal blood glucose in pregnancy.

Overall, the results of the present analyses were in line
with both our hypotheses and with the existing research.
In addition, the results emphasize the need for future work
that will elucidate the impact of timing and variability of
maternal glycemia across pregnancy (the primary objectives
of the TEAM Study). In addition to metabolic outcomes, the
TEAM Study will identify risks for a wide range of cardiac,
microvascular, cognitive, and nephrotic outcomes in these
offspring, including subtle outcomes early in their natural
history that may be amenable to secondary prevention.
Diabetes in pregnancy affects more than 10% of pregnan-
cies and is increasing in prevalence in the United States
and therefore presents a considerable opportunity for pre-
vention of these long-term consequences. With multiple
daily measures of maternal glucose across pregnancy, the
TEAM Study is uniquely positioned to answer these ques-
tions in the coming years.

Data Availability

The TEAM Study data used to support the findings of this
study may be released upon the application of the TEAM

Table 3: Metabolic outcomes by maternal glucose clusters representing glucose control across pregnancy for 56 TEAM Study participants.

Covariate
Maternal glucose clusters

1 (N = 9) 2 (N = 32) 3 (N = 15) Parametric P value∗

BMI categories

Normal 1 (11.11) 6 (18.75) 2 (13.33)

0.25

Overweight 0 (0) 6 (18.75) 6 (40)

Obesity class I 2 (22.22) 12 (37.5) 4 (26.67)

Obesity class II 2 (22.22) 3 (9.38) 1 (6.67)

Obesity class III 4 (44.44) 5 (15.63) 2 (13.33)

BMI (kg/m2)

9 32 15

0.05Mean 40.0 32.5 31.5

Median 35.6 31.2 28.0

HbA1C

9 32 15

0.26Mean 5.4 5.7 5.3

Median 5.5 5.5 5.3

Fasting plasma glucose (mg/dL)

9 32 15

0.68Mean 90.7 95.2 88.0

Median 86.1 89.1 86.0

2-hour plasma glucose (mg/dL)

9 32 15

0.49Mean 125.3 141.9 123.7

Median 124.5 132.4 114
∗The parametric P value is calculated by ANOVA for numerical covariates and the chi-square test for categorical covariates.
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Study data and specimen request form. Contact Dr. Jane
Khoury for details at jane.khoury@cchmc.org.
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