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Methods: Microvascular and cardiovascular measures were compared in in a cohort of 116
women who experienced a pregnancy of > 20 weeks gestation and 291 women who did not among
women in the Treatment Options for Type 2 Diabetes in Adolescents and Youth (TODAY) study.

Results: Cox regression models adjusted for participant characteristics at baseline including age,
race/ethnicity, household income, diabetes duration, HbAlc (>6%), and BMI, demonstrated those
who experienced pregnancy had 2.76 (1.38-5.49; p=0.004) fold increased risk of hyperfiltration
(eGFR = 135 ml/min/1.73m?2), compared to those without a pregnancy. No differences were
observed in rates of retinopathy (48.9% vs. 41.1%) or neuropathy (23.3% vs. 16.3%) in women
who experienced pregnancy vs. women who did not, respectively. In fully adjusted models,
pregnancy did not impact changes in echocardiographic or arterial stiffness compared to changes
in women who were never pregnant.

Conclusions: These results indicate that pregnancy increases the risk of hyperfiltration in
women with youth-onset T2D, but not other micro or macrovascular complications. The rates
of vascular complications are very high in youth-onset T2D potentially obscuring micro- and
macrovascular changes attributable to pregnancy.
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INTRODUCTION

Diabetes during pregnancy is associated with increased morbidity to the mother, and
pregestational diabetes is associated with worse outcomes compared to gestational diabetes
(GDM) (1, 2, 3). With increased incidence of type 2 diabetes (T2D), the proportion of
women with pregestational T2D is equal to pregestational type 1 diabetes (T1D) (4).

Few studies have examined the impact of pre-gestational T2D, which differs from T1D

in pathophysiology, on micro- and macrovascular complications during pregnancy.

The Treatment Options for Type 2 Diabetes in Adolescents and Youth (TODAY) study was
a multi-site intervention study designed to evaluate optimal diabetes therapy to maintain
glycemic control which was extended as an observational study through early adulthood.
Over 15 years of follow-up, 260 pregnancies were reported by 141 women with 65%

of women reporting a complication during the pregnancy (5). Prior to pregnancy, 35%

of the women had hypertension, 25% microalbuminuria and 7% macroalbuminuria (5)
demonstrating a high rate of microvascular complications and cardiovascular risk even
before pregnancy.

In prior reports of pregestational T2D diabetes, the average age at pregnancy onset ranged
from 33-36 years, with a diabetes duration averaging approximately 5 years (6, 7). The
TODAY study offers a unique opportunity to understand the impact of T2D on pregnancy in
women who are younger with a longer duration of diabetes while also comparing diabetes-
related complications and co-morbidities in women with similar age and T2D duration

who have experienced a pregnancy versus not with the hypothesis being that women who
experienced a pregnancy would have worse vascular outcomes.
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2 SUBJECTS, MATERIALS, AND METHODS

The TODAY study has been previously described in detail (8). The study included

699 participants 10-17 years of age diagnosed with T2D using the American Diabetes
Association criteria, with duration of 2 years or less (9). Participants were randomly
assigned to one of three treatment arms, metformin alone, metformin with rosiglitazone, or
metformin plus a lifestyle intervention program, and followed longitudinally for 2—6 years
with the primary outcome of the trial being loss of glycemia control. The primary outcome
was defined as a persistently elevated HbAlc (=8%) over a period of 6 months or inability
to wean from insulin after metabolic decompensation. Upon completion of the clinical trial,
the same participants were given the option to continue in a two-phase observational study.
During the first phase, participants transitioned to non-blinded, non-randomized, standard
diabetes care provided by TODAY. In the second phase, all participants were transitioned
to community providers but continued to have annual study visits to collect serum samples
and health information data. At the start of each phase participants were reconsented and
participation in the final observational study phase was not contingent on participation in the
initial observational phase.

Of the 699 participants, 452 (64.7%) of the cohort were female (8) with an average duration
in the study of 10.3 £ 4.5 years [Median 12 years, 7.8 (Q1) -13.7 (Q3)]. Pregnancy
information, including outcome and maternal complications, was obtained prospectively
from the female participants consenting to release of records from which data was abstracted
for reporting of outcomes. Race and ethnicity were collected by self-report. A total of 260
pregnancy outcomes were reported by 141 of female participants (5), with 116 women
having a pregnancy of at least 20 weeks gestation. No study assessments were made by the
study during the pregnancy. All participants identified as pregnant during the study were
referred to local providers for high-risk care.

Pregnancy was defined as gestations lasting at least 20 weeks. For outcomes during

the pregnancy, all diagnoses were obtained from records review. Outcomes prior to and
after pregnancy were obtained from TODAY study visits using the following methods

and criteria. Microalbuminuria was defined as urine albumin/creatinine ratio greater than
30mg/g on at least two of three assessments. Macroalbuminuria was defined as one urine
albumin/creatinine ratio greater than 300mg/g. The Full Age Spectrum (FAS) combined
serum creatinine and cystatin C equation was used to calculate estimated glomerular
filtration rate (eGFR), and hyperfiltration was defined as an eGFR > 135 ml/min/1.73m?

at two consecutive visits (10). Neuropathy was defined as Michigan Neuropathy Screening
Instrument (MNSI) exam score > 2 or an abnormal monofilament exam (< 8 of 10 responses
to light touch) on two consecutive exams (11). Fundus photography was performed (2017-
2018) and graded by masked examiners at a centralized reading center (12) with eye
disease defined as Early Treatment Diabetic Retinopathy Study (ETDRS) protocol grade

> 20 in either eye and/or clinically significant macular edema (12). Arterial stiffness,
measured twice during the trial (2013-2014 and 2018-2019), consisted of five arterial
stiffness measurements: 1) carotid femoral pulse wave velocity (PWV), 2) carotid radial
PWYV, 3) femoral foot PWV, 4) augmentation index (Alx), and 5) brachial distensibility
(BrachD) as previously described (13, 14). PWV and Alx measurements were obtained
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using the SphygmoCor CPV system (AtCor Medical, Lisle, IL), and BrachD was measured
using the DynaPulse 2000 (PulseMetric, San Diego, CA). Two-dimensional transthoracic
echocardiograms were performed twice during the study as well (2010-2011 and 2015—
2016). Women who had a pregnancy prior to the first echo or arterial stiffness assessment
were excluded (Appendix B). IRB approval was obtained for the study at all clinical centers.

2.1 Statistical Analysis

Baseline characteristics for women who experienced a pregnancy versus not were compared
using Chi-square tests for categorical variables and t-tests for continuous variables. Women
with unknown pregnancy status were excluded. Pregnancies were categorized as none,

one, or > two. Descriptive statistics were reported as percentages for categorical variables
and means = standard deviations for continuous variables. Comparison of microvascular
complications in those never vs ever pregnant was conducted using similar approaches.
Microvascular events (microalbuminuria, macroalbuminuria, diabetic retinopathy, peripheral
neuropathy) were aggregated to identify the first occurrence of any event.

Separate Cox proportional hazards models were used to estimate the overall risk of
microalbuminuria, macroalbuminuria, hyperfiltration, neuropathy, and any microvascular
event based on pregnancy status at the time of the assessment including all available data
from the female participants. The assumption of proportional hazards was satisfied for each
outcome. For complications not assessed annually, linear and logistic regression analysis
was performed using all women who had the assessments on both occasions (ranging from 5
to 7 years apart) excluding any who had a pregnancy prior to the first assessment, as noted
previously. For multivariable adjustment, covariates, selected a priori based on associations
from other studies, were included in the models. These variables, which contained no
missing values, were maternal age at baseline, race/ethnicity, household income, duration

of diabetes at baseline, baseline HbAlc (>6%), and baseline BMI for events assessed
annually; for those outcomes assessed only twice, the duration of diabetes at the first exam
was used rather than at baseline, since time in study varied by participant. P-values <0.05
were considered significant and no adjustment for multiple testing was performed as these
analyses are considered exploratory. Given the high rate of retention and the similarity in the
retained cohort and those lost to follow-up, no additional adjustments for missing data were
performed. All analyses were conducted using SAS Version 9.4.

3 RESULTS

3.1 Baseline Characteristics

A total of 407 female participants with complete study records were included; 116
experienced at least one pregnancy lasting 20 weeks. The mean time between pregnancy
and the end of the study was 5.2 years (IQR: 3.1, 7.7 years). The mean age at first pregnancy
was 20.5 £ 3.2 years. For those who experienced a pregnancy, the average duration in the
study was 12.7 + 1.69 years [median 13.0 years, 11.9 (Q1) - 13.9 (Q3)] and for those never
pregnant 9.3 + 4.84 years [median 11.1 years, 4.8 (Q1) - 13.1 (Q3)]. The women who

were never pregnant had a shorter time in the study due to the loss of follow-up in these
women. Women experiencing pregnancy had lower household income (p=0.002) and were
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marginally older (p=0.05) at baseline (Table 1). They were also more likely be classified

as non-Hispanic Black or American Indian compared to women without a pregnancy. Loss
of glycemic control and BMI were similar between the two groups and between those who
experienced one vs. multiple pregnancies. Prior to the first pregnancy, glycemic failure was
evident in 53/116 (45.7%) of women who experienced a pregnancy. As reported previously,
almost 74% of the women who experienced a pregnancy required insulin therapy during the
pregnancy, and 32% of the women had a HbAlc >8% at some point during the pregnancy

).

3.2 Microvascular Complications

Of the 397 women with complete data, 237 (59.7%) experienced a microvascular
complication during TODAY. Overall, microvascular complications were common
regardless of pregnancy status (Table 2). Women with a pregnancy had higher rates of
microvascular complications compared those who did not (74.3% vs 53.9%, p<0.001);
however, when evaluating the timing of diagnosis in relation to pregnancy and adjusting for
maternal age, race/ethnicity, household income, duration of diabetes, high baseline HbAlc
(>6%), and BMI, although the rates of microvascular complications were higher in women
who had a pregnancy, it did not reach statistical significance (hazard ratio 1.47 [95%

Cl: 0.96-2.26] p=0.08). Number of pregnancies did not impact the risk for microvascular
complications examining the linear trend for multiple pregnancies (1.58 [95% ClI: 0.76-
3.30] p=0.22 for two or more pregnancies versus none).

3.2.1 Nephropathy—Rates of hyperfiltration, microalbuminuria, and macroalbuminuria
were higher in women who experienced a pregnancy than women who did not in unadjusted
comparisons. (Table 2) In Cox regression models adjusted for characteristics as above, the
women who experienced a pregnancy had a 2.76 (95% CI: 1.38-5.49, p=0.004) increased
risk of hyperfiltration after their pregnancy compared to nulliparous women. (Table 2)
While 20% of the women who experienced a pregnancy developed preeclampsia, there

was no difference in rates of hyperfiltration (53.9% vs. 63.8% in those that did versus

did not p=0.54). After adjustment, the rates of micro- and macroalbuminuria were no
longer significant. The median and interquartile range for the timing of the development

of nephropathy after pregnancy are as follows: macroalbuminuria — 285 days (126-1255),
microalbuminuria — 549 days (129-1607.5), and hyperfiltration — 375 days (302-935.5).

3.2.2 Retinopathy—In the fully adjusted models, there were no differences in
retinopathy between those who experienced a pregnancy compared to those who had not
(odds ratio 1.24 [95%CI: 0.61-2.50] p=0.55). Rates of retinopathy were higher for women
who required insulin therapy during pregnancy compared to women who did not (56.1%
and 26.7%, respectively, p=0.04), but this association was not significant after adjustment
(odds ratio 2.04 [95% CI: 0.29-14.3] p=0.47). Since retinopathy was only assessed twice,
the median and interquartile range for the time between the first pregnancy and subsequent
retinopathy evaluation was 1354 (633-2064) days.

3.2.3 Neuropathy—In the fully adjusted regression models, there were no differences in
neuropathy observed between those who experienced a pregnancy versus not (hazard ratio
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1.34 [95%CI: 0.73-2.44] p=0.35). The median and interquartile range for the timing of the
development of peripheral neuropathy after pregnancy was 1,203 days (605-1872).

3.3 Cardiovascular Measures

In both unadjusted and adjusted models, no differences were observed between women
who experienced pregnancy versus never pregnant regarding changes between the
echocardiographic measures (Table 3). As echocardiograms were only assessed twice, the
median and interquartile range for the time between the first pregnancy and subsequent
echocardiogram evaluation was 758 (379-1141) days.

Experiencing pregnancy resulted in significantly lower mean change between the two
assessments of pulse wave velocity (PWV) carotid — radial measurement (p=0.024);
however, this was not significant after adjustment (Table 4). No additional differences

in vascular measures were noted. As PWV was only assessed twice, the median and
interquartile range for the time between the first pregnancy and subsequent PWV evaluation
was 915.5 (264-1304.5) days.

4 DISCUSSION

Women with youth-onset T2D experiencing pregnancy have increased risk of hyperfiltration
after pregnancy, but no increased risk of other micro- or macrovascular complications

as compared to nulliparous women of similar age and diabetes duration. As presented
previously, in TODAY, 60% of all the participants experienced at least one microvascular
complication in the 15 years of follow-up (15). Within the TODAY female sub-

cohort, 59.7% of the women experienced a microvascular complication. Microvascular
complications are linked to glycemic control (16). Loss of diabetes control was experienced
by 45.7% of the women in TODAY prior to their first pregnancy which may account for

the high rates of microvascular complications in women within TODAY. With very high
rates of microvascular complications even prior to pregnancy, screening for microvascular
complications should occur pre-conception or very early in gestation. The aggressive
management of glycemia and microvascular complications in youth-onset T2D may reduce
the higher rates of hyperfiltration noted after pregnancy.

Glomerular filtration rate (GFR) increases in pregnancy by as much as 50% due to lower

net oncotic pressure and increased renal size (17). Hyperfiltration is an early marker of
nephropathy in diabetes resulting from increase in renal size and alterations in filtration
pressure (18). In TODAY, the baseline prevalence of hyperfiltration was 12.3% with a
14-year cumulative incidence of 49.2% with a trend toward a higher incidence in females
(19). Thus, the additional stressor of pregnancy on the kidney may explain the higher risk
for hyperfiltration seen in TODAY women following pregnancy; however, the hyperfiltration
was not noted until 1 year after the pregnancy.

Similar to nephropathy, rates of retinopathy in TODAY were high and related to loss

of glycemic control (15); however, pregnancy did not increase this risk. In a cohort of
older women with T2D (average age 33 years, average diabetes duration 3 years) and
baseline HbAlc of 6.4%, progression of retinopathy between 10 and 28 weeks gestation
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was observed in 11% of the cohort and associated with duration of diabetes and insulin
therapy prior to the pregnancy (20). In TODAY, more women developed retinopathy who
were prescribed insulin during their pregnancy; however, this difference was no longer
evident after controlling for multiple covariates suggesting that diabetes control and duration
affected the development of retinopathy rather than the use of insulin per se during
pregnancy. It is important to note that retinal exams were not conducted during pregnancy

in TODAY, and timing between the retinopathy exam and the pregnancy varied among
participants, so a transient progression of retinopathy could have been missed.

In TODAY, neuropathy rates were high, with a cumulative incidence of 32% (15). In

the EURODIAB Prospective Complications Study, pregnancy was not associated with an
increased incidence of neuropathy in women with T1D (21), but little is known about

the relationship between pregnancy and neuropathy in T2D. With very high rates of
microvascular complications in TODAY, the significant risk of microvascular disease from
youth-onset T2D in general may supersede any additive risk of pregnancy.

As in microvascular disease, pregnancy did not affect arterial stiffness or echocardiographic
findings. This contrasts with findings in GDM which has been associated with increases in
arterial stiffness compared to pregnancies without diabetes (22, 23, 24). While in TODAY
no increased stiffness was noted in women who experienced a pregnancy, the time between
the pregnancies and the measurements varied. Thus, the TODAY study measures may have
occurred too close to the pregnancy to detect changes, and studies that are specifically
designed to assess the effect of pregestational diabetes on post-partum cardiovascular
outcomes are needed. Additionally, no differences in echocardiographic findings were
observed in women in TODAY who experienced a pregnancy. Again, the time frame
between the echocardiogram and the pregnancy was variable, thus small changes during
the pregnancy could be missed with limited ability to detect changes not seen until years
after the pregnancy.

This study has several strengths. Microvascular complications were assessed routinely and
in a systematic fashion. The study also included women of similar age and diabetes duration
for a comparison group. Some limitations are acknowledged. Pregnancy outcomes are a
secondary analysis for the study; thus no data was collected on the women during their
pregnancy. As measurements of glycemia and micro- and macrovascular complications were
not obtained during the pregnancy, the ability to see transient changes that may resolve at
the end of pregnancy are limited. Some outcomes such as retinal exams, pulse wave velocity
and echocardiography were only collected twice during the study making changes over

time difficult to interpret. Hyperfiltration measures were not available on all participants
related to sample availability. Finally, the number of women who experienced more than one
pregnancy was relatively small and limits conclusions that can be drawn about the effect of
multiple pregnancies on diabetes complications.

In conclusion, women with youth-onset T2D experiencing pregnancy seem to have an
increased risk of hyperfiltration after pregnancy, but no increased risk of other micro- or
macrovascular complications as a result of pregnancy as compared to nulliparous women of
similar age and diabetes duration in the short term. The rates of microvascular complications
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specifically were very high in both the women that did and did not experience a pregnancy
potentially obscuring any changes attributable to pregnancy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

. Microvascular complications in type 2 diabetes during pregnancy are
inconsistent.

. Women with youth onset T2D have higher rates of hyperfiltration after

pregnancy.

. Risk for micro- or macrovascular complications was not increased after
pregnancy.

. Complications are high in youth with T2D, but pregnancy did not increase the
risk.
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