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Summary

Objective Women with type 1 diabetes have increased risk of infertility cordparezomen
without diabeteseven afteradjustment forirregular mensedut etiologies are incompletely
understoodOur/aim was to examirtbe prevalence atbnormalities in ovarian markers
consistentwitipolycystic ovary syndrome in women with type 1 diabetes and associations with
irregular menses artlabetesspecific variables.

Design, Patients, and M easurements We conducted a secondary analysis of womehe
Diabetes Control and Complications Trighidemiology of Diabetes Interventions and
Complications StudyDCCT/EDIC), arandomized trial and observational follayp of

intensive inswlin therapy for type 1 diabetéfe included womewvith ant-Mullerian hormone
(AMH) measurement@mong women not using oral contraceptives (n=18&7jial AMH and
testosteroneneasures weregpformed between EDIgears 14. History of irregular menses
wasassessed annually.

Results The median age of women was 35 (interquartile ratio 29, 40) yEz8935%) had
elevated AMHand62 (17%) reported irregular mens@&svelve percent of womenadrelative
elevationsdn‘total testosteraria multivariable modeldpwer insulin dosagesere associated
with highersAMH concentrations (p=0.0027), but not diabetes duration, glycemic control, body
mass index, or irregular menses. Neither irregular menwediabetespecific variables were
associated with_testosterone concentrations.

Conclusions Among women with type 1 diabetestheir thirties,abnormalities in ovarian
markers are.common and not associated with irregular menses, antbghpsrtially account

for decreased fecundity in women with type 1 diabetes.

K eywor ds:fertility, ovary, type 1 diabetes, women

Women with type 1 diabetes have a higher risk of infertility compared to womieoutvit
diabetes, even after accounting for the higirevalence of irregular menses among women with

type 1 diabetés'. This higher risk has been attributed to suboptimal glycemic cbntaslwell
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asthe higher prevalence atitoimmune diseassasich aghyroid disorderamong women with
type 1 diabetés Women with type 1 diabetes may also have a high prevalence of polycystic
ovary syndroméPCOS) suggested bglevated levelsf ovarian markersuch asant-Mullerian

hormone (AMHJ and testosterone which are made by the génads

Few studies have exanedtheseovarian markeramong women with type 1 diabetg$er their
adolescence and early twentiEsr several reasons, it is important to examine ovarian markers
and predictors of such markers at older alyegeneralwomen are at increased risk of infertility
as they age, particularly in their thirties or théfrdecade of lif€. Due toyears ofintensive

insulin therapywomen with type 1 diabetes may frticularly vulnerable tobesityas thg

ageé®. Longer duration of diabetes and prolonged exposure to elevations in glucose could also
adversely affect the ovatitrough deposition of advanced glycation end-prodtidEogenous
insulin may also have gonadotropic efféGtparticularly because supraphysiologic systemic
insulin levels are significantly higher in persons with type 1 diabetes due to theoreshieve

physiologic-levé in the portal circulatio.

Thereforepdue to previous reports notingreased risk foinfertility among women with type 1
diabetes.as'well as prior reports notimgh prevalence of PCO&mong women with type 1
diabetet®, we examined the prevalence of elevations in AMH and testosterone and associations
with irregular menses and diabetgsecific variables. We conducted a secondary analf/sis o

large population of well-characterized reproductive-age women (n=379 women) with type
diabetes with-an average of 35 yedi® used data fromgpticipants in Epidemiology of

Diabetes Interventions and ComplicatigE®IC) study**, which istheongoing observational
follow-up to the Diabetes Contrahd Complications Trial (DCC1) We hypothesized that
irregular m@ses as well as longer diabetes duration, higher body mass index (BMI), poorer
glycemic contrel, and higher insulin dosage would be associated with abnormal coiwrenimat

ovarian markers.

Materialsand Methods
Population and Setting
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The DCCT and EDIGtudies have been described in detBiliefly, the DCCT was a
multicenter, randomized clinical trial designed to compare the impact of intensive vs.
conventional diabetes treatment on the development and progression of early microvascula
complicationsof type 1 diabeté& From 1983-1989, 1,441 patients (including 680 women)
were enrolled,at 29 centers. The goal of intensive therapy was to maintain glgoainit as
close to the noliabetic range as possible usigdaily insulin injections or an insulin pump,
with dose "adjustment guided by frequent self-monitoring of blood glucose. Conventional
treatment’consisted of2 daily insulin injections without stipulated target glucose
concentrationsThe DCCT included a primary prevention cohort and a secondary intervention
cohort. The primary prevention cohort consisted of 726 subjects with no retinopathy, urinary
albumin exeretion rate < 40 mg/24 hours, and diabetes duratioh gehrs at DCCT baseline.
The secondary'intervention cohort consisted of 715 subjects who hautaliberative

retinopathy, urinary albumin excretion rat@00 mg/24 hours, and diabetes duration of 1-15
years. Individuals were excluded from participating in the DCCT if they were bygere,

taking anysblead pressure or lipiowering medications, or had a history of symptomatic
ischemic heartidisease or symptomatic peripheral neuropatbgmed consent was obtained

from all participants through the institutional review boards at partioipagnters.

Beginning in 1994 and continuing to the present, clinical, behavioral, and biochemical endpoints
have been.obtained annually during EDIC by history, physical exam, and laboratory testing.
Variables include smokindgdMI, waist circumference, sulin dosage, medication use, and
hemoglobin:Adc (HbAlc). The EDIC standardized annual history included a detadiedevwt
regarding'menstrual patterns or discontinuation of menses, gynecologic syayetiase of
exogenous hormones, particularly larantraceptive pill (OCP) usé At each of these annual
interviews, women were asked “Since the last visit, has the patient had any changes to the
conditions mentioned below?” “Irregular menses” was specifically listed as a condition, and

women were classified as having any history of irregular menses (yes/no).
Under a separate ancillary diumechanism, a sample of 415 women who had not undergone

gynecologic surgery were selected for measurement of AMH. Strategies for sample selection
have been previously describ®dSupplementary Figure 1). Women underwent premenopausal
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AMH measurement as close to possible at EDIC baseline and another AMH measurement at
EDIC year 10 or prior to menopause; a subgroup of 50 women underwent up to 4 measures prior
to menopause. For the purposes of this report, we examined the subset of women not using
OCPSwho had alrmMH measurement and a testosterone measuresh&ihed during EDIC

years 14, when women were on average 36-38 years old.

Measurement'of AMH concentrations was conducted b€ Central Biochemistry

Laboratory at'the University of Minnesota (Minneapolis, MN) using a modifieonse

generation enzyme-linked immunosorbent assay from Beckman Coulter (WebsterTh&)

limit of quantification and limit of detection for the GHrAMH assay arel.14 pmol/l and 0.571
pmol/l, respectively. The modified Gen Il assay includes edpution step which avoids
interference with active complement bindifig In the EDIC laboratory, the coefficients of
variation wereB.1% at a mean concentration of 23.46 pmol/l and 4.2% at a mean concentration
of 59.26 pmol/l. For valuegss than thémit of quantification but above the lower limit of
detection,SeftMax Pro software (Sunnyvale, CA) was used to plot values, fit a @regsien

curve, and'create splines which were then used to calculate AMH concentrations.

Total seruntestosterone was quantitated at the EDIC CBL using a rapid liquid chronpdipgra
tandem mass spectrophotometry assay avitit of detection 0f0.0817 nmol/l The assay was
certified by.the Centers for Disease Control Hormone Standardization Program
(http://wwweede.gov/labstandards/hs.hinihterassay coefficients of variation were 3.0% at
6.576 nmollkand 2.6% at 28.53 nmol/l.

Statistical Analysis

We examined.the proportion of women with eleda#dViH, elevated testosterone
concentrations, andistories ofirregular menses, as well as combinations of these reproductive
abnormalitiesTable 1 shows the women’s baseline characteriSilesre are currently no
guidelines'or recommendations regardamgolute cutpoints falevations ilAMH * or
testosteroné’, only that the testosterone cutpoint should reflect the uppef"®B+Bentile of

the distribution for women in the specific study population, which by definition precludes

estimates of prevalence. Therefore, wsed values identified as consistent \pilycystic ovary
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morphology PCOM) obtained from another study of women with type 1 diabetes which used the
same AMH assay azur study In thestudy by Lebkowska et%d) an AMH concentration of

26.70 pmol/lhad the greatest area under the ctiové®COM(0.85, 95% CI1 0.73, 0.97) with

90.2% sensitivity and 70.3% specificity compared to transvaginal ultrasound. In that study,
elevations in.testosteromencentrations were defined 2985nmol/l, with an interquaile range

of 1.74-3.82nmol/I*°. Therefore, in our analysis, we examined the proportion of women who

exceeded - 74nmol/l and3.05nmol/l of total testosterone.

We examined the unadjusteskaciations between the initial AMH/testosterone concentrations
in EDIC years#44 and other variables measured concurrently (Table 2). Multivariable models
were used'to examine the adjusted associations betsiefactors and AMHbr testosterone
(Supplemental Tables 1 and 2MH and testosterone concentrations wlegetransformed for
analysis The percent change in AMbt testosterone concentration per unit increase in
concurrent,risk factor or the percent difference in the mean AMH concentrapisented.
HbAlc levels7and total daily insulin dose were evaluated asviieighted variables defined as
the running arithmetic mean up to the point of the dependent variable measureirerdlyskes
were perfoarmed using SAS version 9.2 (SAS InstitGtay, NC).

Results

Table 1 presents the participant characteristics at EDIC baseline. Women had a median age of 35
years (interquartile range 28 years). The average diabetes duration was 14 years.
Approximately‘one in five womereported current cigatte use. The average BMI was

consistent wh overweight. Approximately 25 of women reported a history of irregular menses

and over 1/3 had elevated AMH concentrations defined2&70 pmol/l. Twenty-three(12.2%)

had testosterone concentration$.?4nmol/l and 5 (2.7%) had concentration8.85nmol/I.

Sixteen percent of women had at least 2 reproductive abnormalities, and only 7 women had
irregular menses, elevations in AMH, and elevations in testosterone.

Figure 1 shows AMH by age and Figure 2 shtestosterone concentrations by age. Table 2

presents the mean initial AMH and testosterone concentrations in EDIC yéénstértiles of

each concurrent risk factor. In these unadjusted comparisons, lower age, lsgistertene, and
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irregular mensewere associated with higher AMH concenwas. Hgher tertiles of AMH were
associated with higher testosterone concentrations. AMH and testosterone concentrations were
notsignificantly associated with tertiles of BMI, waist circumference, insulin dosage

glycemic contral.

Supplemental Tables 1 anggsents risk factor associations with AMHd testosterone
concentrations'in multivariable linear regression models. Factors associated with higher AMH
concentrations‘included younger age, not smoking, lower insulin dosages, and higher
testasterone concentrationsignificant risk factors for testosteromeluded current smoking

and higherAMH concentrationsleither AMH nor testosterone concentrations were associated
with irregular menses in multivariable models. In multivariable logistic regression models, the
only variable associated with the presence of at least 2 reproductive abnormvaktigge, with
older age correlatingith alower odds (odds ratio [OR] 0.87, 95% CI 0.80, 0.94).

Discussion

As women‘age; they are more likely to eejpdifficulties with fertility, with fecundity decreasing
gradually-after 32 years of age and more rapidly after 37 yearsofagereports have
examined-abnormalities in ovarian markiersvomen with type 1 diabetes in this age range,
although as many as a third of younger women with type 1 diabetes may have PCOM and
androgen‘abnormaliti€s In a relatively large cohort of weflhenotyped women with type 1
diabetesvith"asmedian age of 35 years, we found that AMH elevations affected over 1/3 of the
populationxeensistent with the presence of PCOM. Elevaitiotestosteroeawereconsiderably
less commonAlthough almost one in five women reported irregular memsegular menses
were not correlated with ovarian markefherefore, elevations in AMH are command could
potentially.explain decreased fecundity in women with type 1 diabetes, apaitrigoiar

menses.

We also found. thatictors associated withghier AMH included younger age, higher
testosterone concentratiomsid not currently smoking as has been reported in other $tudties
contrast to other reports, we note that lower insulin doses over time were attatedwith
higher AMH concentrations, suggesting that in this tafgoductive age population, higher
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exogenous insulin does not act as a gonadotropin and thus doesulioin elevations invarian
markers Previous reports confliét?2. We may have found different results due to the relatively
older age of our population and our usé¢imie-weighted variables, which accounts for
longitudinal changes in insulin dosing over time, as opposed to previousentgsial analyses
We also included a significantly larger number of women than in previous repourts, whi
included lesshan women with type 1 diabef&$%

The factorsassociated with higher ¢sserone concentration included higher AMH and a history

of smoking, which was likely due to the fact that women using OCPs were excluded; thus,
women who had testosterone measurement were younger and already more likely to smoke tha
women whe did not havtestosterone measurement. Due to the presence of insulin receptors on
the ovary and associations between elevations in testosterone with PCO! hatre

hypothesized that exogenous insulin may act as a gonadotropin in type 1 diabetes. In EDIC
women insulin did not appear to be associated with elevated testosterone corwefitrathis

may be because tipeesence of significant elevations in testosteronerarasin EDIC women

In addition;"pevious reportsiote that among women with known hyperandrogenemia, androgen
levels declieas women agparticularly beginning in the"adecade of lif&* %%, which may also

account fertthe lower androgen levels.

Neither AMH nor testosterone elevations were correlated with the prevalence of irregular
menseseventhough histories of irregular menses were common in the EDIC population and
among othere6horts of women with type 1 diatft&sThus, irregular menses may
independently contribute to decreased risk of fecurahgyt from these pathwaydultiple
endocrinologic disorders can result in irregular menses, including disorders that are more
common inwomen with type 1 diabetes than in women without diabetes; we have previously
reported that.the risk of hypothyroidism was high in EDIC, with approximately 25% of women
noting hypethyroidism by the ¥8/ear of EDIC followup®. Others have noted that women with
type 1 diabetes have abnorrmgahadotropin releasing hormopealse generation which may also

result in irregular menstrual cycfés
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Strengths of this report include its large and well-characterized populaticmomwith type 1
diabetes who were of older age than in previous reports examining ovarian mafersed an

AMH assay with higher sensitivity and precision than presented in previous shatiased

first generation assays, which may be less subject to issues of performance and interpretation
than transvaginal ultrasouhd estosterone was performed with mass spectrometry, generally
considered.more sensitive than other metffods issue paularly important in womenThis

report also"has several limitations. The assessment of reproductive abnormalities was not a
primary objective of the EDIC study, and thus women were not asked to record cydienNghgt
menstrual diaries. EDIC did not conduct transvaginal ultrasounds to asseas avanphology

nor clinicallassessments of hyperandrogenism such as measurement of Féailvagn scores.
Difficulties'with'fertility andactual thyroid hormone levelgere not assessethere are no

universal cutpoints for abnormal levels of AMH and testostéfoiée examined cutpoints
corresponding with the S%ercentile of total testosterone as well as with tHepEdcentile
compared'to previous reports in younger populations, and thus it is unlikely that lower cutpoints
would lead-tora’significantliiigher prevalence dfyperandrogenisifi Testosterone was

assessed onlysin women not using OCPs, and it is possible that clinical hyperandrogenemia was
masked among the 14% of women who were OCP users or that testosterone cmmsewese

less elevated among women who choggmase OCPSs, thus underestimating the proportion of

women with hyperandrogenemia.

Finally, it istunknown whether the relationships between AMH, testosteroagulir menses,
and PCOSudiffer between women with and without type 1 diabetes. We did not conduct a
comparis@n between women with and without diabetes. In a previous report, we noted that
women in EDIC had lower AMH concentrations than women in a control group, and that these
lower concentrations were primarily attributable to a slightly lowevg@ence of elevated AMH
concentration$, Aside from the comparison of women in EDIC with a control group, two
previous reports have noted that women with type 1 diabetes had slightly lower AMH
concentrations.than women without type 1 diab&tEsReports have conflicted as to whether
testosterone concentrations differ between women with and without type 1 slidlsdticowska
et al noted that testosterone levels were similar among 37 women with tyfeteslies. 42
women without dibetes by PCOS stattfsand Soto et & and Codner et & found that
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testosterone levels were similar in 28 women with type 1 diabetes and 18 wdaheart w
diabetes. In contrast, Salonia et al found that testosterone conoastra¢ire higher among
women with type 1 diabetes (n=50) than women without type 1 diabetes ia#id) Escobar
Morreale et al also noted that testosterone concentrations were higireg @omen with type 1
diabetes without PCOS (n=52) compared to controls (n¥18).

We concludethat the prevalence of abnormalities in ovarian markers, spigoffieations in

AMH, is common in women with type 1 diabetes at an age where they are at increased risk for
infertility. lrregular menses are also common although not associated with Ahnilevations

in testosteroneyare relatively uncommon. In conjunction with previous reports notiegsbzt
fecundity infwemen with type 1 diabetes, are findings can be used to guide pregnancy planning
and fertility management in women withpty 1 diabetes in their thirtie&dditional investigation

of the reasons for decreased fecundity among women with type 1 diabetes should be conducted,
particularly.regarding abnormal AMH production.
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Figure 1. Scatterplot of age (years) vs. il erian hormone (AMH) concentrations (pmol/l).

Figure 2. Scatterplot of age (years) vs. total testosterone concentrations (nmol/l).

This article is protected by copyright. All rights reserved



Table 1. Participant characteristics at EDIC baseline among women wiHlidlgrian hormone

(AMH) and testosterone measurements. Means + standard deviations or N (%) shown.

Women with
AMH and
testosterone
measures (n=187
Age (years) 35.4+6.9
Duration ofdiabetes (years) 144 +£5.2
Baseline oral cenceptive use (n, %) 5 (2.8)*
Current smoking(n, %) 29 (16.0)
Irregular menses. (n, %) 37 (20.8)
Body mass index (kg/th 26.5+4.2
Waist cireumference (cm) 80.1+£9.3
Time-weightedsinsulin dose (units/kg/day) 0.67 £0.18
Time-weighted HbAlc (%) 81+1.3
AMH (pmelil) 28.7+32.1
AMH > 26.7 pmol/l (n, %) 68 (36.4)
AMH > 26.7 pmol/l AND irregular menses (n, %) 17 (9.1)
Testosteronenfmol/l) 1.20+1.02
Testosterone 1.74nmol/l (n,%) 23 (12.2)
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Testosterone 1.74nmol/l AND irregular menses (n,%) 8 (4.3)
Table S AR ST AU RN &R o AROhBTRNIK affd testosteropenceritrations i EDIC yéars
1-4 BPIBHELRP RS Gk BN ANMES 780 IRV N BIRAEGsLtAg gnenses

(N, 9%0) 7(3°7)
Ric;kTﬁ:,c*% terone=iz74nmolfAND A?V“II'\II/”fl 267 plllLil’iﬁA\_vghjgt‘guial MRS Siefone p-value

\70) N=187| (pmol/l) N=187] (nmolll) ~° {2~
Agle\lA'uel”ingl" with-atteast 2 pfthefol u'vvii"lg AMP2617 p"‘l"luillllli, testosterone 30 (16.0)

1 Z Anmalllarirrest-dar manceac n— 04\

50-29 years® o | N=37 1" 479+359 | <00001| N=37 | 146+092 0.17

*Women usingOCPsat the time of AMH and testosterone measurement were excluded,

although 5women were using OCPs at baseline but not at subsequent visits whermtastoste
was measured.
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30-39 years N=99 29.6 £31.5 N=99 1.19+1.18
40-50 years N=51 12.9+20.9 N=51 1.04 +0.67

Duration of diabetes (years
Tertile 1 (611) N=50 | 26.8+27.6 0.59 N=50 1.32 +1.57 0.61
Tertile 2 (121%) N=64 | 32.1+33.9 N=64 1.16 £0.81
Tertile 3 (1726) N=73 | 27.1+335 N=73 1.15+0.63

Oral conceptive,use
Yes - - - - --
No N=187| 28.7+32.1 N=187 1.20£1.02

Current smoking
Yes N=28 19.9 +27.4 0.12 N=28 1.27 £ 0.62 0.68
No N=159| 30.2 +32.7 N=159 1.19 +1.07

History of irregularmenses
Yes N=49 | 40.1+445 | 0.004 N=49 1.26 +0.82 0.62
No N=136| 25.0+254 N=136 1.18 +1.08

Body mass index (kg/t
Tertile 1 (18,923.7) N=49 | 31.4+3185 0.79 N=49 1.00 £0.43 0.26
Tertile 2 (23:¥26:7) N=62 | 27.5%+34.0 N=62 1.27 £1.41
Tertile 3 (26.742°1) N=76 | 27.9+31.1 N=76 1.28 £ 0.89

Waist circumferences(cm)
Tertile 1 (59.873.7) N=46 | 20.7%26.0 0.14 N=46 0.97+£0.44 0.08
Tertile 2 (73.881.0) N=62 | 32.5+34.2 N=62 1.14+£0.49
Tertile 3 (81.1117.2) N=79 30.4 £33.2 N=79 1.38+1.45
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Time-weighted insulin dose

(units/kg/day)
Tertile 1 (0.200.58) N=61 30.7 +£38.3 0.76 N=61 1.23+1.46 0.95
Tertile 2 (0.580.74) N=64 26.5+29.3 N=64 1.17+0.74
Tertile 3 (0.741:39) N=62 29.1 +28.5 N=62 1.21+0.71
Time-weighted hemoglobin
Alc (%)
Tertile 1 (5.67.3) N=56 27.8+31.0 0.62 N=56 1.19+0.85 0.89
Tertile 2 (7.48.4) N=65 26.4+29.4 N=65 1.16 £ 0.58
Tertile 3 (8.512.2) N=66 31.7 +35.7 N=66 1.25+1.42
AMH (ng/ml)
Tertile 1 (0.041+4) -- N=60 0.90 + 0.57 <0.0001
Tertile 2 (1.53.8) N=63 1.05+0.62
Tertile 3 (3.923.5) N=64 1.63+1.44
Testosterone (ng/dl)
Tertile 1 (2.823.5) N=61 16.1 £ 20.5 | <0.0001 --
Tertile 2 (23'533'6) N=59 | 22.3+21.1
Tertile 3 (33.6329.7) N=67 45.8 +40.6
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