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Objectives: We sought to better understand factors associated with ovarian aging in
women with HIV (WWH).

Design: HIV has been associated with diminished fertility, younger age at menopause,
and shorter leukocyte telomere length (LTL), a marker of cellular aging. We herein
examine cross-sectional and longitudinal associations between LTL, anti-Müllerian
hormone (AMH), and HIV.

Methods: We included WWH and HIV-negative women 12–50 years of age in the
CARMA cohort with one or more study visit(s). LTL and AMH were measured by qPCR
and ELISA, respectively. Women were analyzed in peak reproductive (<35 years) vs.
late reproductive (�35 years) life phases. Using multivariable mixed-effect linear or
logistic regressions, we assessed factors associated with AMH and DAMH/year while
adjusting for relevant confounders.

Results: WWHhad shorter LTL and lower AMH levels compared toHIV-negative controls
despitebeingofsimilarage.Afteradjustingfor relevant factors,HIVwasassociatedwith20%
lowerAMHlevels inwomenunder35yearsofageandshorterLTLwasassociatedwithAMH
levels below 2ng/ml among women aged 35 years or older. Longitudinally, DAMH/year
was largely related to initialAMHlevel amongolderwomen, and toage inyoungerwomen.

Conclusions: Factors associatedwithAMHchange acrosswomen’s reproductive lifespan.
Lower AMH among peak reproductive aged WWH suggests that HIV may have an initial
detrimental effect on ovarian reserve, an observation that may warrant counseling around
pregnancy planning. Inwomen aged 35 years or older, the association between shorter LTL
and lower AMH suggests that the immune and reproductive aging connections are more
important in this age group.
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Introduction indicators of ovarian aging. However, to our knowledge no
Women and girls comprise over half of people with HIV
(PWH) worldwide [1]. Evidence suggests that women
with HIV (WWH) experience more rapid ovarian aging
[2,3] with associated adverse health outcomes. For
example, WWH appear to have diminished fertility
compared to the general population [4–6] and may
experience an earlier onset of menopause [7–9]. This
stresses the need to understand the impact of HIVon the
reproductive health of WWH.

The degree to which WWH experience more rapid
ovarian aging is important for their health and family
planning. Many WWH indicate a desire to have children
[10], thus, understanding the impact of HIVon fertility is
important for appropriate counseling. Additionally,
women who experience an earlier onset of menopause
are at an increased risk of type 2 diabetes, cardiovascular
disease, neurological disease, osteoporosis, and other age-
relatedmorbidities [11–13]. It iswell recognized thatPWH
are at an increased risk of age-related morbidities [12,14].
Understanding any additional risk conferred bymore rapid
ovarian aging is especially important for the care ofWWH.
That understanding may be improved by measurement of
biomarkers of immune aging and ovarian reserve, such as
telomere length and anti-Müllerian hormone (AMH).

Telomeres are nucleoprotein complexes that protect the
ends of chromosomes. Telomere length shortens with age
in the general population and is a marker of cellular aging
[15]. Shorter leukocyte telomere length (LTL) has been
observed in PWH compared to controls, and potentially
represents an expression of accentuated aging [16–19].
Studies have also reported associations between shorter
LTL and earlier age at menopause in WWH [20–23].

AMH is a glycoprotein produced by granulosa cells in
developing ovarian follicles [24]. Throughout a woman’s
lifetime, AMH initially increases into the mid-twenties,
then plateaus and begins to decline in the early to mid-
thirties [25,42]. It is a sensitive marker of ovarian reserve
with lower AMH indicating diminished ovarian reserve
[25–29,42]. Owing to its consistency as a marker, lack of
menstrual cycle phase variation and advances in assays in
serum, AMH provides a rapid and simple biochemical
evaluation of ovarian reserve that was previously difficult
to achieve [30]. Studies that have examined AMH in
WWH [2,31–36], have found that AMH is a reliable
marker of ovarian reserve inWWH [34], and is predictive
of the menopausal transition [32]. However, there is
conflicting evidence regarding the impact of HIV on
AMH when WWH are compared with controls. Some
studies found lower AMH among WWH [2,31] and
others reported that HIV does not impact AMH [33,34].

HIV infection has been associated with decreased ovarian
reserve [2,31] and shorter LTL [16–19], and both are
studies have examined the impact of HIVon both LTL and
AMH values inWWH. To better understand ovarian aging
inWWH,we sought to compareAMHlevels andpredictors
of AMH betweenWWH andHIV-negative controls across
the reproductive lifespan. Further, we proposed to examine
the association between LTL and AMH, to better
characterize the relative contribution of clinical and
sociodemographic factors to ovarian aging in WWH.
Materials and methods

Study sample
Study participants were WWH and HIV-negative
controls 12–50 years of age who had intact ovaries and
were enrolled between December 2008 and April 2017 in
the Children and Women: AntiRetrovirals and the
Markers of Aging (CARMA) cohort (previously
described [16,37]). Study inclusion criteria are described
in Figure S1, Supplemental Digital Content, http://links.
lww.com/QAD/C791. For cross-sectional analysis, all
participants with available blood and plasma for at least a
single study visit were included. For longitudinal analysis,
participants with available blood and plasma for at least
two study visits were included unless they turned 35 years
old between study visits, thereby excluding them from
analysis in either the under 35 or 35 years or older age
groups. This study was approved by the University of
British Columbia Children’s and Women’s Research
Ethics Board (H08-02018).

Demographic and clinical data
Demographic data were collected by self-report, includ-
ing age, ethnicity, household annual income, and highest
level of education. For participants under 19 years of age,
income and education data were not collected.

Substance use data were collected by self-report. Tobacco
use was trichotomized as current, past, or never. Current
methadone use, other prescription opioid use, and heroin
use were collected as binary variables (yes/no), then
combined into a single current opioid use variable.

HIV clinical data were collected from medical records,
including HIV plasma viral load (pVL), highest HIV pVL
ever recorded, CD4þ cell count, and CD4þ nadir. HCV
infection ever was self-reported for all participants and
confirmed via medical chart review for WWH.

Leukocyte telomere length and anti-Müllerian
hormone
Whole blood relative LTL was measured by multiplex
quantitative polymerase chain reaction (MMqPCR) as
previously described [38,39]. AMH levels were quanti-
fied using the picoAMHELISA kit (product ID: AL-124,
Ansh Labs, Webster, Texas, USA) as per manufacturer
instructions. The linear range of this assay is between
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25–6000 pg/ml. AMH measurements that fell below the
limit of detection are reported as at the limit of detection.
More information is found in the supplement.

Statistical analysis
First visit univariate comparisons of demographic variables
between groups were performed usingMann–WhitneyU
or chi-squared tests. Among all participants, a polynomial
modelwas created to describe AMHvs. age univariately, as
this relationshipwas not linear. For more in-depth analyses,
participants were separated intowomen aged under 35 and
those aged 35 years or oder to evaluate predictors of AMH
among reproductive and late reproductive age groups.
Among women aged 35 years or older, many AMH
measurements fell below the limit of detection, rendering a
linear model inappropriate. Therefore, AMH was catego-
rized as �2 or <2ng/ml for this age group, a common
threshold in the fertility literature used to assess a woman’s
odds of achieving a live birth [40]. To assess factors
associated with the rate of change of AMH over time,
DAMH/year, was calculated as: (AMH at latest visit –
AMH at initial visit)/years between visits. Cross-sectional
AMH levelswere natural log-transformed to approximate a
normal distribution in all analyses, whereas DAMH/year
remained untransformed.

In bivariate analyses, models were adjusted for age in the
cross-sectional analysis, and for initial AMH level
longitudinally. Then, variables from Table 1 that were
univariably associated with AMH or DAMH/year (P
<0.1) were considered for multivariable mixed-effects
linear regressions or logistic regressions. For these models,
an a priori decision was made to include HIV status in each
multivariable model because the purpose of this study was
to evaluate the relationship between AMH and HIV. The
influence of collinearities between certain demographic
and substance use variables were evaluated with sensitivity
models. All analyses used R (4.0.3; R Foundation for
Statistical Computing, Vienna, Austria).
Results

Participant characteristics
The study included a total of 462 women aged 12–
50 years, of whom 256 were WWH and 206 were HIV-
negative controls (Table 1). Among them, two had four
visits, 39 had three visits, 173 had two visits, and 248 had
one visit for a total of 719 visits (WWH¼ 478 visits, HIV-
negative controls ¼ 241 visits) (Figure S1, Supplemental
Digital Content, http://links.lww.com/QAD/C791).

Age, BMI, and the number of participants who had
experienced amenorrhea for at least one year were well
balanced between WWH and controls. WWH had
shorter relative LTL (7.2 vs. 7.5) and lower AMH (1.5 vs.
2.3 ng/ml) than controls. TheWWH group had a greater
proportion of participants who were of African/
Caribbean/Black ethnicity (29 vs. 10%), currently
smoked (45 vs. 24%), and currently used opioids (28
vs. 11%), a lower proportion of participants who were of
East Asian/South East Asian ethnicity (8 vs. 15%), had
>$15 000 annual household income (47 vs. 60%), or had
completed high school (63 vs. 77%). Among WWH, at
the initial visit, 76% were on ART, 42% had a detectable
HIV pVL, and 46% had a peak pVL> 100 000 copies/ml
(Table 1). Almost all WWH in our study under 19 years of
age acquired HIV perinatally (N¼ 43/46), and the
majority of WWH aged 19 years or older acquired HIV
after puberty (N¼ 204/210).

Anti-Müllerian hormone and age
Among all participants AMH increased until the mid-
twenties, then declined in the mid-thirties. A univariate
curvilinear regression demonstrated a large proportion of
variance in AMH was explained by age alone (R2¼ 0.49)
(Fig. 1a). A similar pattern was observed in longitudinal
data within participants under 35 years old, in whom a
small gain in AMH was detected among those in their
twenties and loss among those in their thirties (Fig. 1b,
R2¼ 0.17). The rate of DAMH/year could not be plotted
for those aged 35 years or older due to frequent below-
detection-limit values.

Cross-sectional analysis
Women under 35 years old For the cross-sectional
analysis of reproductive aged women under 35 years old,
we analyzed 367 visits (WWH¼ 233 visits, HIV-negative
control ¼ 134 visits) from 259 women (WWH ¼ 150,
HIV-negative controls ¼ 109). When modeled linearly,
older age was univariately associated with higher AMH,
such that one year older corresponded to a 14% AMH
increase. After adjusting for age, other variables
bivariately associated with lower AMH included HIV,
ethnicity, household income <$15 000 per year, and
current opioid use (Table 2). LTL and HIV-specific
variables were not associated with AMH.

In the multivariable analysis older age and HIV were
independently associated, respectively, with higher and
lower AMH levels. Ethnicity was not included in the
multivariable model due to collinearity with other
variables that may have a more direct biological impact
on AMH. Each year of increase in age was associated with
a 26% AMH increase, although WWH had 20% lower
AMH levels overall. Participants with no income data also
had higher AMH levels, but they were mostly girls under
19 years old for whom income data were not collected.
None of the remaining variables were independently
associated with AMH (Fig. 2a, Table S1, Supplemental
Digital Content, http://links.lww.com/QAD/C791).

A sensitivity analysis was performed to address the
collinearity among income, smoking, and opioid use
(Table S2, Supplemental Digital Content, http://links.
lww.com/QAD/C791). In this analysis, the effect of HIV
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Table 1. Participant demographics.

WWH (N¼256) HIV-negative (N¼206) P-value

Age, years 34.5 [25.5–41.1] (12.0–49.3) 32.3 [24.8–41.9] (12.3–49.9) 0.62
Relative LTL 7.2 [6.4–7.9] (4.7–10.5) 7.5 [6.9–8.3] (5.3–11.3) 0.0002
AMH, ng/ml 1.5 [0.6–3.4] (0.0–85.0) 2.3 [0.5–4.7] (0.0–31.6) 0.032
Amenorrhea (N¼452) 0.86
Yes 37 (15) 29 (14)
No 212 (85) 174 (86)

BMI, kg/m2 (N¼441) 24.0 [21.4–28.6] (15.0–46.5) 22.9 [20.6–27.5] (14.0–47.6) 0.067
Ethnicity (N¼456) <0.0001
Indigenous 59 (23) 53 (26)
Asian/Southeast Asian 21 (8) 30 (15)
African/Caribbean/Black 72 (29) 21 (10)
White 95 (38) 91 (45)
Other 5 (2) 9 (4)

Household Income (N¼378) 0.015
<$15 000/year 104 (53) 73 (40)
>$15 000/year 93 (47) 108 (60)

Education (N¼378) <0.0001
Grade school 9 (5) 4 (2)
Some high school 62 (32) 37 (20)
High school graduate 46 (23) 18 (10)
Any college 77 (39) 121 (66)
Other 2 (1) 2 (1)

Tobacco smoking (N¼459) <0.0001
Never 113 (44) 130 (64)
Past 27 (11) 25 (12)
Current 115 (45) 49 (24)

Current opioid (N¼426) <0.0001
Yes 67 (28) 20 (11)
No 172 (72) 167 (89)

Detectable HIV VL (N¼250)
Yes 106 (42)
No 144 (58)

HIV peak VL >100 000 copies/ml (N¼253)
Yes 117 (46)
No 136 (54)

Perinatal HIV acquisition (N¼249)
Yes 49 (20)
No 200 (80)

On ART at visit (N¼240)
Yes 182 (76)
No 58 (24)

Data are presented as number (%) of individuals or median [interquartile range] (range). Number of participants with available data are indicated
when applicable. Comparisons were done using chi-squared or Mann–Whitney U tests. Opioid use includes any prescribed or illicit use. AMH,
anti-Müllerian hormone; AR, antiretroviral therapy; BMI, body mass index; LTL, leukocyte telomere length; VL, viral load; WWH, women with
HIV.
status remained the same regardless of which collinear
variable was included, indicating that the relationship
between HIV and AMH was independent of these
variables.

Women aged 35 years or older The cross-sectional
analysis of women aged 35 years or older analyzed 352
visits (WWH¼ 245 visits, HIV-negative controls ¼ 107
visits) from 244 women (WWH¼ 155, HIV-negative
controls ¼ 80). Age was univariately associated with the
odds of having AMH �2 ng/ml such that per year past
35 years of age, the odds of having AMH �2 ng/ml
declines by 22%. After adjusting for age, other variables
bivariately associated with lower odds of AMH�2 ng/ml
included Indigenous ethnicity, HCV infection ever,
current opioid use, and smoking. Variables bivariately
associated with higher odds of an AMH �2 ng/ml
included Asian ethnicity, household income >$15 000
per year, and having a high school education or more.
HIV status, HIV specific variables, and LTL were not
associated with AMH (Table 2).

In the multivariable analysis, younger age and longer LTL
were independently associated with higher AMH levels,
such that each year was associated with 23% lower odds of
AMH�2 ng/ml and every unit of relative LTL with 43%
higher odds of AMH �2 ng/ml. Currently using opioids
was independently associated with a 77% decrease in the
odds of AMH �2 ng/ml. Ethnicity was not included in
the multivariable model as described above. HIV status
was not associated with AMH levels (Fig. 2b, Table S1,
Supplemental Digital Content, http://links.lww.com/
QAD/C791).
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Fig. 1. Curvilinear relationships between AMH,DAMH/year, and age. (a) Among all participants (N¼ 462), relationship between
AMH and age from cross-sectional sample at earliest visit. (b) Among women under 35 years old (N¼96), relationship between
DAMH/year and average age between visits. Black lines represent polynomial best fit (a, R2¼0.49; b, R2¼0.17). AMH, anti-
Müllerian hormone.
In the sensitivity analysis for collinear variables including
income, education, smoking, and opioid use, the
independent effects of age and LTL remained stable
(Table S3, Supplemental Digital Content, http://links.
lww.com/QAD/C791).
Table 2. Bivariate analysis of cross-sectional AMH.

<35 years old (eb)

Age, years 1.14 (1.02–1.27)
Age2 1.00 (0.99–1.00)
LTL 1.05 (0.95–1.15)
HIV 0.79 (0.64–0.98)
Ethnicity (ref. White)
Indigenous 0.70 (0.51–0.95)
Asian/Southeast Asian 1.31 (0.93–1.85)
African/Caribbean/Black 1.10 (0.82–1.47)
Other 0.92 (0.55–1.55)

BMI, kg/m2 1.01 (0.99–1.03)
Income (ref. <$15 000 CAD)
�$15,000 CAD 1.40 (1.08–1.81)
N/A 1.79 (1.13–2.85)

Education (ref. some high school or less)
High school graduate or more 1.23 (0.94–1.61)
N/A 1.61 (1.02–2.52)

Ever infected with HCV 0.78 (0.57–1.07)
Current opioid use 0.70 (0.53–0.94)
Tobacco smoking (ref. never)
Current 0.79 (0.62–1.01)
Past 0.70 (0.48–1.02)

Current psychoactive medication use 0.93 (0.69–1.25)
CD4þ nadir 1.0005 (0.9999–1.001)
Peak HIV VL >100 000 0.96 (0.71–1.30)
HIV detectable VL 0.86 (0.69–1.07)

The relationship between age andAMH levelswas nonlinear, as demonstrated
age compared to the linear term.As such, the quadratic age termwas considere
women under 35years old and the likelihood of AMH levels�2ng/ml for wom
bivariatemodels ofAMHare shown, adjusting for age.AMH,anti-Müllerianho
virus; LTL, leukocyte telomere length; VL, viral load; N/A, not collected, usu
Longitudinal analysis
In the longitudinal analysis, 184 participants were
included. Younger women tended to gain AMH (positive
DAMH/year) and older women tended to lose AMH
(negative DAMH/year) (Fig. 1b).
P-value �35 years old (odds ratio) P-value

0.02 0.78 (0.71–0.85) <0.0001
0.004
0.32 1.33 (0.98–1.81) 0.07
0.03 0.61 (0.32–1.14) 0.12
0.02 0.006

0.34 (0.13–0.89)
2.28 (0.89–5.85)
1.01 (0.40–2.53)
2.41 (0.57–10.19)

0.48 0.96 (0.91–1.00) 0.06
0.01 0.0002

3.29 (1.61–6.73)

0.09 0.02
2.41 (1.10–5.26)

0.12 0.48 (0.25–0.93) 0.02
0.02 0.21 (0.08–0.51) <0.0001
0.07 0.009

0.35 (0.16–0.75)
0.77 (0.35–1.67)

0.63 0.83 (0.46–1.51) 0.54
0.10 0.998 (0.996–1.001) 0.21
0.80 0.71 (0.35–1.42) 0.33
0.18 0.70 (0.31–1.59) 0.40

by themarkedly improved fit betweenAMHand the quadratic term for
d for thesemodels.Agewas univariately associatedwithAMH levels for
en aged 35 years or older. For all other potential explanatory variables,
rmone;BMI, bodymass index;CAD,Canadian dollar;HCV,hepatitis C
ally because of participant’s young age.
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Fig. 2. Multivariable analysis of cross-sectional AMH levels. Models among women: (a) under 35 (R2¼0.13) and (b) at least
35 years old (R2¼0.38), showing unstandardized exponentiated coefficients of log transformed AMH levels and odds ratios of
AMH levels �2 ng/ml, respectively. Significant confidence intervals do not cross 1. AMH, anti-Müllerian hormone.
Women under 35 years old We analyzed 96 women
(WWH¼ 73, HIV-negative controls ¼ 23) under
35 years of age. The median time between earliest and
latest visits was 2.5 years (interquartile range [IQR]¼
1.7–5.0 years). Age was univariately associated with
DAMH/year such that the rate of AMH increase slowed
by 10%/year. Higher initial AMH, ethnicity, HCV
infection ever, and smoking were also bivariately
associated with slower AMH gain, whereas longer
LTL, and being a participant with no income and
education data were bivariately associated with faster
AMH gain. As above, missing education and income data
represent girls. HIV was not bivariately associated with
DAMH/year (Table 3).

In the multivariable analysis, HIV was forced into the
model as per our a priori analysis plan and was
independently associated with faster AMH gain, whereas
current and past smoking were independently associated
with slower AMH gain (Fig. 3a, Table S4, Supplemental
Digital Content, http://links.lww.com/QAD/C791).
An interaction between age and initial visit AMH level
was detected, showing that the initial AMH relationship
with DAMH/year depends on age. This is illustrated in
Figure S2, Supplemental Digital Content, http://links.
lww.com/QAD/C791 showing that higher initial AMH
is associated with slower rate of AMH gain among young
women and faster AMH attrition among older women.
A sensitivity analysis was done to parse the effects of
collinear variables income and smoking and showed that
the Age � AMH interaction term remained indepen-
dently associated with DAMH/year. HIV remained
independently associated with DAMH/year in models
adding either income or smoking (Table S5, Supplemen-
tal Digital Content, http://links.lww.com/QAD/C791).

Women aged 35 years or older Eighty-eight women
(WWH¼ 74, HIV-negative controls ¼ 14) at least 35
years of age were analyzed longitudinally. The median
time between visits was 4.6 years (IQR¼ 2.5–6.2 years).
Only initial AMH was univariately associated with
DAMH/year (Table 3). In the multivariable model, initial
AMH remained the only variable independently associ-
ated with DAMH/year, and showed a similar effect size,
(Fig. 3b, Table S4, Supplemental Digital Content, http://
links.lww.com/QAD/C791), suggesting that no other
variables were associated with longitudinal change in
AMH among women at least 35 years old.
Discussion

Our investigation of AMH across the reproductive
lifespan showed a nonlinear pattern of AMH levels with
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Table 3. Bivariate analysis of longitudinal DAMH/year.

<35 years old b P-value �35 years old b P-value

Age, years �0.1 (�0.15 to �0.05) <0.0001 �0.01 (�0.05 to 0.04) 0.77
Initial AMH, ng/ml �0.13 (�0.23 to �0.03) 0.01 �0.12 (�0.16 to �0.08) <0.0001
LTL 0.32 (0.02 to 0.62) 0.04 0.02 (�0.09 to 0.13) 0.68
HIV 0.38 (�0.35 to 1.10) 0.31 0.08 (�0.22 to 0.37) 0.62
Ethnicity (ref. White) 0.03 0.74
Indigenous �0.40 (�1.50 to 0.69) �0.16 (�0.43 to 0.11)
Asian/Southeast Asian 0.45 (�0.73 to 1.64) �0.07 (�0.49 to 0.35)
African/Caribbean/Black 1.05 (0.31 to 1.79) �0.11 (�0.43 to 0.21)
Other 0.47 (�1.20 to 2.14) �0.25 (�0.79 to 0.29)

BMI, kg/m2 �0.03 (�0.08 to 0.03) 0.40 �0.01 (�0.02 to 0.01) 0.47
Income (ref. <$15 000 CAD) 0.009 0.96
�$15 000 CAD 0.49 (�0.39 to 1.37) 0.01 (�0.19 to 0.20)
N/A 1.22 (0.42 to 2.02)

Education (ref. some high school or less) 0.003 0.99
High school graduate or more 0.68 (�0.29 to 1.66) �0.0001 (�0.23 to 0.23)
N/A 1.53 (0.58 to 2.48)

Ever infected with HCV �1.75 (�2.83 to �0.66) 0.002 �0.01 (�0.24 to 0.22) 0.93
Current opioid use �0.45 (�1.73 to 0.83) 0.48 0.05 (�0.19 to 0.29) 0.66
Tobacco Smoking (ref. never) 0.04 0.79
Current �1.03 (�1.84 to �0.22) �0.04 (�0.28 to 0.20)
Past �0.39 (�1.87 to 1.09) �0.11 (�0.44 to 0.22)

Current psychoactive medication use �1.15 (�2.34 to 0.04) 0.06 �0.13 (�0.36 to 0.10) 0.25
CD4þ nadir 0.002 (�0.0004 to 0.003) 0.13 0.00004 (�0.0009 to 0.001) 0.93
Peak HIV VL >100 000 �0.09 (�1.03 to 0.86) 0.85 �0.05 (�0.30 to 0.20) 0.70
HIV detectable VL �0.09 (�1.01 to 0.82) 0.84 0.19 (�0.06 to 0.44) 0.14

Age was univariately associated with DAMH/year longitudinally among women under 35 years old. For all other potential explanatory variables,
bivariate models ofDAMH/year are shown, adjusting for initial AMH level. AMH, anti-Müllerian hormone; BMI, bodymass index; CAD, Canadian
dollar; HCV, hepatitis C virus; LTL, leukocyte telomere length; VL, viral load; N/A not collected, usually because of participant’s young age.

Fig. 3. Multivariable analysis of longitudinal AMH rate of change.Models among women: (a) under 35 (R2¼ 0.51) and (b) at least
35 years old (R2¼0.27), showing unstandardized effect sizes. Significant confidence intervals do not cross 1. AMH, anti-Müllerian
hormone.
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age, whereby it rose in young women but fell sharply
beginning in the mid-thirties. This dynamic has been
observed inWWH and in the general population [41] and
suggests that predictors of AMH vary across reproductive
stages. Indeed, we observed that lower AMH levels were
independently predicted by HIV status during peak
reproductive years (<35 years old) but this was not seen in
those aged 35 years or older where shorter LTL became
the independent predictor. It is possible that as an
immunologic stressor, HIV may acutely influence AMH
levels during the reproductive stage of life following
which, the accumulation of many immunologic stresses,
as reflected by LTL attrition, shape AMH dynamics
during the late reproductive years. The longitudinal
analysis supported the cross-sectional pattern of AMH
levels with age, showing that participants’ AMH rose early
in life and fell later in life. However, the rates of AMH
gain and loss were largely driven by AMH level itself, and
therefore indirectly influenced by factors identified in the
cross-sectional analysis.

Among women under 35 years of age, the longitudinal
analysis showed that DAMH/year was driven by an
interaction between initial AMH levels and age. Higher
initial AMH levels were associated with slower AMH rise
among younger women and faster AMH decline among
older women. This interaction can be explained by the
function of AMH. In early life, rising AMH levels reflect
follicle recruitment, and eventually a high AMH inhibits
follicle growth, leading to AMH decline later in life [42].
Thus, younger women with higher AMH levels have a
limited margin for growth before peak AMH occurs. In
older women however, higher initial AMH levels may
indicate proximity to the AMH peak and are thus
accompanied by faster AMH decline due to maximum
follicle inhibition. This is reflected in the agreement
between our cross-sectional and longitudinal data as seen
in Fig. 1, wherein the age at which longitudinal decline of
AMH begins generally occurs after the age of peak AMH
cross-sectionally.

Given that the rate of AMH rise among women under 35
years old is related to initial AMH level, it follows that the
AMH rise itself may be related to the predictors of AMH
identified in our cross-sectional analysis, namely HIV.
Lower AMH in WWH has been previously reported
[43], although never in a focused analysis in women of
reproductive age. In our analysis, the effect of HIV was
not accompanied by associations between AMH and
HIV-related variables. This deviates from previous
reports, wherein both lower CD4þ cell count [43] and
detectable viral load [2] were associated with lower AMH.
A study of 2621 WWH and 941 controls found an
association between lower CD4þ cell count and lower
AMH levels, even among controls with healthy CD4þ

cell counts [43]. In our study, we did not detect an
association between CD4þ cell count and AMH. It is
possible that this effect exists predominantly among older
women. In the aforementioned study, only 8% of WWH
were under 30 years old, compared to 36% in our study.
Indeed, a more recent study of WWH in Denmark with a
younger study sample (21% <30 years old) also reported
no association between CD4þ cell count and AMH
amongWWH [44]. Taken together, this suggests that the
mechanism explaining lower AMH in WWH does not
necessarily involve CD4þ depletion in women of
reproductive age.

The evidence for HIV viral load driving lower AMH
among WWH is likewise unclear. Higher HIV viral load
has been associated with lower AMH in a study of WWH
requesting assisted reproductive technology [2]. How-
ever, such a sample cannot be generalized to the
population at large. Furthermore, HIV has been
associated with lower AMH, even when the virus is
fully suppressed [44], again suggesting that uncontrolled
viremia does not necessarily drive lower AMH among
WWH. While it would be difficult to demonstrate a
causal relationship between HIVand decreased AMH, the
available data are consistent with a mechanism that does
not necessarily depend on either CD4þ cell count or
viral load.

Immune aging could be a conceptual framework within
which the causal relationship between HIVand decreased
AMH levels can be further investigated. CD4þ depletion
is a hallmark of immune aging, which is associated with
waning immune competence and diminishing ovarian
reserve. Shorter LTL is a widely accepted marker of
immune aging and is associated with both earlier
menopause [20] and primary ovarian insufficiency [45].
However, prior to our study, an association between LTL
and AMH levels had yet to be detected in women [46]. In
a recent study of 35 egg donors aged 18–33, no
relationship was found between AMH and TL in
leukocytes, cumulus cells, or granulosa cells. The authors
posit that the lack of signal was due to a young and
homogenous sample, something that could also explain
our own observations wherein lower AMH was
associated with HIV among women under 35 years old
and shorter LTL among women at least 35 years old. Our
observations ostensibly suggest that ovarian age is more
strongly predicted by HIV status during peak reproduc-
tive years and by immune aging markers during late
reproductive years. Given the relationship observed
between HIV and shorter LTL [47] our data would
support a model whereby accelerated immune aging plays
a role in the mechanism by which HIV may mediate
ovarian aging in younger women. However, in women at
least 35 years old, immune age may have been affected by
any number of stresses that have accrued over time. It
follows that LTL would be the more robust predictor in
this older age group, as it would better reflect the total
burden of cumulative immune aging. Taken together,
although our analyses of AMH levels point to different
explanatory variables in different reproductive phases, it
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remains an observational study. Future studies are
required to further explore the potential causal relation-
ships between HIV, immune aging, and ovarian reserve.
Furthermore, telomere biology in cumulus cells differ
considerably from leukocytes [48], and it is possible that
telomere length in cumulus and/or granulosa cells are
better indicators of ovarian age than LTL.

The wide age range of our study sample is a primary
strength of this analysis, which allowed us to interpret the
relationship between HIV and AMH in different
reproductive stages. This is critically important when
studying ovarian health, given the nonlinear dynamic of
AMH levels and functional ovarian reserve throughout
life. Our analysis also benefited from the use of an FDA-
approved assay with a limit of detection more than an
order of magnitude lower than previous generation
techniques [49]. Furthermore, we were able to consider
potentially confounding variables of both ovarian health
and immune aging in our multivariable analyses.
However, our study was limited by the collinearity
between some of these confounding variables. Nonethe-
less, the effect size of age and HIV remained stable in
sensitivity models indicating that the effects of age and
HIV on AMH levels are independent of these con-
founders, even if we could not isolate their individual
effects. Indeed, smoking has been associated with lower
AMH levels [50] as well as earlier menopause [32]. Future
studies are needed to characterize the effect of smoking
among WWH.

Taken together, our study shows that HIV is associated
with lower AMH in women who are in the reproductive
stage of life and shorter LTL during late reproductive
years. For young WWH, this has important clinical
implications as a more rapidly diminishing ovarian reserve
may mean that delaying pregnancy could lead to more
difficulty conceiving and/or an earlier onset of meno-
pause. This highlights the importance of counseling
youngWWHon pregnancy planning as a key component
of their HIV care. Our analysis of the older age group
suggests that cumulative immune aging may influence
ovarian reserve through an unknown mechanism,
prompting future studies to investigate the potential
impact of factors contributing to immune aging on
ovarian health in WWH.
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