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Interventions being developed to delay menopause: mathematically model strategies that might slow the loss of the ovarian reserve or boost

primordial follicle numbers.
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Women are increasingly choosing to delay childbirth, and those with low ovarian reserves indicative of primary
ovarian insufficiency are at risk for sub- and infertility and also the early onset of menopause. Experimental strategies that promise
to extend the duration of ovarian function in women are currently being developed. One strategy is to slow the rate of loss of existing
primordial follicles (PFs), and a second is to increase, or ‘boost’, the number of autologous PFs in the human ovary. In both cases, the
duration of ovarian function would be expected to be lengthened, and menopause would be delayed. This might be accompanied by
an extended production of mature oocytes of sufficient quality to extend the fertile lifespan.

In this work, we consider how slowing physiological ovarian aging might improve the health and
well-being of patients, and summarize the current state-of-the-art of approaches being developed. We then use mathematical
modeling to determine how interventions are likely to influence the duration of ovarian function quantitatively. Finally, we consider
efficacy benchmarks that should be achieved so that individuals will benefit, and propose criteria that could be used to monitor on-

going efficacy in different patients as these strategies are being validated.

Current methods to estimate the size of the ovarian reserve and its relationship to the timing of the menopausal
transition and menopause were compiled, and publications establishing methods designed to slow loss of the ovarian reserve or to

deliver additional ovarian PFs to patients were identified.

We review our current understanding of the consequences of reproductive aging in women, and compare different
approaches that may extend ovarian function in women at risk for POl. We also provide modeling of primordial reserve decay in the
presence of therapies that slow PF loss or boost PF numbers. An interactive online tool is provided that estimates how different inter-
ventions would impact the duration of ovarian function across the natural population. Modeling output shows that treatments that
slow PF loss would need to be applied as early as possible and for many years to achieve significant delay of menopause. In contrast,
treatments that add additional PFs should occur as late as possible relative to the onset of menopause. Combined approaches slow-
ing ovarian reserve loss while also boosting numbers of (new) PFs would likely offer some additional benefits in delaying menopause.

Extending ovarian function, and perhaps the fertile lifespan, is on the horizon for at least some patients. Modeling
ovarian aging with and without such interventions complements and helps guide the clinical approaches that will achieve this goal.

Not applicable.
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The age at natural menopause (ANM) is reached when loss of
ovarian function results in 12 months passing in the absence of a
menstrual period (Santoro and Johnson, 2019). The ANM time
distribution is centered upon a median age of 51, with an upper
limit around age 62. At the lower end, approximately 3.5% of
women reach menopause before age 40, and one in 250 women
do so before age 35 (Persani et al, 2010; Golezar et al., 2019; Li
et al., 2023). Menopause can be accompanied by many well-
known symptoms and physiological changes, including compro-
mised cardiovascular health, bone density, body fat/muscle
composition, hot flushes, and others. The timing of the ANM
may also affect the type and severity of menopausal symptoms.
Those that reach menopause before 40 are considered to be af-
fected by the condition ‘premature ovarian insufficiency’ (POI;
Nelson, 2009; De Vos et al, 2010; European Society for Human
Reproduction and Embryology (ESHRE) Guideline Group on POI
et al., 2016). Reaching menopause at these earlier ages means
that the symptoms of menopause and the earlier menopausal
transition (below) can be experienced for half, or even more than
half, of women’s lives.

Before menstrual cycles cease, they become increasingly ir-
regular during a phase termed the menopausal transition (Hoyt
and Falconi, 2015; Paramsothy et al., 2017; Santoro et al., 2021).
The time-of-onset distribution for the menopausal transition
ranges from ages 42 to 54, and lasts between 2 and 10 years for
most women (Paramsothy et al., 2017). Menstrual cycle irregular-
ity experienced during the menopausal transition can include
‘unpredictable menstrual cycle endocrine patterns’ including an-
ovulatory (Burger, 2011) cycles interspersed by months of amen-
orrhea (Harlow et al, 2008). Some of the symptoms and
consequences of reproductive aging can begin during the meno-
pausal transition.

These significant consequences of the menopausal transition
and the onset of menopause have led to the practical

consideration of how the health span, and even lifespan, could
be impacted by intervening and extending the duration of ovar-
ian function. This is distinct from the current practice of replace-
ment of ovarian hormones estrogen and progesterone, as in HRT.
HRT provides relief of many symptoms of reproductive aging
(Davis et al., 2023), but cannot support the ‘baseline’ health status
of the reproductive years for all individuals (Mukherjee and
Davis, 2025). Reports of experimental strategies that may one day
extend the duration of ovarian function in women, and thus de-
lay the onset of the landmark menopausal transition and ANM
events are therefore becoming more commonplace (reviewed in
Llarena and Hine, 2021; Cavalcante et al., 2023; Liu and Gao, 2023;
see also Johnson et al., 2024). In the case of women with elevated
risk for POl as determined by clinical measures, a successful in-
tervention would delay her loss of ovarian function such that she
instead experiences menopause and its consequences years later
than she would otherwise. A delay of menopause should also de-
lay the menopausal transiton (Hoyt and Falconi, 2015;
Paramsothy et al., 2017; Santoro et al., 2021; Lawley et al., 2024)
and its accompanying symptoms. In the shorter term, interven-
tions in some women diagnosed as having diminished ovarian re-
serve might also extend their window of fertility. Here,
counteracting the loss of immature ovarian follicles might in-
crease the numbers of retrievable (and ideally, high quality)
oocytes in assisted reproductive treatments. Because socioeco-
nomic disadvantage has been identified as a potential risk factor
for early ovarian demise (Bleil et al., 2018; Pan et al., 2024), inter-
ventions to extend ovarian function may help correct a signifi-
cant health disparity.

To benefit patients in these ways, two important questions
need to be answered. First, how can we identify the individuals
who are at the highest future risk of early loss of ovarian function
and would thus be the most likely to benefit from these interven-
tions? Herein, we consider current methods used to estimate the
size of the ovarian reserve and thereby, the risk of early loss of
ovarian function. Second, can we estimate how different
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interventions under development are likely to perform, and use
this to help identify which patients would benefit most from
strategies that slow ovarian aging? Fortuitously, recent progress
has been made in modeling how loss of the ovarian reserve of pri-
mordial follicles (PFs) occurs over time in individuals and across
the population (Johnson et al., 2022; Lawley et al., 2024).

We have developed a mathematical model of PF behavior over
time that produces accurate PF loss patterns seen in individuals
and also the natural patterns of the menopausal transition and
the ANM (Johnson et al., 2022; Lawley et al., 2024) across popula-
tions of women. This model has been used to address the ques-
tion of why girls have large numbers of PFs at birth (Lawley and
Johnson, 2023) and to probe the relationship between the timing
of the menopausal ftransition and ANM in different women
(Lawley et al., 2024). Because of increasing interest and activity in
developing interventions to extend ovarian function, we now
consider how the model might be modified in order to simulate
the performance of these strategies.

Strategies for extending ovarian function can be placed into
two general categories (see Fig. 1 for graphical summaries). In the
first category, the goal is slowing the rate of loss of existing PFs in
the ‘ovarian reserve’, usually by the application of a pharmaco-
logical or biological agent (Zhang et al., 2019; Valtetsiotis et al.,
2023), and thereby delaying menopause onset. Because the initial
ovarian reserve at birth (a woman’s ‘starting supply’ of PFs;
Johnson et al., 2022) has been associated with the eventual timing
of menopause (Depmann et al., 2015; McLaughlin et al., 2015), an
individual’s PF loss rate may be normal, but early menopause
will occur due to a low starting supply. Alternatively, known con-
ditions appear to accelerate the loss of the PF reserve, meaning
that even if born with a ‘normal’ number of PFs, an individual
might exhaust her reserve earlier than others. Slowing PF loss
could delay the onset of symptoms that accompany the meno-
pausal transition and menopause, and could thereby have a sig-
nificant impact upon the health and well-being of affected
women for extended time periods. In such cases, significant suc-
cess could be defined by delaying menopause to the median age
of 51, as seen in the general population of women (Gold, 2011).

The second strategy to slow ovarian aging promises to increase
or ‘boost’ the number of autologous PFs in the human ovary. In
‘boost’ strategy manifestations, the delivery of stem cells that can
give rise to new follicles, the production of engineered ovarian tis-
sue that contains new autologous follicles, and treatment with
pharmacologic agents that appear to stimulate the development
of new follicles can be considered. In each case, newly added PFs
need to function normally in terms of their survival and growth
pattern, and possible production of mature, fertilizable oocytes.

One practical strategy that we have considered in detail previ-
ously falls into the ‘boost’ category: ovarian tissue cryopreserva-
tion (OTC) in healthy women. Mathematical modeling suggests
that OTC early in life, and tissue replacement just before meno-
pause could significantly delay the loss of ovarian function
(Johnson et al., 2024). While PFs are not produced de novo, the
use of OTC in this way ‘boosts’ PF numbers by delaying the loss
of PFs over time that would occur if the tissue was left in place.
Importantly, loss of PFs following tissue replacement, probably
due to the tissue being avascular (Baird et al., 1999), can be signifi-
cant, and thus progress needs to be made in maximizing follicle
survival within the cortex that undergoes OTC. Furthermore, this
strategy requires two surgical procedures at minimum (and per-
haps more if tissue is returned sequentially, in a ‘fractionated’
fashion; Johnson et al., 2024). Some patients and providers may
still find that the benefits of the procedures, i.e. the extension of

ovarian function and its consequences, are worthwhile despite
the invasive nature of OTC.

Pathological human conditions that accelerate the loss of pri-
mordial reserve (above) could also be treated by ‘boosting’ PF
numbers in this way, but in those cases, if the underlying condi-
tion that leads to accelerated loss is not addressed, more autolo-
gous PFs may not result in extended ovarian function. Here
again, we consider the early ovarian demise seen in classic galac-
tosemia (CG; Gibson, 1995; Frederick et al., 2018; Hagen-Lillevik
et al., 2021) and fragile X premutation (FXPM; Pastore and
Johnson, 2014; Fink et al., 2018). Most reports suggest that in these
cases, girls are born with PFs in the normal range. In these cases
and others involving idiopathic POI, if accelerated loss is not
treated, any autologous newly delivered PFs might themselves
undergo accelerated loss, and the treatment could have minimal
or even no net benefit (Fig. 1). To prevent this, it may be neces-
sary to correct the genetic defect associated with accelerated PF
growth activation (PFGA; Kallen et al., 2018) in the newly deliv-
ered, stem cell-derived follicles.

There are also patients for whom strategies that promise to
deliver additional PFs are needed and are perhaps their only op-
tion. These patients have conditions that result in zero or very
low numbers of PFs early in life. For example, very early in post-
natal life, girls with Turner syndrome (Reindollar, 2011; Fukami,
2023) or triple X syndrome (Goswami et al, 2003; Davis et al.,
2020) can have very few immature follicles or streak ovaries,
which are devoid of follicles. For these individuals, only the addi-
tion of (autologous) PFs can extend or, in the case of streak ova-
ries, reinitiate ovarian function.

The conceptual and technical achievements necessary to ad-
vance these strategies to this point have been remarkable. It is im-
portant now to consider the likely efficacy of such approaches
given their application to patients. When efficacy is defined as the
duration that ovarian function is extended in the presence versus
the absence of treatment, we need to be able to make predictions
about the duration of ovarian function extension. If ovarian func-
tion is extended only for a short duration after a particular therapy
that might include surgery, the intervention may be difficult to
justify. We can consider specific patient conditions where ‘slow’ or
‘boost’ options or a combination of available approaches will be fa-
vored. It is also critical to consider whether and for how long the
window of fertility might be affected by successful intervention(s).

After brief consideration of the symptoms and health conse-
quences of the menopausal transition and menopause, we con-
sider the current methods used to estimate the remaining ovarian
reserve. In this way, we can begin to determine the patients for
whom slowing ovarian reserve loss, or rescuing ovarian function,
might be appropriate. Afterwards, we apply existing mathematical
modeling approaches to evaluate how ‘slow’ or ‘boost’ interven-
tions would impact ovarian aging. Results in comparison to the ab-
sence of treatment can be generated using an interactive tool so
that variables can be explored and treatment outcomes can be es-
timated wunder different circumstances. Formal assessment of
‘slow’ and ‘boost’ strategies in this way can lead to general guide-
lines about the timing of their application to their eventual target
population(s). We conclude by establishing potential criteria that
could be used to monitor ongoing efficacy in different patients.

Literature review methodology
Literature searches were performed using PubMed to identify lit-
erature in three areas; both primary literature and review articles

G20z KeN 6z U0 1sonb A £825Z18/6005WP/PANWNU/EE0L"01/10p/a[one-00UBAPE/PANWNY/WOS"dNO"OILSPESE//:SA]Y WO} POPEOIUMOQ



INTERVENTION IMPACT PROJECTIONS

Pharmacologically- & 330k
slowed rate of o & s
primordial follicle loss “ ) ° @ 2
:“ / ..'. = (o) g
) — [=]
i , e - ° g
=
SLOW :
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
" AGE (YEARS) AGE (YEARS)
Pharmacologically-
induced primordial
follicle increase . .
% @ o 02 \0 Extension No Extension
] (o] ] o 0
D\ O
(0] p OOQ o
5] 7 °o® o
) 9 ooo 00 ° "
5330!(
=)
Cell therapy-induced £
osc Pprimordial follicle BOOST z
ey increase 3
=
o l% % £ 1000
» (o) — T T S | T T T 1
iPSC ®o (0] 00 °h° ook 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
oNe 0® 00 o © AGE (YEARS) AGE (YEARS)
: ) °e° o0
Engineered 0 0 © o
cortex

Impact projections can guide the choice and timing
of interventions designed to slow ovarian aging

Figure 1. Intervention strategies and their desired impact(s). Two intervention strategies to extend ovarian function are considered, along with
mockup projections of their impact upon ovarian aging. At the top, an intervention that ‘slows’ the rate of primordial follicle loss is shown. This may be

done pharmacologically, using agents targeted either to mechanisms that drive follicle loss broadly or to specific disease conditions that accelerate
loss. The desired impact of slowing the loss rate is indicated by €and in the example plot at left, an intervention beginning at age 35 slows ovarian
aging such that crossing the menopausal threshold (arrowhead and horizontal black dashed line) is delayed (red dashed line and arrowhead). The
counter example where an unsuccessful treatment does not slow ovarian reserve loss is shown on the right. Below, two ‘boost’ strategies to increase
primordial follicle numbers are shown. First, pharmacological agents could be applied that stimulate the production of new primordial follicles.

Second, at the bottom, cell therapy strategies could be employed to produce new primordial follicles. The latter strategy could make use of induced
pluripotent stem cells (iPSC) or native oogonial stem cells (OSC) to produce primordial oocytes and pregranulosa cells of primordial follicles. This
strategy could optionally involve the production of an engineered ovarian cortex substrate (green parentheses) for follicle aggregation and delivery.

Potential impacts of the generation of new follicles are shown in the bottom plots, with the ‘boost’ in follicle numbers indicated by the up arrow and 99

In the left-hand example, the subsequent trajectory results in delayed menopausal threshold crossing (Extension), while the right example does not
(No Extension, compare dashed lines and arrowheads). The No Extension outcome could occur if the rate of loss of newly engineered primordial
follicles is abnormally fast, as might be seen in conditions that accelerate ovarian reserve loss; such a defect would need to be corrected in newly
provided follicles.

were included due to the extensive and historical nature of the Dy, Tmerapy Too therapy . 1)
topics, and all non-peer-reviewed sources were excluded. First,
publications detailing (i) methods to estimate the size of the ovar-

ian reserve, (ii) established models of ovarian reserve decline
over time, or (iii) the relationship between the ovarian reserve
and the timing of menopause, were selected using the search
terms, ovarian reserve, primordial follicles, menopause, and aging,
where no limits were placed on publication year. Next, publica-

tions investigating pre-clinical methods to extend the duration

of ovarian function were selected using the search terms,
human, menopause, delay, intervention, extension, and follicle. Again,
searches were performed where no date range was specified,
with and without the term ‘Review article’ selected.

In Supplementary Data Files S1, S2, and S3, we use mathemat-
ical modeling and analysis to derive explicit formulas and com-
putational methods for predicting the menopause delay. An
interactive online tool that allows users to explore how different
therapies delay menopause given different parameters is avail-
able at: https://seanlawley.shinyapps.io/slowboost/

Estimating the size of the ovarian reserve
We consider how the size of the ovarian reserve might be esti-
mated. At minimum, each of the approaches discussed should
provide guidance about the risk of early loss of ovarian function
so that individuals and providers can assess whether intervening
is warranted.

There is some evidence that antral follicle count (AFC) can be
used to identify those at risk of early ovarian demise. In 2013,
Wellons et al. reported that AFC as determined by transvaginal

Model application to extension of

ovarian function

Current mathematical approaches (Johnson et al, 2022; Lawley
et al., 2024) were repurposed for predictive analysis of how meth-

ods that slow loss of the ovarian reserve or deliver additional pri- ultrasound can be used to determine a threshold AFC ( <4vs 54),
mordial ovarian follicles to patients’ ovaries are likely to perform. where AFC _ 4 significantly raised the risk of menopause in the

We consider ‘slow’ therapies and ‘boost’ therapies in terms of next 8 years. This corresponded to a hazard ratio of menopause

their anticipated impact upon the timing of menopause (Fig. 1). within those 8 years of 1.89 (95% confidence interval: 1.19, 3.02;
Specifically, if T yerapy @Nd T iherapy  denOte the respective meno- P-value of 0.008), and in that time approximately 35% of women

pause ages for a woman with and without a given therapy, then under or at the threshold reached menopause, while approxi-

the menopause delay is mately 15% above the threshold reached menopause. AFC
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measurement, and also the related measure of the number of
oocytes retrieved after ovarian stimulation (Christensen et al.,
2020), can thus provide actionable information about the remain-
ing ovarian reserve.

Anti-M gllerian hormone (AMH) levels (sometimes in combina-
tion with other measures) can also be used to estimate the size of
the ovarian reserve and therefore the ‘status’ of ovarian aging
(Ruth et al., 2019; Moolhuijsen and Visser 2020; de Kat et al., 2021;
Zhang et al., 2021; Chatziandreou et al., 2023). AMH levels below
the 10th percentile may be used as a threshold for the identifica-
tion of a low functional ovarian reserve in an individual woman
(Tehrani et al., 2022). More recently, Chatziandreou et al. (2023)
showed that a cutoff of 0.012 ng/dL AMH discriminates between
women who will reach their last menstrual period an average of
20 months later (below threshold) versus an average of
60 months later (above threshold). This is consistent with the
conclusion of a recent systematic review that prediction of the
ANM remains imprecise when it is not imminent, but a very low
AMH in young women can indicate increased risk of developing
POI (Nelson et al., 2023).

Finally, in a systematic review and meta-analysis, Younis et al.
(2020) evaluated menstrual cycle length data and probed how it
relates to the expected ovarian reserve size during the reproduc-
tive years. Because menstrual cycle length changes are well char-
acterized during the reproductive years and across the
menopausal transition (Paramsothy et al., 2017; Lawley et al.,
2024), identification of women with low ovarian reserve may one
day be achievable using specific cycle length parameters. The ad-
vent and spread of electronic tools (including wearable devices)
that can track menstrual cycles can bring such tracking to large
numbers of women. We next consider how ovarian aging might
one day be extended in patients identified to have low ovar-
ian reserve.

Delaying menopause by extending the duration

of ovarian function

Currently, different approaches to prolong the duration of ovar-
ian function are under experimental evaluation. These are pro-
vided in Table 1, which is organized by the different ‘slow’ and
‘boost’ modalities targeting follicles, as well as those that are
‘non-follicle targeting’.

Menopause delay from slowing therapies

The first modeling exploration here evaluates the impact of slow-
ing the rate of PFGA (see Fig. 1; see also Table 1). This approach
would be relevant to two cases. First, it might be desirable to
slow the rate of loss of the remaining ovarian reserve to extend
ovarian function in patients who expect to reach menopause be-
fore the median age of 51. These patients might have low or even
normal-size ovarian reserves, and the goal would be to extend
fertility or to delay symptoms of reproductive aging. Second, in
certain disease states the initial endowment of follicles around

birth is thought to be normal, but loss of the ovarian reserve
occurs in an accelerated fashion that can result in early meno-
pause, including before the age of 40. For example, early ovarian
demise occurs in CG (Gibson, 1995; Frederick et al., 2018; Hagen-
Lillevik et al, 2021) or FXPM (Pastore and Johnson, 2014; Fink
et al, 2018), and in each of these cases, the ovarian reserve is
thought to be normal around birth. A strategy where an agent(s)

is delivered to slow the rate of PFGA would be highly desirable

here as well. Intervening in these patients so that PFGA rates are
slowed and ‘normalized’ holds the promise of extending ovarian
function into the normal range.

Prior work by one of our groups tested a therapeutic strategy
using a mouse model of CG, GalT knockout mice. The mouse
model phenocopies the accelerated PF loss that leads to early
cessation of ovarian function in girls and young women with CG
(Balakrishnan et al., 2019; Hagen-Lillevik et al., 2021), and we
showed that a ‘slowing’ treatment was able to normalize PF loss
over time. This pre-clinical evidence showed that targeting spe-
cific stress and damage pathways in the mouse model can not
only normalize PFGA rates (Balakrishnan et al., 2017, 2019), but
animals kept on the agent Salubrinal (which is an Integrated
Stress Response pathway agonist (Boyce et al., 2005; see Table 1))
from birth demonstrated normalized numbers of growing fol-
licles present during adult life. Furthermore, litters were pro-
duced in an ongoing fashion in treated animals that would
otherwise be sterile. These results, where follicle behavior after
PFGA through ovulation and the production of mature oocytes
were normalized by the treatment, are promising when consider-
ing the challenge in human patients at risk for early ovarian de-
mise due to accelerated PF loss.

The goal of the above example was to impact follicle behavior
(e.g. slow their loss and support normal development) directly.
However, it should be noted that targeting ovarian tissue(s) out-
side of follicles (referred to here as ‘non-follicle targeting’) may
slow PF loss indirectly. A body of evidence is available that shows
that the ovarian stroma that exists between and around ovarian
follicles may influence follicle growth and survival over time
(Briley et al., 2016; McCloskey et al, 2020; Henning et al., 2021;
Machlin et al, 2021; Landry et al., 2022; Grosbois et al., 2023;
Amargant et al., 2024). Because markers of tissue fibrosis in the
ovarian stroma increase with aging, anti-fibrotic treatments are
being evaluated for their action upon follicle behavior and loss.
There is also evidence that cellular senescence occurs and
increases in non-follicle (and follicular) cell types of the ovary
with aging (Maruyama et al., 2023; Shen et al., 2023; Telfer et al.,
2023). In another example, targeting ovarian endothelial cells
and the vasculature that develops around follicles has been
shown to slow the rate of loss of the ovarian reserve (Xu et al.,
2022). It is possible that reducing either fibrosis or cellular senes-
cence within ‘non-follicle’ tissues of the ovary or targeting ovar-
ian vasculature could lead to a slowed rate of follicle loss in
patients. Because systemic interventions may impact both fol-
licles and surrounding cells in the ovary, there may be functional
overlap between follicle and non-follicle targeting. With all of
these potential approaches in mind, we turn to the mathematical
modeling of approaches designed to ‘slow’ ovarian aging.

If a woman receives the therapy continuously from age t o until
menopause at age T e,y » WE show in Supplementary Data File
S1 that the resulting menopause delay in Equation (1) is

Dy 1 a4 @

1
slow V4 a

no therapy

where the parameter a quantifies how the therapy slows ovarian

aging. Specifically, if ovarian aging (PF loss) occurs at rate r with-

out the therapy, then ovarian aging occurs at rate ar during ther-

apy, where 0_a_1. For example, consider a woman who,
without therapy, would have early menopause at age T no therapy V4
43 years, and suppose she receives therapy from aget 14, 31 years
until menopause, which slows PF loss by 40%. In this case,

a1, 0.6, and Equation (2) predicts that this therapy would delay
menopause by D .., %%543 31p years 1, 8years, thereby bring-
ing her menopause age to the population median of 51years.
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Downloaded from https://academic.oup.com/humupd/advance-article/doi/10.1093/humupd/dmaf009/8125283 by guest on 29 May 2025
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If the slow therapy does not continue past menopause (i.e. the
therapy ceases before age Tierap, ), We show in Supplementary
Data File S1 that the resulting menopause delay in Equation (1) is

Dslow Va 61 a':ildur S, (3)

where t . is the total duration of time that the woman receives

the slow therapy. For example, if a woman receives therapy from

age 30 to age 40 years which slows the rate of PF loss by 30%,
then t4, 1, 10years, a1,0.7, and Equation (3) predicts that the
resulting menopause delay is D ¢, 14 0.3 « 10 years 1,3 years. We
note that Equations (2) and (3) agree in the case that therapy
ceases at age Tinerapy -

We stress here that the results in Equations (2) and (3) are
model-independent (see details in Supplementary Data File S1
and Figure S1). That is, these results do not depend on any spe-
cific mathematical or statistical model of PF loss. Rather, these
results only depend on assuming that menopause coincides with
the primordial reserve dipping below a threshold number of
remaining PFs.

In Fig. 2, we plot the delay in menopause in Equation (2) as a
function of the age at start of therapy, t |, for therapies which slow
the rate of PF loss by 20% (blue, a 1,0.8) and 40% (red, a 1,0.6). The
dark blue and red lines are for a woman who would have meno-
pause at the population median of 51 years in the absence of ther-
apy, and the blue and red shaded regions depict women who
would have menopause between ages 47 and 55 years, which con-
stitutes the bulk of the population (Weinstein et al., 2003).

Figure 2 illustrates that the extension of ovarian function is in-
creased by starting the therapy earlier in life, assuming that the
therapy is well tolerated and continues until the eventual
(delayed) menopause age. This result is intuitive, since the ther-
apy can offer relatively little benefit if the vast majority of PFs
have already been lost by the time a woman starts the treatment.

Fig. 2 also illustrates how the menopause delay depends non-
linearly on how the therapy slows PF loss. Indeed, assuming the
therapy begins at age t, 1, 40 years and continues until meno-
pause, slowing the rate of PF loss by 40% rather than 20%
increases the menopause delay from 2.8 years to 7.5 years for the

20
= slow by 20%
0 = slow by 40%
s 15
N
k5
(]
< 10
%
=
3
&
g 5
=
0
25 30 35 40 45

Age at start of slow therapy (years)

Figure 2. Modeling interventions that slow the rate of primordial

follicle (PF) loss in women. The menopause delay is plotted as a
function of the age at the start of therapy, t ~ , for therapies that slow the

rate of PF loss by 20% (blue, a 1,0.8) and 40% (red, a 14 0.6). The dark blue
and red lines are for a woman who would have menopause at the

population median of 51 years in the absence of therapy, and the blue

and red shaded regions depict women who would have menopause
between ages 47 and 55 years in the absence of therapy.

median woman. This non-linear dependence can be understood

by noting that further decreasing the rate of PF loss allows the
therapy to continue longer. Another salient implication of this
analysis is that for a given therapy start age t ,, women who
would have earlier menopause ages without the therapy (i.e. the
women for whom the therapy would perhaps be most desirable)

are the women who will receive the smallest menopause delay.

The impact of slowing therapies can be explored by using the in-
teractive tool to produce ranges of expected menopause delay in

the presence of specified intervention(s).

Menopause delay from boost therapies

The second exploration here models how ‘boosting’ PF numbers
by varying the numbers of new follicles added to the ovaries
would likely influence subsequent ovarian aging (mockup in
Fig. 1; see also Table 1). The production of PFs de novo and engi-
neered ovarian tissue that contains these newly produced fol-
licles is underway (Kobayashi et al., 2019, 2022; Pierson Smela
et al., 2023; Sosa et al., 2023). It is anticipated that such tissue can
be delivered to the host ovary surgically and that the autologous
PFs within will develop normally and support ongoing ovar-
ian function.

Induced pluripotent stem (iPS) cells have been used to pro-
duce the component oocytes and granulosa cells of ovarian fol-
licles, and stem cells that can produce the theca cell lineage
(Vlieghe et al., 2024) have recently been reported. Boosting follicle
numbers has been achieved pre-clinically via the delivery of
stem cells that can give rise to new follicles in the mouse
(Johnson et al., 2004; Hayashi et al., 2012; Hayashi and Saitou,
2013; Hikabe et al., 2016; Yoshino et al., 2021), and more recently
this work has been extended to human cells (White et al., 2012;
Woods et al., 2013; Alberico et al., 2022) used in a clinical strategy
to improve oocyte quality (Morimoto et al., 2023).

Different methods using these stem cells are in development
and promise to produce a complete ‘artificial ovarian cortex’
(Amorim and Shikanov, 2016; Sosa et al., 2023). Extremely rapid
progress is being made using stem cells and tissue engineering
approaches, and the major remaining hurdle seems to be ensur-
ing that follicles produced in this way behave normally in terms
of their survival and development over time.

As mentioned, some patients’ ovaries have either very low
numbers of PFs, and in some cases can be entirely devoid of PFs.
In this case, ‘boosting’ the ovary with additional PFs may be the
only option, as too few native follicles are present to respond
meaningfully to any ‘slowing’ therapy. Here, it is critical to con-
sider the defect behind accelerated ovarian demise, as the deliv-
ery of additional autologous PFs may result in a similarly rapid
loss of any ‘boosted’ ovarian reserve (see also Discussion). Gene
therapy approaches may be required to repair the genetic lesions
that led to the primary loss of the ovarian reserve so that ongoing
ovarian function can be achieved.

Last here, treatment with specific chemotherapeutic agents
has been shown to correspond to significantly elevated PF num-
bers in treated patients, suggesting that the development of new
follicles can be induced (McLaughlin et al., 2017). In part due to
the surprising outcome of a treatment that might instead have
been expected to damage the ovarian reserve, further work in
this area is needed to identify mechanisms that might be
exploited to induce this effect. Given that somewhat precise
numbers of autologous PFs can one day be produced for patients,
and given that these PFs will perform normally in terms of sur-
vival and development, we now explore how such ‘boost’
approaches would likely impact the duration of ovarian function.
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Figure 3. Modeling interventions that add or ‘boost’ primordial follicle (PF) numbers in women. (A) The impact of adding either 2000 (blue) or 20 000
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(red) PFs to a woman'’s existing PF reserve is simulated. (B) Comparison of prior PF decay models against PF data reported in Wallace and Kelsey (2010).

In Fig. 3A, we plot the delay in menopause in Equation (1) for
either 2000 PFs added (blue) or 20 000 PFs added (red) as a func-
tion of the age when the PFs are added. As in Fig. 2, the solid
curves correspond to a woman who would have menopause at
age 51 years in the absence of therapy, and the shaded regions
represent women who would have menopause between ages 47
and 55 years in the absence of therapy.

Unlike Fig. 2, the results in Fig. 3A depend on the specific
model of PF loss, and we use the model proposed in Johnson et al.
(2022). However, we show in Fig. 3B that the menopause delays
predicted by several prior models of PF loss are all very similar
(see also Supplementary Fig. S2 and Supplementary Data File S2
for examples of menopause delay given specific numbers of
boosted PFs). One benefit of this model is that it allows us to ob-
tain an explicit formula for the menopause delay in Equation (1).
Specifically, for such a ‘boost’ therapy in which N ., PFs are
added at age t,, we derive the following formula in
Supplementary Data File S1:

Nboosl 0 ( 4)
P Fop -

1
Diooost %Xln 1

where A > 0 is the rate of PF loss, F(t ) is the number of PFs across
both ovaries just before the new PFs are added, and In( @denotes
the natural logarithm. The result in Equation (4) is plotted in
Fig. 3 for Fand A given by the model proposed in Johnson et al.
(2022; Equations S16 and S17 in Supplementary Data File S2).

We now highlight several important implications
analysis. First, in contrast to the slow therapies, the menopause
delay is increased by applying the boost therapy later in life (but
not after menopause). Second, and also in contrast to slow thera-
pies, it is evident from Equation (4) that women with smaller PF
reserves (who thus would reach menopause earlier without an
intervention) stand to gain the greatest extension of ovarian
function for a given age at treatment, t .

Finally, and perhaps most strikingly, this analysis predicts
that such a boost therapy would yield relatively minor extensions
of ovarian function, even for the currently optimistic assumption
that N .t 14 2000 PFs can be added. Indeed, Fig. 3 predicts that
adding 2000 PFs to a median woman at age 45 would delay her
menopause by less than 2 years. Importantly, we note that the
result in Equation (4) (which is plotted in Fig. 3) assumes that the

of this

added PFs age at the same rate as the natural PFs. If the added
PFs have slower rates of PFGA, then the therapy would offer a
greater benefit. Conversely, if the PFs are lost more quickly than
natural PFs, then the benefit of the therapy would be even more
modest (see Fig. 1, ‘No Extension’). We note that the online tool
mentioned in the Methods section also allows users to interro-
gate the effects of changing the aging rate of added PFs.

The analysis above also allows us to obtain an upper bound
on the menopause delay induced by a boost therapy. As men-
tioned above, the delay is maximized by adding the PFs just be-
fore menopause. Estimates of the number of PFs across both
ovaries at menopause range from 1000 to 2000 (Richardson et al.,
1987; Faddy et al., 1992; Wallace and Kelsey, 2010). Estimates of
the PF decay rate A later in a woman’s life range from A 1,0.17/
year (Johnson et al., 2022), to A 140.24/year (Faddy et al., 1992), to
A1,0.3/year (Faddy and Gosden, 1995). Therefore, assuming that
(i) menopause does not occur until the reserve dwindles to only
1000 PFs, (ii) the boost is applied at this exact time, and (iii) taking
A1,0.17/year thus gives the following rather  generous upper

bound on the possible menopause delay from adding N boost PFSs
o , ©
D, In 1 boost  years . (5)
boost < W p 000 s

This upper bound is plotted in Fig. 4. This plot shows that
even in the optimistic scenario that PFs are added just before
menopause, at least hundreds of additional PFs are needed to ex-
tend ovarian function for more than about 1 year.

Combining slow and boost therapies
We have shown that slow therapies may offer little in terms of
ovarian function extension unless an intervention with signifi-
cant slowing action (in the model, this is provided as a percent-
age of the endogenous rate of PF loss) is begun early in
reproductive life, potentially as early as a woman’s early twen-
ties. If the intervention does not slow the PFGA rate enough, and
it is not applied early enough, slowing PFGA may have lit-
tle impact.
In contrast, boost therapies are likely to offer little ovarian
function extension unless (i) the number of additional PFs is at
least several hundred (and more likely, several thousand) and
(i) the therapy is applied shortly before menopause. It is

G20z KeN 6z U0 1sonb A £825Z18/6005WP/PANWNU/EE0L"01/10p/a[one-00UBAPE/PANWNY/WOS"dNO"OILSPESE//:SA]Y WO} POPEOIUMOQ



= 15
o]

[«5)]

>

L]

=]

5

2 10
g

o

(o

=

&
R
g

=)

<

(o

@]

=1

%] 0 | | | il | |
- 10° 10t 102 108 104

Number of added PFs (Npoost)

have the most impact, and how slowing the rate of PF loss and/or
boosting the number of PFs acutely should perform over time. As
mentioned, we assume in the first case that PF loss can be slowed
in such a way that does not disrupt ovarian physiology after
PFGA occurs, and in the second case that newly delivered PFs will
behave like the pre-existing PFs present from the time of birth (or
can be corrected so that their growth and survival rates are
‘normalized’). Under these conditions, general expected out-
comes for the two strategies can be predicted. As can be seen in
the provided summary figures and by use of the interactive on-

line tools, the earlier that therapies that slow PF loss are applied,
the greater their extension of ovarian function. Conversely, the
later that the ovarian reserve is ‘boosted’ by additional PFs, the
greater the extension of ovarian function. These initial perfor-
mance estimates of such techniques are useful in terms of estab-
lishing quantitative boundaries for slowing interventions (e.g. to

be efficacious, loss of the primordial reserve must be slowed by

Figure 4. Upper bound for the menopause delay from a ‘boost’ therapynjs amount for a patient with a particular profile with treatment

The curve plots the upper bound for the menopause delay from a boost
therapy. The curve depicts the near-optimal scenario that the primordial
follicles (PFs) are added when only a total of 1000 natural PFs remain
across both ovaries.

therefore natural to ask whether combining slow and boost ther-
apies can result in greater extension of ovarian function than ei-

ther therapy can achieve separately. Because combination
therapies could be applied in many different ways, we consider

only two specific ‘simplified’ examples as follows.

Providing combined ‘slow’ and ‘boost’ therapies at a young
age, say 25, will only slightly extend ovarian function beyond
that of only providing ‘slow’ therapy at age 25. This is because
the impact of adding additional PFs at this early time has mini-
mal impact unless many thousands of PFs are added. However,
adding a slowing agent along with a boost later in life (e.g. at age
45) would certainly delay menopause longer than boost therapy
alone, and perhaps very significantly so depending upon the
slowing rate as well as the number of new PFs delivered. The in-
teractive tools in their current, separate, forms allow the extrap-
olation of the potential effects of combined therapies along
these lines.

Different clinical measurements can provide some information
about patients threatened with early ovarian demise and thus
loss of fertility and the symptoms of the menopausal transition
and of menopause. As summarized, AFC and AMH determina-
tion, as might occur during a reproductive endocrine evaluation,
and also newer consumer-facing tools can all provide broad in-
formation about the size of the ovarian reserve. Thus, not only
can patients and providers discuss strategies to slow ovarian ag-
ing from the standpoint of who may benefit from intervention,
but they can also discuss who is unlikely to benefit from inter-
vention. For example, a woman whose testing indicates a large
remaining ovarian reserve consistent with menopause around or
later than the median age of 51 might decide that extending
ovarian function for health and well-being purposes is unneces-
sary. If the intervention is compatible with patient goals and is
desired, as in a case of likely POI, however, existing mathematical
tools can be seen to be useful as outcomes of ‘slow’ and ‘boost’
strategies are compared and contrasted.

Application of predictive modeling to different strategies
designed to treat accelerated ovarian aging at the level of the PF
reserve provides insights about which strategies are likely to

started by this age) and for boosting interventions (to be effica-
cious, this many follicles need to be added at this time relative to
the menopausal transition and ANM).

Advantages

The first advantage of our approach is that the model can be eas-
ily tuned to explore the impact of different rates of PF loss over
different time windows or the consequences of new PFs behaving
differently than those that were pre-existing. Another advantage
of this approach is that it is consistent with prior work. While our
underlying random walk model accurately recapitulates ovarian
aging landmarks (Johnson et al., 2022), the simulation of out-
comes of slow and boost strategies is consistent with output
from different PF decay models (Supplemental Fig. S2). We show
that our specific modeling method can also be modified to simu-
late the impact of experimental strategies that promise to offset
follicle loss; this includes modifiable variables that reflect real-
world intervention timing and follicle behavior.

That the model can reveal what many would consider non-
intuitive outcomes is an additional advantage. It is intuitive that
the earlier an intervention that slows the rate of PF lossis ap-
plied, the greater the delay in the loss of ovarian function.
However, the quantitative influence of the size of a woman’s
ovarian reserve upon therapy-induced extension of function may
be more difficult to predict, and visualization over time helps
solve this challenge (Figs 2 and 3). Separately, it is intuitive that
acutely adding additional PFs to a woman’s ovarian reserve will
extend the duration of ovarian function, but the quantitative in-
fluence of the number and timing of new PFs delivered is easier
to appreciate given summary model output (Fig. 3). As men-
tioned, we can say generally that for slowing PF loss, ‘the earlier
the intervention, the better’, and for boosting PF numbers, ‘the
later the intervention, the better’. Considered specifically, this
approach can help inform which patients would benefit from
which approach(es), so that individualized treatment plans can
be developed; it can further inform how patients are monitored
to test whether treatments are working (see discussion of inter-
vention validation below).

Validating the efficacy of interventions

The main limitation of our modeling approach is the need to vali-
date how well predictive output matches treatment outcomes for
different interventions. Validation would ideally be performed
prospectively. We envision that validation will include monitor-

ing of ovarian biomarkers such as AMH, menstrual cycle length,
and the detection of cycle variability and symptoms that indicate
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menopausal transition onset, as well as the timing of the final
menstrual period. These parameters can be compared in a
blinded fashion between women treated with ‘slow’ or ‘boost’
methods versus no-intervention controls. No matter the actual
intervention tested, ovarian aging occurs over years to decades,
and tracking menopausal transition and menopause onset tim-

ing across different groups will take long periods of time. We
note also that careful direct validation could include direct evalu-
ation of the behavior of preantral ovarian follicles. Live imaging
techniques that could accomplish this are beyond our capabili-
ties currently, but technological progress should eventually lead

to the ability to monitor ovaries in this way. Last, the model as
presented currently only accounts for single interventions where
follicles behave in a stable manner after intervention. Thus the
impact of acute exposures is not accounted for when follicle loss
trajectories are generated. The interactive tool could be easily
modified so that follicle loss can be simulated in response to
short-term exposures if needed. We appreciate that progress in
this area may occur very rapidly, and that we may be underesti-
mating how soon evidence-based interventions can lead to signif-
icantly extended ovarian function.

Final considerations

Our modeling and simulation approaches have been applied to
general features of follicle loss during ovarian aging (Johnson et al.,
2022; Lawley et al., 2024), and its application to therapeutic strate-
gies previously (Johnson et al., 2024) and here may also prove to be
useful to the field. As mentioned in the Introduction section, there
are patients who experience accelerated PF loss due to a particular
disease state. In the near future, the modeling approach can be
modified in order to account for specific amounts of PF loss accel-
eration in order to establish boundaries for how an intervention
might normalize ovarian aging in a personalized way. The impact

of accelerated or slowed PFGA can be appreciated in terms of the
behavior of new ‘boosted’ PFs in the interactive tool, and this also
can be used to help validate methods that produce new, autolo-
gous patient ovarian tissue and follicles in vitro. For now, mathe-
matical modeling appears to be a useful tool for exploration of how
different strategies to extend the duration of ovarian function are
likely to perform. Increasing attention to the problems faced by the
many women who will experience early ovarian demise can lead

to high impact, potentially geroprotective interventions that ap-
pear poised to extend their health span.

Supplementary data are available at Human Reproduction Update
online.

All mathematical details of this work are included either in the
manuscript itself or in the supplementary data files. The code
used to produce the interactive tool (https://seanlawley.shinyapps.
io/slowboost/) is available in a publicly accessible repository:
https://doi.org/10.6084/m9.figshare.28279349. Research data un-
derlying this article are available in a separate publicly accessible
repository: https://doi.org/10.6084/m9.figshare.24454732.v1.
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