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Although in vitro fertilization (IVF) has become an extremely effective treatment option
for infertility, there is significant underutilization of IVF by patients who could benefit
from such treatment. In order for patients to choose to consider IVF treatment when
appropriate, it is critical for them to be provided with an accurate, understandable IVF
prognosis. Machine learning (ML) can meet the challenge of personalized prognostica-
tion based on data available prior to treatment. The development, validation, and
deployment of ML prognostic models and related patient counseling report delivery
require specialized human and platform expertise. This review article takes a pragmatic
approach to review relevant reports of IVF prognostic models and draws from extensive
experience meeting patients’ and providers’ needs with the development of data and
model pipelines to implement validated ML models at scale, at the point-of-care.
Requirements of using ML-based IVF prognostics at point-of-care will be considered
alongside clinical ML implementation factors critical for success. Finally, we discuss
health, social, and economic objectives that may be achieved by leveraging combined
human expertise and ML prognostics to expand fertility care access and advance health

= precision medicine and social good.

A critical factor for patients to decide whether to proceed
with in vitro fertilization (IVF) is understanding their likeli-
hood of achieving a live birth based on their own health data.
To help meet this challenge of personalized prognostication,
machine learning (ML), a broad discipline within the broader
field of artificial intelligence (AI), allows machines to extract
relationships from data and learn from it autonomously.’
Using established ML techniques selected based on dataset
attributes and the clinical context of patient counseling, one
would develop, validate, deploy, and implement prognostic
models for use at point-of-care. Supported by secured cloud
computing, a provider-patient counseling report is one
way to communicate personalized, validated IVF live birth
probabilities (IVF LBP) at scale.?> In this review article, IVF is
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used broadly and interchangeably with assisted reproductive
technology (ART).

Patients considering IVF treatment wish to know their
probability of having a live birth from IVF (IVF LBP) and
alternative treatments. By showing patients their character-
istics such as age, body mass index, ovarian reserve, and
clinical diagnosis compared with the whole group used to
derive the model, patients may feel reassured the model is
considering them as individuals when making predic-
tions.>> Patients also want to know if their prognoses are
validated for their particular fertility center’s IVF outcomes
data.?3 The expanding usage of Al data-driven decisions in
everyday life encourages patients to trust using technology
to support important decisions.
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Multiple benefits could arise from personalized prognosti-
cation of IVF outcomes using ML. Underutilization of IVF is a
major limitation on the use of now highly effective fertility
treatments. ML predictive models may address IVF underuti-
lization by providing better quality information to patients to
inform their decision-making and by making a course of IVF
treatments and achieving an IVF live birth more affordable.?
Predicting IVF outcome by age alone as frequently used in IVF
centers has been shown to underestimate the likelihood of live
birth for many individuals, and thus may discourage them
from IVF, whereas a more accurate ML prediction model could
appropriately encourage patients to embark on an IVF cycle.2
Similarly, an accurate ML prediction model could encourage
patients with a low likelihood of success with their own
oocytes to move on to more effective treatment with donor
oocytes. Conversely, misconceptions that IVF efficacy is low
and unpredictable may compromise an individual’s reim-
bursement by her health insurance plan or, at the population
level, discourage health plans from offering IVF insurance
coverage or deprioritize state funding in the case of countries
with government-based IVF funding. Therefore, efforts to
avoid unnecessary underestimation of IVF success, though
insufficient on its own, nevertheless are required to achieve
parity of IVF funding compared with other areas in medicine.

This review article aims to summarize the use of expert
ML-based prognostication of IVF outcomes to support
patient counseling. The authors draw from extensive
experience meeting patients’ and providers’ needs with
the development of data and model pipelines to produce
validated ML models supporting the use of ML center-
specific (MLCS) models at the point-of-care and multicen-
ter implementation of MLCS models at scale. This article
does not provide an exhaustive review of all IVF prognostic
models in the literature but rather prioritizes the most
relevant, published models and, as much as possible,
models that are in clinical use as examples to support
the discussion of IVF prognostic model design, validation
considerations, and other requirements for successful
clinical usage. Here, we share design and implementation
issues we have encountered and the insights we gained
from creating and complying with standard operation
procedures of our software product life cycle. Our deci-
sion-making and execution are guided by ethics, scientific
integrity, and compassion. With the expanding capabilities
of AI/ML to improve human health and, broadly, humanity,
our responsibility to use technology for good is more
important than ever before.*>

We will first consider IVF underutilization and the poten-
tial role of prognostic counseling in expanding IVF access and
utilization. Requirements of using ML-based IVF prognostics
at point-of-care will be considered alongside clinical ML
implementation factors critical for success. These latter
topics are relatively new in the clinical research literature
yet are becoming an important part of provider education as
ML enters our personal and professional lives. Wherever
relevant, reference will be made to how ML implementation
has been managed in other areas of medicine including
applicable guidelines. We will explore the potential benefits
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and risks of using ML-based IVF prognostics and ways to
evaluate their impact on treatment utilization and outcomes.
Finally, we discuss research, social, and economic objectives
that may be achieved by leveraging combined human exper-
tise and ML prognostics to advance health and social good.

Underutilization of ART and Challenges in
Navigating Fertility Care

Despite its proven safety and efficacy, ART is vastly underu-
tilized and even in patients for whom ART is appropriate and
funded through national reimbursement many patients stop
treatment prematurely when they would have still had a
good chance of success, if they had continued ART.>'3 One in
six people in the reproductive-age group or 100M+ is
estimated to have clinical infertility worldwide.®’ In the
United States, an estimated 10M+ people have infertility,
defined by the American Society for Reproductive Medicine
(ASRM) as needing medical care to conceive or have a
successful pregnancy.’® However, less than 2% of women
or couples who could benefit from ART actually used it based
on annual reporting by the Society of Assisted Reproductive
Technologies (SART).? Globally, ~1M babies are born from
~4M ART cycles performed annually.'®"" Realizing the full
family- and society-building potential of IVF requires identi-
fying and solving the barriers in patients’ navigation of
fertility care for one in six women or couples, nontraditional
families such as single women and same-sex couples, and
families with hereditary genetic diseases.®14

The causes of the underutilization of ART are complex,
but the main barriers cited are emotional stress, uncertainty
of treatment success, financial cost, inadequate insurance
coverage, and issues arising from limited mechanistic knowl-
edge.”'* 18 In the United States, while some level of IVF
coverage increased from 34%(2015) to 42%(2020)among U.S.
employers with 20,000 or more employees, an estimated
~40% of Americans with employer-funded health insurance
did not have IVF coverage.'>?% Warranting special mention
are the racial and socioeconomic disparities in fertility care
in the United States."*?% Despite higher reporting rates of
infertility, Black women are less likely to receive fertility
diagnostic testing even when care is sought and less likely to
receive fertility treatments including IVF. Black and Hispanic
women also have lower fertility treatment success for rea-
sons that are not well understood.>'#20

Most countries including Sub-Saharan Africa, low- and
middle-income countries in LATAM, South Asia, and East
Asia do not have government-funded ART, resulting in low
ART utilization.?" In contrast, many of the industrialized
countries already have national support for IVF as a health
measure or to attempt to tackle the problem of declining
fertility rates or both.?? Despite such state funding, personal
accurate IVF prognostics are typically not available to help
patients choose effective treatments and to minimize using
ineffective treatments. In fact, ML-based, personalized
prognostic counseling may improve efficiency, patient
retention, and IVF outcomes while optimizing the use of
resources.
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Many more people would have a family from IVF if they
could afford several IVF treatments. A sustainable family-
building program—whether paid by third parties or patients
—should consider cumulative live birth probability per IVF
cycle because this probability directly impacts the number
and cost of IVF cycles needed to have a baby. Once a patient
starts IVF treatment, the major limitation of achieving an IVF
live birth is the high rate of treatment discontinuation or
“drop-out” rate. From first-hand data analysis by our team,
historically among self-pay patients (e.g., no government or
third-party payer), approximately 80% tend not to return
after one failed IVF cycle (aka 80% drop-out rate), while even
state-funded or state-mandated covered patients may show
a drop-out rate of 30 to 50% after one failed IVF cycle.

Accurate IVF live birth prediction models can support the
pricing of IVF treatments based on the outcome of having “a
baby or a partial refund.” Commonly known as “shared risk”
program initially popularized in the 1990s, this pricing
method simply charges a discounted fee upfront for perform-
ing up to two to three IVF treatments, until a baby or a clinical
pregnancy is achieved. If there is no live birth after three IVF
treatments, then the patient would be paid a “partial refund.”
Although patients and fertility centers theoretically benefit
from this arrangement, without ML optimization, a substan-
tial percentage of patients may not qualify, or fertility centers
set a high upfront fee to protect from financial losses that can
be incurred from suboptimal IVF success prediction. In
contrast, an ML-driven shared risk program can be offered
to the majority of patients and is compliant with the trans-
parency requirements of the Ethics Committee of the Amer-
ican Society of Reproductive Medicine (ASRM).2324

Last but not least, information asymmetry currently exists
between the business operations of many fertility centers
and their providers and patients in which the business
operations may have IVF LBP insights informing qualification
for shared risk program; yet, those insights may not be
known to providers and patients. We advocate for transpar-
ency and scientific literacy which are hand and glove and
essential to advancing reproductive care and access to care.
To patients and payers, IVF prognostic counseling and the
cost of having an IVF baby are one and the same conversation,
best supported by locally relevant data and ML.

Solving IVF Prognostic Counseling
Challenges

Effective IVF prognostic counseling requires accurate, per-
sonalized prognoses and clear, consistent communication of
the prognoses.?>-2® The literature has focused on the report-
ing of IVF live birth rates,?”-?® patients’ psychology,'”-?>-2
and concerns over patients’ overestimates of their personal
IVF treatment success probabilities.?>3? Furthermore, the
communication of prognosis to patients tends to be unsup-
ported and relegated to be a matter of personal style, under
the label of provider autonomy as commonly seen in other
areas of medicine.>' However, patients’ psychology may vary
depending on the transparency or information symmetry
between patient and provider and it is not possible to
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measure whether patients under- or overestimated their
IVF prognoses in the absence of a validated model and
effective communication.

As the efficacy of IVF improves, patients should know
their personal prognoses whether poor or excellent, based on
their own health profiles. For example, patients with excel-
lent IVF LBP may miss out on an opportunity to have a family
if they were to underestimate their prognoses. For patients
for whom IVF (with own or donor eggs) and IUI are both
possible treatment options, patient counseling is especially
important, as there is a wavering consensus on whether IUI
or IVF should be offered as first-line treatment for patients
with unexplained infertility.3>3# On the personal front,
patients may differ in how they perceive personal tradeoffs
such as financial cost, time from work, and side effects versus
having a family. Finally, a common complaint from patients is
their perception of IVF as a gamble based on the uncertainty
and lack of transparency about IVF treatment success on a
personal level.

Scaling IVF access and removing health inequities may
require IVF prognostic counseling to be delivered by health-
care providers beyond fertility specialists. Motivated by a need
to address the clinical and socioeconomic challenges for
patients and society at large, we have developed an ML
technology platform to support patient counseling, treatment
protocol personalization, transparency-driven value-based
IVF pricing design, and advancement of precision medicine
through the use of accurate, validated clinical prediction
models as summarized in the platform schematics.3®> This
platform has generated published research, some of which
will be further examined later.?-36-40

A Pragmatic Overview of Model Design
Considerations with Examples from the
Literature

Next, we present model design considerations using models
reported in the literature to illustrate key points. As much as
possible, we focus on pretreatment models designed to
support patient counseling prior to starting the first IVF
cycle. These model design considerations could be easily
extrapolated to address other clinical scenarios—after failing
one or more IVF treatments and when considering egg
freezing or donor egg IVF, etc.

Dissecting the Literature Based on Model
Objectives and the Reporting of Model
Validation

Areview of predictors of success after IVF by Shingshetty et al
following a comprehensive literature search between 1978
and 2023 identified 1,810 publications meeting initial key-
word search requirements from which 43 articles were
selected for detailed review.*' However, pragmatically
before considering prognostic models it is important to first
specify the model objective, which will in turn define
relevant clinical variables, outcomes, and other dataset
attributes.



=Table 1 shows the importance of defining the model
objectives (e.g., pretreatment counseling, research) and, in
the case of pretreatment counseling, the exact clinical con-
texts (e.g., prior to the first IVF cycle, after a failed IVF cycle).
The allowable clinical variables, required outcomes, and data
segments to consider for exclusion can then be easily deter-
mined. The clinical variables that are commonly tested for
predictive value in pretreatment IVF prognostics include age,
BMI, ovarian reserve tests (e.g., AMH, AFC, Day 3 FSH),
reproductive history, prior IUI or IVF treatment history,
and clinical diagnoses such as PCOS, tubal factor, male factor,
endometriosis, diminished ovarian reserve, smoking, and
the duration of infertility.*” For example, if the research
objective was to understand clinical factors impacting IVF
live birth outcomes, it is reasonable to use a dataset com-
prising clinical variables obtained from pretreatment, ovari-
an stimulation, and embryology. However, if the objective is
to create a prognostic model to counsel patients at the
pretreatment stage to consider using IVF for the first time,
the variables should be restricted to information that is
known and available at the time of patient counseling. The
model outcome should be selected to enable the provider to
respond to patients’ needs. For example, patients wish to
know their probability of having a live birth, not a positive
pregnancy test. The concept of “reading the ending first” is
key, otherwise you may build an excellent model with no
clinical utility. This more pragmatic approach diverges from
conventional scientific methods requiring the researcher to
pose and test a series of hypotheses.

Taking a pragmatic approach we reviewed the 43 articles
identified in Shingshetty et al and added further 7 articles—5
published prior to 2024, one published in 2024, and one
submitted in 2024.3674143-88 We reviewed all 50 articles and
assigned them to subgroups based on clinical context (e.g.,
applicability of model to current IVF practice), presumed
model objective (e.g., research or pretreatment counseling
for a particular scenario), modeling method (e.g., logistic
regression [LR] vs. other ML techniques), and whether an
independent test set was used for validation or testing
(see =Table 2).

Although outside of the scope of the IVF prognostic model
for patient counseling, we appreciate the 19 articles contrib-
uting to the understanding of clinical factors influencing IVF
outcomes and/or modeling methods without utility for
patient counseling, referred to as “research objective” in

=Table 2 as they required information only available follow-
ing treatment 44 5460.63.67-73,75-81

Top-Most Relevant Published IVF
Pretreatment Models for Patient Counseling

Now we consider 12 publications to illustrate model design
considerations in support of patient counseling prior to
starting the first IVF treatment36-38.45.82-87 (see ~Table 3).
Accordingly, these publications (a subset highlighted in
blue, =~Table 2) are selected based on the following: (1)
limiting predictors to information available at the time of
pretreatment counseling prior to the first IVF cycle; (2) using
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subsequent ETs, with donor-recipient

ETs using donor egg or IVF cycles using
known or traditional donors and their
linkage and linked per recipient

Prior to IVF cycle using donor egg

variables, restrict to variables available
at the time of counseling patients

For both donor and recipient
about donor egg IVF

linked ETs and outcomes, restricted to IVF cycles

After 1 or more failed IVF cycles using own
labeled with cycle number and linked per patient,
using own eggs

eggs
Failed IVF cycles and subsequent IVF cycles

Restrict to variables with known values prior to
variables with known values from the prior failed
IVF cycle (e.g., oocyte count, blastocyst count)

starting the subsequent IVF cycle; include

Pretreatment, predict IVF live birth probability

Model objective and outcome of interest
Prior to 1st IVF cycle using own eggs
cycles labeled with cycle number and

linked per patient, linked ETs and
outcomes, restricted to IVF cycles

1st IVF cycles +/— subsequent IVF
using own eggs

validate patient subgroups. The ability to include a patient subgroup in the model training and provide subgroup validation will determine if the IVF prognostic model can be

IVF cycles that address very specific patient population may be included if there is a way to differentiate the labeling of those patients and/or IVF cycles and if there is a way to
appropriately applied to that patient subgroup

Consider excluding variables that may not be available at the time of patient counseling. If the model includes variables whose values are logistically challenging to obtain, the

Restrict to variables with known values
model usage will be limited

prior to IVF cycle start

Clinical timing/
context of usage

Dataset

Table 1 IVF prediction model objectives should determine model design including dataset attributes, features to be tested, outcomes, and Al/ML techniques

additionally excluded?

Which patients and/or
IVF cycles should be

Relevant variables for
testing as model

predictors
Which variables

should be additionally

excluded?
Notes: This table is limited to model using structured data and does not attempt to address Al tools aimed to identify blastocysts for transfer. Also, this table serves to illustrate key principles and does not aim to provide an exhaustive list of

possible models for prognostic counseling. For example, some scenarios of third-party reproduction are not shown.

Seminars in Reproductive Medicine

Vol.

42 No.

2/2024 © 2024.

The Author(s).

115



116 Patient-Centric IVF Prognostic Counseling Yao et al.

0s € L Ll 9L €l |ejoiqns
99l® 19 $113q0Y
€ ccl® 39 uouue] :34odaa | g'|B 39 U9SO110 :sylodal g Buijpsunod 1359
Kjuo 324> JA| pajie} 19148
L cql® 19 B2IEN BT :Jodaa | ‘buijasunod juswieaslald
glB 32 BuIRYy SOIIBUDIS 19430 10 3]2Ad 4A|
239 18D e 3a N 588&8 paiepijea ¢yl 39 UOUIRTIN pa|ie} 193je ‘9PAd 4Al 35|-24d
L INLEE 2al1aueg :syiodal € cg'|B 32 UOUIRTIN :sylodal ¢ gg B 30 N7 :sylodal ¢ ‘buijasunod juswieaslald
9gl® @ uaAnbp
118 19 UOSIBN o |B 39 104D ocl® 32 0[]913N Ajuo 394> 4| 351-3.d
L gl :_W :spodal 2gl2 39 UO[IIYQ :3dodal | cc'[B 39 d1UdAND :spodal g ‘buijasunod juswieasl-ald
gl 3@ |eAon
:sawod3no g1 buisn y1odaa |
0gl® 32 bue
6/ 183N g B39 Buep ¢/IB 39 N
;1832 praliyay 2,123 buoo | ‘e 39 oen
o, 8 32 U3/ :s3Wwod3no o, 1839 1z3e1boA :sawo0d3In0
se Ajuo sapueubaid y3diq anj buisn sy1odal ¢
|eatuipd buisn syiodail g 6ol® 32 bueyz gg 1239 ejep oAiquid
cglB 19 UlIE 09'L10T ppl® 39 NX ¢, ‘(B 19 01911Rg 100[SI9PUB0T UBA o°[E 3D 10 Al o 3sn buipnppu bupisay
S|Azo1063z10H ‘|e 13 131baep p, 1B 19 UBSSEH 13W00INO0 |  UB|[J0Y-BI91IED :sapueubaud Abojouyday 1o/pue yoleasal
61 :3dodaa | :Jodal | NOHg+ buisn sjiodal ¢ |eawud buisn syiodal € pcl® 39 113427 :34odaa | [E21UlP—aAI1323[q0 yduieasay
e 39 YIs|1a4
22 32 3neuny
1c'[B 39 siz3aleuly
6<(£002-€002 ocB sodng-sabuawwo)
ejep v3i4H) lojmeT o 1B uoja|dway
zolB 19 U3SIUI] pue uos|aN wmxwmm—imm_ gy 1B 3 imj03s s13 € Aep ‘uoneoylyia-aid
PNLEE ylimjo1s e3ep y34H) | 39 sauof JALEC saybny ‘SDJ-a1d—altowAue
€l :sjodal g ,c'[B 39 1soueg ispiodas g oy 1B 32 NpNABN :spiodas g JUBAS3J J0U 335s Ble(
19S 1591 39S 1593 juapuadapul buijasunod
JN-uoN | 3juspuadapui ou UOIIEPI|BA-SSOID 10 ‘195 3593 10 ‘UOI3epI[RA-SSOID UOoI3EpI|EA OU ‘135S 359 OU Juawieasyald Al ul
|ezoagns “T-UoN ‘spoyiaw N juapuadapul ‘spoyiaw A ‘uoissalbal o13siboq ‘uoissaibai o13sibo abesn [ed1ulpd 10} 3dUBAI|RY

88-€¥'Ly-9€

s9]d1nle [euoippe /£ pue |e 33 A13aysbuiys wouy ¢ buipnpui ‘spppow uondipald sawodino 4A| buiriodal sappiiie gg jo Malnal Yy g djqel

Vol. 42 No. 2/2024 © 2024. The Author(s).

Seminars in Reproductive Medicine



117

Patient-Centric IVF Prognostic Counseling Yao et al.

(panuuod)

oHoday

4A1R1d Ayaun

ay3 se (3onpouid sees
‘uondudsqns-e-se
-21BM}JOS SB) S193Udd

L£S1L0Z "R 3R
UOS]3N pue (0102
“le 1 mm_mm:mm

0p< abe 1o} |ppow
ajeiedas e pasn pue

0r< abe papnpxs
asn [eaiul)d :buiysay

AD Sjopowl zA

‘ejep bujuien
pue AD JO dAISNIXD
395 1593 aW3-}0-3N0

s92Ad

A3113194 03 3|qejIeAe pajwqns 13d se spoyiaw pue buiuiely wouy pue (AD) uonepliea | 4A1000Z 0300 Woly 2202-£102
Ajlenawwod 1dudsnupyy pue NgO—SDTN Zv < 9be papnpx3 -SSO.D :S|9poW LA 9buel sazis 3aseleq ‘sjasejep ajeledas g9 $193udd 3|buls g sn eggle 1 uaknbN
1amo| %L 1aybiy
%19 :payisse|dal
‘(3uawanosduw
%T°9L) 1'6Z YI01d ejep S3PAd JAl z10z
IR uaknby ‘(+£9°0) abe 1an0 3593 Jo bujuiesy woly 13} JO JAISN|IX LZL L 13593 ‘s9Phd —-110Z :3591 ‘0102
bupepaid adAjozond | dwige9‘9L/ 00NV NED—SDTN Gt <abe papnpx3 3WI3-§0-3N0 :SIA JAI bZL T :Bulutes) -900¢ :butues] J133ud 3|buis N er/¢l® 39 UOS|N
"%€E8 PalIsse|Ial
‘{(uawanosdw %G1) ejep 800¢
ogl® 19 USANDN 89°0 DNV |043u0d 395 3593 wouy | bBuruiesy jo anisnIxd SLD €49 13591 -£007 3593 19007
bujepaid adAjojoid | 9be snsian 080 DNV NED—SIDTN €7 < abe papnpx3 9UWI3-J0-IN0 :SIA ‘S1D 9£9°L :burures) -€00z :buturely 193udd 3|buls SN | egele 32 23l1aueg
sjppow (SYTIN) dy12ads-193udd A *€ dnoin
(89°0-99°0) £9°0 2NV
BEY
1593 91eledas e buisn *195 1591
uoI3epI|BA JaYIINY |]opow juapuadapur buisn 1951593 S Pasn /107

|ea1ur umouy]

-epI[EA 10 A\D [9POIN

poyiaw bururesy

sy aby

1593 Juapuadapu]

3zis 13s ejeq

aui] 9Janos ejeq

92.1nos ejeq

921n0s ejeq

¢g9102(B 33 [ ouymuOneIqIRIAL | [233 UOUIITII Y3 JO pa1593 Jayiny jou S9PAY JAI EL PPL | ‘L€ 29Q 03 5134 yum aseqeiep A13sibal
UOUIITI\ SB dwles |[9pow wol4 uopjelqiedas pue ¥ plo A 06-81 SeM [9pow pajepdn ‘UAWIOM GE0‘L6 910z 22d -0L0Z ue[ |euoneu yi4H dnN N 1gl® 10 eUIRY
sido/wspyn-oe
‘upqe em[:sdiy (rL°0-2L°0)
:103eNd[ed ZSId0 | €£°0 DNV :(paydads qGS1L ‘B39 $312A3 JA| 6002 03 pamo||o}
9AI| 931§ JUALIND B} JoU uoiepijea) s1axp|paplia 995 692781 ‘syuaned S9WO0d3IN0 pue aseqejep Ausibas
s1loddns jspouw sy Buruiesy jspow wou4 ¥1 3w 33181:s1g payidads joN g B 39 BUIRY 935 4Al €£8°CLL s134 ‘800Z-6661 |euoleu y3i4H dn N ¢gl® 32 UOUIBIN
[AAILYVS
Jwsp yntoe
‘upqe em/[:sdny HAY 3noyim 9102 J0
+103e|Nd[Bd 1YVS LL0 DNV ‘HIAY Yiim pus 03 saWo013IN0 134
QAI| 931§ JUALIND BY} €70 DNV :buuien | s92Ad JAI 19G°LZL payoen ‘GL0Z-7 10T aseqejep Ausibas
s1loddns japouws sy |9pow woul4 uolssalbal leaun plo A 05-81 j0u sem 33s 3s9] | ‘syusned 4A| £19°88 Ul paje3s saPkd 4A| |euolleu 1 ¥vs sn SN ¢plB 39 UOUIIIW
padi3al mou
SI yd1ym ‘103e[Nd|Rd
auljuo [YVS dy3 Jo pajlodal 1102
uoIsIaA e pajloddns JOoU 313M JNY Se |opouw J91j1e ‘paydads ‘L€ 29Q 015134 Yyum aseqejep Ausibas
|[opows siy] YaNs o133 [9PON ue jo ajepdn ¥ plo A 65-81L jou sem 39s 353 | sjudnged JAl L91°88T 910z 22a-0L0¢z ue[ |euoneu 1yvs sn SN ggl® 32 N7
|]9pow J33uddINW Y7 'z dnoin
(#9°0-09°0)
290 dNV syuaned JAl £22°C :B3Bp 1533 €107 J10MIau JA|
efu 1953593 €£10C a1 pauonuaw JoN syuaned JAl GL6°6 -e3ep bululeny 10z-8002 9UO Woly sayis 7| AN zgl® 3 Uojiya
sjpapow (SD-y1) dy1ads-193uad ¥ | dnoun
395 159 uibuio jo
abesn | juspuadeapui uj uon 39S (Ajuo D) pouad Anunod

9DUIIYY

SJ1133W UollepljeA
|[opow pue ‘poyzaw bujuiely sy abe ‘s313s 3593 4o Aypuelodwialuod ‘azis ‘uibiio Jo A13unod ‘19selep ‘(S|9poul JO S35 10) sjpouwl uoldipald JA| Juswiealyald g jo Alewwns € ajqel

Vol. 42 No. 2/2024 © 2024. The Author(s).

Seminars in Reproductive Medicine


https://w3.abdn.ac.uk/clsm/SARTIVF/
https://w3.abdn.ac.uk/clsm/SARTIVF/
https://w3.abdn.ac.uk/clsm/SARTIVF/
https://w3.abdn.ac.uk/clsm/opis
https://w3.abdn.ac.uk/clsm/opis

118 Patient-Centric IVF Prognostic Counseling Yao et al.

‘paydads Jou sem [9pow pajelqijedal

33 JO UOEPI|EA [BUIIXT "UOIIEWISAIAN0 JYBifs 10 13110 03 [9po Ay pajelqijedal/pajepdn Ajuanbasqns pue [9pou Juawileallald JA] UOUISTI|N dY3 JO UOIIRPIeA [BUIAIXS PauLopad ‘(SSL) 810T ‘|B 39 stadyaplian Aq Apnis ajesedas Vq
‘panssi sualed pue fsyiedis3unod ubiRIo) (zgdS6 85 6 12NN IUSled "S'N Bulpnpul sjusled SN,
*aulydeW 103294 310ddns ‘AS 159104 WOpUEl ‘4y {josuod abe 03 patedwod oijel sppo jo Hoj Joualsod ‘YYOTd (Ppow dyrads-13uad
‘Bujuiea) aujydew ‘ST cuoissaibal d13sibo| Y7 dulydew pazsooq juaipelb Jybi| ‘gD {[Ppouw Jeaul| pazijesauab ‘|ATD BulydeW palsooq JuIpelb ‘gD aAInd d1sualdeIeYd buijelado 19A1931 JO 9AIND-ILI-IdpUN-BAIE DY SUOIRIAIIGQY

jsanbal
uodn 3|qejieae

%6°0 03 £'¢— Woly

:s|apo!

pabuel s10.419 uo1dIPald

0'6=Vi01d ‘¥€9°0 DNV
w o1y129ds-193uad ¢ woly

$9|2A2 JAl IS4l

Ajleprowwod | pajoesxe syusuodwod ppow buigybrom pue plo | 9701 Jo 303 e Wouy pajduwies 532K A IS4l 193U Yoed 104
‘adAjojoig Buipus|q wouy paulesy [ppow A Ja3udNN | A € < abe papnpx3 8601 :bunsay is324d JAl 351y 190°L Buluresy 6002-800C pa3epl|eA ‘S191uad € uleds ‘epeue) ‘sn gele 32 10U
193U3D YdEed 10} PIJEPI|BA [9pOW 133U NW A ‘t dnoin
(S£°0 ‘7£70) SL°0 DNV “NTD (SL°0 ‘#L°0) SL°0 DNV :055eT :(78°0 “€8°0) €8°0 DNV :35009DX
(SL°0*€L°0) ¥£°0 DNV €< *(89°0 “£9°0) 89°0 DNV :5€> (SL°0 ¥£°0) ¥£°0 DNV :s3be ||y :sanjea A101esoqe| ABojourdopua buisn ST ‘||e12A0
(89°0 ‘99°0) £9°0 DNV :S€< {(85°0 ‘£S°0) 85°0 DNV S€> £(89°0-L9°0) 89°0 DNV :s3be ||y :(1038[Nd|eD BUI|UO HN) [SPOW ZZOZ UOUIRTI JO UOIeIqleday
(L£°0°69°0) 0£°0 DNV :5€< (85°0 “£5°0) 850 DNV :G€> *(69°0-89°0) 69°0 DNV :s3be ||y :(103eNd]eI BUIjUO 1YVYS SN) [PPOL 9LOZ UOUISTII JO UOIIRIqiedY
020Z 3593 :610C
efu 0207 3533 '6L02-€10z Buiutesy 65 935 ‘p|o A 8¥-0¢ -€10¢ buturesy sjuanied JAl Z8€°9C 020z >2a-€10z ue[ 193uad 3buls eulyd cpl® 318D
(85270 “115°0)
€9°0 DNV :NED1
(89£°0 “125°0)
%90 DNV :35s00gDX
(99270 ‘915°0)
L¥9°0 DNV :4¥ bunsay
(6940 “12S°0) 3Wp-J0-3n0 :ejep
S¥9°0 DNV A1 120¢ ‘uonepijea
:(uonepijea 03 INgD1 %0¢ ‘Buiuien %08
efu Je|IWIS) 3953593 | 20T 3500gDX ‘1Y Y1 plo A sy-0¢ ‘BJep 0¢0C¢-610¢C S912Ad JAI £68°L Le0z-610C 133ud 3|buis eulyoy 1gl® 3@ NN
0£°0 Adeindde ‘bae
‘€470 DNV 1500gDX
89°0 Adeindoe
‘BAe ‘1270 DNV {INAS
69°0 Adeindoe
Bae ‘€270 DNV 4N
89°0 Adeindde
‘bae 1/£:0 DNV A1
:(a102s Adeandoe
abeiane) || x ejep
AD paisau :(DNV) 195 1500g9D¥X 40 %0¢€ uo bunsay
efu 1531 UO UOHEPI[EA NAS 8 81 paydads JoN [ pue %0z uo Bujuell | s92Ad JAI 351 88L°L 81027102 193u3d 39jbuIS eulyd g2 1@ NID
(panunuod) sjppow (SYTIA) d4193ds-191uad A € dnoin
198
159] jJuapuadapu uibuio jo
abesn ul uoiepijea 19s (Ajuo 1>) pouad A13unod
|ed1ui> umouy) 10 AD [SPOIN poyzaw bujuresy sy aby 1593 Juapuadapuy 3zi1s 335 eleq 3w} 3d4nos ejeq 3d1nos ejeq 324nos ejeq ERIIEIETEN]
39S 159] uibuio jo
abesn | juspuadapui uy uon 195 (Ajuo D) pouad A13unod
|ed1uip umouy| -epljeA 10 AD |9pOIN poyzaw bujuiesy 159 Juapuadapu 3zIs 39S ejeq 3w} IdInos ejeq ad1nos ejeq 321Nno0s ejeq ERITEIEIEN]

(panunuod) € ajqey

Vol. 42 No. 2/2024 © 2024. The Author(s).

Seminars in Reproductive Medicine



a dataset with known live birth outcomes; (3) validation of
the model using an independent test set or cross-validation.
In addition, we include models with known clinical usage
even if they do not satisfy all these criteria (a subset
highlighted in green, ~Table 2).4*-%% However, we did not
include models that have not been reported in peer-reviewed
research literature.

Data Source, Time Period, Clinical Variables,
and Outcomes

The IVF data source may be a single center, group of multiple
centers, or national registry database. The choice depends on
whether the model usage will be limited to one center, one
group, or applied nationally. For optimal results, the training
and test data should be representative of the same patient
population. Although some researchers advocate testing
whether an established model can be adapted and applied
elsewhere, if feasible a center-specific model may yield
better model performance metrics.4>4>-84

Since the model applicability may be heavily affected by
the time period chosen, data should be from a more recent,
shorter time period than to use more years of data. For
example, intracytoplasmic sperm injection (ICSI) usage and
other innovations improving embryology outcomes (e.g.,
extended embryo culture, blastocyst vitrification, and elec-
tive single embryo transfer [eSET]|) became widely adopted in
the mid-late 1990s and mid-late 2010s, respectively.39-3
The center-specific implementation dates of those technolo-
gies should also be considered. For example, in recent years,
freeze-all followed by serial transfers of single cryopre-
served-thawed blastocysts until live birth is reached is
increasingly applied when possible. Therefore, the selection
of dataset parameters including time periods may affect the
appropriate clinical usage of the resulting model.

The relative usefulness of clinical predictors in each model
depends on which other clinical predictors are being used,
since clinical variables often have overlapping or redundant
contributions to LBP models in IVF. Here, we use age and
AMH to demonstrate a few practical points, but these con-
cepts can be extrapolated to other clinical predictors as well.
For example, if age and AMH are available for most IVF cycles
in a dataset, then the relative importance of age and AMH in
the resulting model may reflect their true relative contribu-
tion to LBP. However, if AMH is available only in a third of the
sample, then the resulting model may still perform very well
and may best serve that center’s own patients even though
the model may rely on age more than AMH. Compounding
the above is that the relative weighting and scoring of AMH
and age are expected to vary depending on the clinical
profiles of patients seen locally at each center. Therefore,
comments such as “the coefficient/relative importance of
AMH is such and such in predicting IVF LBP” should be
qualified by the specific patient population, time period,
and other practice contexts.

On the topic of clinical outcome to be modeled, model
design requirements are distinct from the ongoing contro-
versy in the literature on whether to use live birth or clinical

Patient-Centric IVF Prognostic Counseling Yao et al.

ongoing pregnancy (COP; defined as reaching 12 weeks of
gestation with documented fetal cardiac activity on ultra-
sound) as primary outcomes in clinical trials.>*~°® While we
do agree with the goal of using live birth outcome as the
outcome to be predicted, we caution that when using binary
outcomes (e.g., yes or no, positive or negative), restricting the
“positive class” to only live birth necessitates labeling COP as
negative class. Treating COP as “no live birth” may compro-
mise model performance and clinical applications because in
layman’s term, that would be “inaccurate” as only an esti-
mated 5% of COPs do not result in live birth.%*

Using an example of 200 first IVF cycles in a dataset, let us
say that 100 cycles have documented live birth outcomes and
20 cycles have documented COP outcomes. Let us assume
that 5% of those 20 cycles (1 cycle) later are found to have
ended as second or third-trimester pregnancy losses. By
restricting positive outcomes to live births only, the positive
class is 50% of the dataset. By applying positive outcomes to
both live births and COP outcomes, the positive class is 60%.
Later, when the fates of all COPs are confirmed, the positive
class is 59%. A model trained using 60% of the data as a
positive class is much closer to the truth (59%) than assuming
that only 50% of the data has a positive class.

Furthermore, it is not only the positive class rate that
would be vastly underestimated but the bigger problem is
that the model would be trained based on incorrect relation-
ships between predictors and outcomes. You may ask, “Then
why don’t we wait until all the COPs have been followed up
and we can use a dataset with confirmed final live birth vs. no
live birth outcomes confirmed?” The answer to that question
is explained in the section “Addressing the Risk of Data Drift”
later in this article. It may be helpful to note that the objective
of a clinical prediction model for patient counseling is vastly
different from clinical trials aiming to determine the efficacy
and safety of a clinical intervention. Therefore, although the
design of clinically practicable prediction models relies on
the application of expert clinical research and modeling
knowledge, it has requirements and best practices different
from conventional clinical trial design.

Last but not least, we should mention that the quality of
the data preprocessing and processing steps are critical to
successful validation of any prediction models, though they
are typically given the least amount of attention in the
literature. Establishing and adhering to rules and logic in
the data pipeline and frequent code reviews and updates
are important tasks in maintaining top-quality data for
modeling.

Model Training: Why Machine Learning?

It is important to remain method-agnostic and open-minded
to evaluate the benefits and limitations associated with each
model training technique. Referring back to = Table 3, Groups
1 and 2 comprise models trained using multivariate LR or
simply LR. LR has been in popular usage since circa 1970 for
testing and modeling the contribution of several factors in
influencing scenarios with binary outcomes.®’~'%° However,
LR is an early form of ML predating current ML used in
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medical research, and it has often been erroneously per-
ceived as the antithesis of ML. While LR is a very important
statistical and modeling technique in medical research, it is
limited in handling missing data and analyzing continuous
and discrete variables, highly correlated variables, nonlinear
relationships, and imbalanced data (e.g., low frequency of the
positive outcome such as very low live birth rates in older
patients).'1-193 Nevertheless, there are established data-
processing steps (e.g., imputation, transformation of data)
that can modify the data for LR modeling.*>-84

~Table 3 (Group 3 publications) reported ML usage.
Model training techniques such as LR, generalized linear
regression, and various “ML’ methods such as Extreme
Gradient Boosting (XGB), Lasso, random forest, and gradient
boosted machine (GBM) in conjunction with methods to
impute missing value, utilize continuous and discrete vari-
ables, and perform feature selection as needed have been
described.'®"""! See ~Table 4 for a brief description of
commonly used ML techniques and concepts. In contrast
to a common misconception, many ML techniques originated
decades ago, but medical researchers were not able to take
advantage of those methods until the speed and capabilities
of personal computers, cloud computing, and data storage
became widely available and economical. Although in the
earlier years, our attempts to publish research utilizing ML
met with significant resistance from reviewers asking us to
rationalize the use of ML over conventional LR, the benefits of
ML are widely appreciated today.

Many have asked, “what additional benefit is conferred by
ML over LR used in conventional medical research?” In the
general case, not relating to IVF specifically, the main advan-
tage of ML is its scalability, reproducibility (in terms of
repeating the analysis on updated data), and improvements
in model performance made possible by its scalability and
reproducibility. Due to the prevalence of ML usage across
industries, as a discipline, the ML community has established

best practices to help make the most meaning from data.
Therefore, when using ML and adhering to best practices, we
benefit from the collective expertise and knowledge of all
experts using data for all applications globally.

For example, for an individual researcher analyzing data
sourced from their own center, depending on the dataset
attributes, it is possible to add functions such as imputing
missing values, adaptations to allow the analysis of both
continuous and discrete variables, testing and optimizing
tree nodes, to curate an LR model to achieve similar perfor-
mance as GBM. Also, as a dataset’s heterogeneity, features,
and sample size decrease, the model performance achieved
by LR or other multivariate models and ML may be compa-
rable. However, the above approach would require each
center to have its own dedicated researchers and the appli-
cation of many different unique customizations may also
make it more challenging to discern generalizable from
center-specific findings.

The scalability and applicability of ML allow the same
techniques to be applied rigorously and reproducibly to
datasets from many different centers, enabling observation
of data and model nuances and establishment of best prac-
tice. In other words, with ML, it is possible to re-apply a
validated process to different IVF datasets to create center-
specific, validated models. This repeatable process levels the
playing field for centers varying in size and resources. Other
important benefits include the relative ease of updating a
model with an updated dataset and the training of a center-
specific prediction model or applying center-specific valida-
tion of a general, multicenter model.

When discerning the choice of one ML technique over
another, the objective measure of model performance using
established metrics allows productive scientific discourse,
provided researchers understand the advantages, indications
for use, and pitfalls of model metrics as discussed later in the
section “Model Validation, Training, and Test Sets.” Model

Table 4 Commonly used machine learning techniques and concepts

Concept Description

Example Reference

Predicts binary outcomes (yes/no)
using input features

Logistic regression

Determining the likelihood Cox'06

of pregnancy after IVF

LASSO Selects important features Identifying key factors Tibshirani'10
and reduces overfitting influencing IVF success
Supervised Uses labeled data to predict Predicting the success rate of IVF Mitchell 104150

to improve predictions

machine learning outcomes treatments based on patient data

Unsupervised Finds patterns in unlabeled data Grouping patients based Hastie et al'%>1°0
machine learning on ovarian response patterns

Gradient boosting Combines multiple weak models Predicting embryo Friedman'%’
machine (GBM) to make better predictions implantation success

Random forests Uses many decision trees Predicting patient response Breiman'"

to fertility treatments

XGBoost An optimized version of GBM,

faster, and more accurate

8

Advanced models for Chen and Guestrin'®

predicting IVF outcomes

A faster version of GBM
using less memory

LightGBM (LGBM)

Efficiently predicting Ke et al'%°

fertility treatment results
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metrics such as receiver operating characteristics (ROC) area
under the curve (AUC) should not be compared across
publications that differed in their patient populations and
other dataset attributes. However, publications that
compared performance metrics across modeling techniques
applied to the same training and test data are informative.
Specifically, Qiu et al, Liu et al, and Cai et al tested four to six
ML techniques45’85'87 (=Table 3). Taken together, their
results suggested that XGB and Light Gradient Boosting
Machine (LGBM) appeared to perform well consistently.
Our own research group has found gradient boosting
machine (GBM), a comparable implementation to XGB and
LGBM, to perform well consistently on datasets from over 50
global and U.S. fertility centers in our client services work
and research collaborations as exemplified by Banerjee et al,
Choi et al, Nelson et al, and Nguyen et al (submitted).36-38.86

Pretreatment models have primarily used structured
data, unlike unstructured data such as imaging data used
to rank embryos’ viability. There may be a misperception
among some that the ML techniques used to analyze struc-
tured data are not as “advanced” as artificial neural networks
(ANN) and deep learning techniques used to analyze
unstructured imaging or real-time, data used in other areas
of medicine such as diagnosing arrhythmia or screening for
breast cancer.''?''3 It is best to be objective and evaluate
the ML technique appropriate for each application and
corresponding dataset attributes. Consider factors such as
economics relating to cloud computing resources, turn-
around time, expertise, and potential benefits, pitfalls, or
biases when choosing the ML method. Consistent with our
experience, Chen et al reported that deep learning does not
frequently improve model performance for datasets com-
prising structured data.''#

Model Validation, Training, and Test Sets

Over a decade ago, research publications reporting prognos-
tic modeling often omitted model validation."'® It is now
recognized that an unvalidated prediction model lacks cred-
ibility. The detailed technical methods of model validation
are beyond the scope of this article.36:37:83.84.116-119 15 e
highlight a few important points to enable readers to more
critically appraise published models.

Clinicians may often use “external validation” when re-
ferring to testing a model established using patient data from
one location to patients at a different location to determine if
the findings are generalizable. In contrast, for ML external
validation can also refer to data from a different time period
at the same location or mutually exclusive test data sourced
from the same location and the same time period.''®''8 Data
scientists may specify that allocation of data to training and
test sets must be random yet matching for certain clinical
attributes, much like matching cases with controls in con-
ventional case-control studies; hence, there is an advantage
to use data from the same location. A separate yet important
concept is that the overall frequency of the positive call
(commonly live birth and/or COP, for IVF prediction) also
determines which model validation metrics should be used.

Patient-Centric IVF Prognostic Counseling Yao et al.

For example, if the live birth rate is fairly low in a dataset—
approximately 30% or less such as in the case of IVF live birth
outcomes for patients 42 years or older using their own eggs
—that dataset would typically be considered imbalanced,
imposing certain ML techniques and model validation met-
rics to be used over other methods that may be inapplicable
or result in misleading results.

Ideally, ML IVF live birth prediction models are trained
and tested using mutually exclusive datasets that are bal-
anced and matching from the same time period (in-time test
set), with further testing on an exclusive test set from a time
period immediately preceding model deployment (out-of-
time relative to the original training and test data), presumed
to be most representative of patients being counseled using
the deployed model. Further model validation using a test set
comprising data of patients being counseled using the
deployed model is important to demonstrate that the model
does indeed apply to the patients being counseled. The latter
model validation could be considered “live model validation
(LMV)” demonstrating that the “live” model holds true for
current patients. Model validation metrics may be affected
by dataset size to different extents. For example, one would
ideally want to maximize the size of both the training
and test datasets, but in situations where the training and
test sets are allocated from the same dataset, increasing the
size of one means decreasing the size of the other. Various
strategies can be applied to optimize training and test data-
set size to maximize model validation results, but attributes
and nuances of each type of dataset or even the patient
population may determine the choice of training versus test
set allocation strategy.

The medical research literature frequently omits a
description of the dataset that is ultimately used for model
deployment or “production model.” Specifically, after model
validation confirms that all the steps—data processing, fea-
ture testing, training, and validation—have come together to
produce a validated model, it is often best practice to deploy a
model comprising both training and test data because that
model is expected to have the best model performance.
However, such a model cannot be further validated until
post-deployment data become available for LMV. This ML
best practice is conceptually different from the conventional
research process.

Some providers are concerned that they should “hold
off” from using a model until a test set comprising patients
seen currently is available for validation, despite excellent
model validation having been demonstrated using historical
data from as recent as 1 year ago. In the time that the
current patients’ IVF treatments can be aggregated into a
“current” test set, the originally trained model would
actually have become older, even though it has been further
tested. In parallel, there may be less hesitation to omit the
model validation step altogether because the lack of any
validation seems to render the model “evergreen” and
timeless. These fallacies are rooted in the well-warranted
perception of the risk of data drift. Understanding the risk of
data drift helps providers balance theoretical risk and
practical benefits.

Seminars in Reproductive Medicine  Vol. 42 No. 2/2024 © 2024. The Author(s).

121



122

Patient-Centric IVF Prognostic Counseling Yao et al.

Addressing the Risk of Data Drift

Models trained and validated on historical data risk not being
true for patients treated today or in the future. Such a risk,
called data drift, can occur through input data drift, concept
drift, and clinical context-related data drift, though these
data drift subtypes can affect one another."?%'?! Input data
drift includes changes in diagnostic labeling (e.g., document-
ing polycystic ovarian syndrome as an ovulatory disorder
rather than the more specific PCOS diagnosis), demographic
changes (e.g., having an increase in the proportion of women
younger than 35 years). Data drift related to clinical context
of use includes changes in patient management and disease
prevalence (e.g., a center had recommended IVF as a first-line
treatment to patients with unexplained infertility but now
changes to recommend IUI as first-line treatment instead;
thus, IVF patients with unexplained infertility will now be
patients who already failed at least one to two IUI treatments
and the IVF live birth outcomes for this altered patient group
may be lower than observed in the historical data). Concept
drift, a consequence of input data drift or clinical context-
related data drift, refers to a changed relationship between
predictor and live birth outcome (e.g., in the previous
example, the concept drift is that unexplained infertility as
a predictor may now be associated with a lower IVF live birth
probability due to different clinical management of those
patients). Fortunately, providers tend to be conservative; so,
major changes in protocols or treatment recommendations
tend not to occur over a short period of time.

Having validated plans for monitoring, reducing, and
addressing data drift if needed can help prevent provider
data drift concerns. First, providers should understand that
healthcare practitioners are only expected to give patients
“the best available current prognostic information.” In the
absence of a validated model, it is more difficult to speak to
the quality of the prognostic information. Providers have a
simple task of alerting model makers if they make significant
treatment changes or if there is a change in the patients
treated. In addition, we recommend updating the IVF live
birth prediction model using the latest available data every 2
to 3 years or sooner if there are changes to patient demo-
graphics or treatment. At the time of model update, we also
perform “LMV,” validation of the deployed, “live” model
using the more recent, and out-of-time data as a test set.
Despite data drift deserving caution, fertility centers are
typically extremely cautious and avoid making sudden,
significant changes to protocols. We have confirmed LMV
for fertility centers that have requested it; further, based on a
formal reporting of LMV for a sample of six fertility centers,
we advocate testing or providing LMV for a larger sample of
centers to determine whether this observation can be
generalized.®®

National Registry-Based Online Calculators
versus Center-Specific Prediction Models

For providers in countries that do not have a national registry-

based online calculator, McLernon et al recommended
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performing a series of statistical testing, recalibration, and
adaptations of the LR models produced using US SART or UK
HFEA data by McLernon et al (US SART) and Ratna et al (UK
HFEA), respectively.*>-83:84122.123 However, Cai et al chal-
lenged this recommendation by showing that several MLCS
models developed de novo using their own center’s data,
outperformed the US SART and UK HFEA models based on
cross-validation results. In addition, Cai et al showed that the
US SART- and UK HFEA-adapted models gave poorer validation
results for patients younger than 35 years compared with
patients 35 years old or older.*>4>-83.84

When using a multicenter model, it is important to under-
stand whether there are variations in patients across centers
and if so to quantify this variability. Using age-AMH-ovulatory
disorder diagnosis as a multivariate measure of clinical pro-
files, Swanson et al reported that inter-center variation of
clinical profiles is quantifiable and correlates to live birth
outcomes.'?* Specifically, five distinct clinical profiles were
demonstrated in 7,742 patients who received IVF treatment
from 9 North American centers located in 33 cities across
11 U.S. states and Ontario, Canada. The proportion of patients
having each of five distinct clinical profiles varied significantly
across centers and the odds of having an IVF live birth varied
across these proﬁles.124 Also variations in local IVF treatment
may contribute toward intercenter variations.

Despite the perception that larger datasets enable more
generalizable prediction models, it is important to consider
the applicability of models for specific patients in specific
centers. In other areas of medicine, there have been varying
levels of success in applying ML to clinical registry data, with
reports of success in producing clinically applicable models
and registry data being inadequate for maximizing the utility
of ML.'2>"130 National IVF registries were designed for
monitoring outcomes and safety, not for supporting individ-
ualized prognostication.

National Registry Models and MLCS in the United
Kingdom and the United States
In =Table 3 (Group 3), the models reported by Banerjee et al
and Nelson et al were early prototypes followed by the
training and validation by our group of over 50 MLCS models
many of which have also been deployed for clinical utiliza-
tion or to provide operational insights to individual fertility
centers. We previously reported that a validated, center-
specific ML model computes personalized IVF live birth
probabilities with improved discrimination, dynamic range,
and posterior log of odds ratio compared to age control
models with a significant percentage of patients having
higher live birth probabilities than would have been
expected based on age alone.%36:37

Even controlling for the data source country (the United
States, the United Kingdom), the U.S. and UK national regis-
try based-models (the McLernon models) are different from
the MLCS models reported by Banerjee et al (the United
States) and Nelson et al (the United Kingdom) in many ways—
data source, time period, single versus multiple centers, age
limit, and AMH availability in the IVF cycles used, training
using LR versus GBM, and validation metrics.36:37:43.83.84 The



key observation is that MLCS modeling using far fewer IVF
cycles achieved comparable or better model performance
compared with national registry-based models (~Table 3).

Possible Reasons Limiting the Performance of National
Registry Models
Exploring possible causes for differences in multicenter
versus single-center model performance may inform
research and model improvement efforts. First, Ratna et al
acknowledged that the UK McLernon model suffered from
lack of AMH values in the HFEA data.?41%? Second, in our
experience when patients aged 42+ years are included in
the training and test sets, the ROC AUC which reflects whole-
model performance may not be representative of model
performance for younger women as older women have a
disproportionate number of true negatives. Consistent with
our experience, Cai et al showed when applying the McLer-
non models to the Chinese dataset, and the McLernon models
performed better in the older age group (>35 years) than in
the younger age group (<35 years).45

When using multicenter data, one must control contri-
butions to the training and test sets by each center, to avoid
having a model that is overrepresented by centers with large
volumes. Potential solutions to be tested include sampling
and controlling for each center’s proportional contribution to
the final training and test sets or creating a center label to
represent center-specific factors that are not captured by
variables in the dataset. For example, Choi et al showed a
method for each center to contribute predictive elements or
trees rather than IVF cycles to make up the multicenter
dataset.3®

Model Validation

Model review and validation are crucial steps before apply-
ing models in clinical practice to demonstrate performance,
thereby building trust in model accuracy. Model review
involves monitoring descriptive and analytical statistics for
various variables, with experts reviewing any irregularities
to detect and resolve issues throughout the modeling
process.

In this section and in = Table 5, we provide an overview of
important model metrics with references for further details.
Regardless of the metric used, there should be a control
model for comparison.

The AUC of the ROC may be the most widely reported
model metric. The ROC AUC measures the ability of the
model to discriminate or rank predictions showing the
trade-off between the true positive rate (TPR) and false-
positive rate (FPR).'’®"1"® While the ROC AUC measures a
model’s ability to rank predictions, it has significant draw-
backs. For instance, it may not detect clinically meaningful
improvements in the model. Moreover, the AUC can be
artificially inflated by including specific patient groups,
such as those older than 42 years or those with very low
live birth rates, giving a false sense of reassurance about the
model’s performance. This metric is also not suitable for
highly imbalanced datasets.
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To address limitations of ROC AUC, additional metrics
that measure different attributes of the model can be
considered (=Table 5). In particular, we created the metric,
the Posterior Log of Odds Ratio Compared with Age Model
(PLORA), for measuring predictive power in the specific
context of IVF LBP.2-36-38.86 pj ORA compares the log-likeli-
hood of the IVF prediction model to an age-based control
model: that is, “how much more likely will this new model
fit the observed data and outcomes compared to the age
control model?” This metric is sensitive to dataset size and
model improvements and can be communicated in linear
scale (e™OR4) for easier understanding by clinicians. Observ-
ing a positive PLORA in conjunction with other model
metrics provides a comprehensive indication of model
performance.

In addition to ROC AUC and PLORA, we employ
other important metrics such as IVF LBP distribution,
reclassification, and dynamic range to further evaluate
models.’3'"33 Reclassification examines whether more
patients as a group receive higher live birth probabilities
better reflecting actual live birth rates, while the dynamic
range evaluates the highest and lowest possible live birth
probabilities that the model may predict. These metrics
provide insight into the strengths and limitations differen-
tiating candidate models.36-38:4>-85-87 precision, Recall, F1
Score, and PR AUC are also effective at detecting improve-
ments in predicting positive live birth outcomes, especially
in imbalanced datasets.''®117:134 precision, or positive
predictive value, indicates the likelihood that predicted
positive outcomes are correct, ensuring patients are not
misled about their chances. Recall, or sensitivity, measures
the model’s ability to identify actual positive outcomes,
ensuring that patients with high live birth probabilities are
accurately identified. The F1 Score (i.e., the harmonic mean
of precision and recall) balances both metrics to provide a
comprehensive evaluation of the model’s performance. The
PR AUC plots precision versus recall without requiring a
specific threshold and offers detailed views of the model’s
predictive capabilities across different thresholds.

These metrics help demonstrate a model’s ability to
support clinical care and business operations. By leveraging
a combination of validation metrics, we can provide more
reliable prognostics, ultimately improving clinical decision-
making and operational efficiency.

Additional Requirements to Use Validated
ML Models in Routine Clinical Care

Although many ML models have been reported in many areas
of medicine, there are additional requirements for successful
implementation in clinical care as summarized by patient-
centric communications; provider collaboration, usability,
and explainability; relevance and model performance; abili-
ty to handle complex data; scalability including maintenance
of quality, user experience, and economic feasibility as usage
scales; and adhering to best practice and compliance
throughout the product life cycle from raw data processing
to production model deployment.’'?:13%.136
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Table 5 Model performance metrics that are commonly used and/or useful in discerning models varying in performance

Metric

Measurement

Value and interpretation

Receiver-operating curve
area-under-the-curve (ROC AUC)

Measures the ability of the model
to discriminate or rank predictions

AUC=1 The model is a perfect classifier
with a maximum true positive rate
(TPR) and a minimum false
positive rate (FPR)

AUC < 0.5 The model is a poor classifier,

no better than random

Posterior log of odds ratio
compared with age model
(PLORA)

Measures predictive power,
comparing the log-likelihood of
the IVF prediction model to the
age control model

High (positive)
PLORA

The IVF prediction model is more
effective in predicting successful

IVF live birth outcomes than the

age-based model

Low (negative)
PLORA

The IVF prediction model is less
effective in predicting successful
IVF live birth outcomes than the
age-based model

Precision/Positive predictive
value

Evaluates the model’s tendency to
overestimate the probability of
live birth

High precision

When the model predicts a
successful IVF live birth outcome,
it is more likely to be correct

Low precision

A significant proportion of the
model’s predictions of successful
IVF live birth outcomes is likely
incorrect (false positives)

Recall/Sensitivity/TPR

Measures the proportion of actual
positives (successful IVF live birth
outcomes) that are correctly
identified by the model

High sensitivity

The model correctly identifies a
large proportion of successful IVF
live birth outcomes

Low sensitivity

The model misses a significant
number of successful IVF live birth
outcomes

F1 score

Measures the harmonic mean of
precision and recall

High F1 score

The model has both high precision
and high recall given a particular
classification threshold

Low F1 score

The model has low precision, low
recall, or low precision and low
recall given a particular
classification threshold

Precision-recall area-under-the-
curve (PR AUC)

Measures the model’s overall
performance in terms of precision
and recall across all thresholds

High PR AUC The model maintains high
precision and high recall across the
range of possible classification
thresholds

Low PR AUC The model struggles to maintain

both high precision and high recall
across the range of possible
classification thresholds

Explainability, Provider Collaboration, and
Patient Communications

An IVF prognostic model supports provider-patient relation-
ship at a critical point of the patient’s care; therefore, the IVF
prognostic information must be clear and easy to understand
to both providers and patients. The prognostic information
may be presented in an individualized counseling report that
includes not only the prognostic information but also the key
factors that underpin the prognosis in a graphical format
illustrating how the patient compares to other patients
treated at the same center.?>
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Scalability, Data Privacy, Compliance, Ethics

In the context of ML-supported provider-patient prognostic
counseling, scalability refers to the ability of the ML platform
to serve patients through many fertility centers and pro-
viders globally with great implementation and model update
efficiency at low costs while preserving or improving the
quality of the IVF prediction models, the counseling reports,
and other supportive services. Scalability is important as it
enables the delivery of prognostic information to diverse
patient populations. Scalability may be achieved in several
ways. For instance, a proprietary, end-to-end platform may



be used to support data model pipelines, no-code implemen-
tation of customized model and counseling report specs,
deployment and usage of models, report generation, multi-
lingual function, and administrative module. However, the
platform and related processes must comply with applicable
local data privacy laws such as U.S. Health Insurance Porta-
bility and Accountability Act (HIPAA) and the European
General Data Protection Regulation (EU GDPR). The regula-
tory framework and pathways governing medical devices
comprising AI/ML and software have continued to evolve
with the increasing complexity of the devices and needs of
patients and providers.''® Beyond compliance, it is impor-
tant to conduct 360-degree review with key stakeholders
including collaborators, fertility center, clinical and opera-
tional leads and teams, internal team, and patients (directly
or indirectly via providers) to consider potential unintended
consequences of data strategy, product, and life cycle man-
agement decisions including efforts to maximize inclusion
of diverse patient groups, ensuring that the data
are representative of the people served by the resulting
model, and ongoing efforts to maximize affordability of
and access to fertility treatments.*>

Adaptability and Operational Efficiency

Successful application of ML at point-of-care requires the
merging of clinical care and data/ML workflow in a stream-
lined way for the clinical team. In view of staff constraints, it
is imperative that the streamlining is operationally and
efficiently tailored to each center.'>” Many fertility centers
have been scaling up services to meet increasing patients’
demands for IVF. In the United States, care teams have been
augmented by training advanced practice providers (APPs)
and/or general obstetricians and gynecologists.'3”~13? It is
essential that all users are trained on the use of any prognos-
tic tool, but a good tool can support their patient counseling.
Additionally, optional integration with fertility centers’
electronic health record systems enable largely automated
generation of counseling reports.

Real-World Usage, Tracking, and Evaluation

Despite reports of IVF live birth prediction models and online
calculators for providers and patients, there are relatively
few reports on such real-world use.43:83:84140-142 gpe study
compared a group of Australian patients’ perceived IVF LBPs
against the U.S. SART calculator and another study compared
a group of French patients’ perceived IVF LBPs against the
French registry data.?3°

Limited reporting of IVF prognostic tool usage may reflect a
variety of challenges such as difficulty in assembling
the necessary expertise, limited Al real-world studies, or
difficulty in fitting such studies into conventional medical
research journals. We have reported clinical implementation
of IVF live birth prediction models and our team’s multisite
implementation experience using the framework recom-
mended by Goldstein et al.>8¢137.143 A real-world study of
the retrospective multicenter experience of 24,238 new
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IVF patients suggested that usage of a patient-centric, MLCS-
based prognostic report was associated with increased IVF
conversion among new fertility patients.'*? This study sug-
gested to investigate factors influencing treatment decision-
making and real-world optimization of patient-centric work-
flows incorporating MLCS prognostic reports.'*?

Medical research journals might consider a category
dedicated to Al applications encouraging Al publications
pertaining to medicine. In addition, it may be helpful to
support reviewers with articles on the topic of Al implemen-
tation, usage, and guidelines. Indeed, the following guide-
lines facilitate informed and productive review processes.
TRIPOD-AI, STARD-AI, PRISMA-AI, CONSORT-AI, and SPIRIT-
Al are extensions of widely used TRIPOD, STARD, PRISM,
CONSORT, and SPIRIT guidelines, respectively.'*414% Since
the original, non-Al versions of these guidelines have been
widely used by researchers, the Al versions have also become
widely recognized by journals.

Unlike other guidelines, the DECIDE-AI guideline was
designed for early clinical study stage evaluation of any Al
modalities (e.g., diagnostic, prognostic, therapeutic), in live
clinical settings and importantly does not require any
one study design.'* The DECIDE-AI guideline prioritizes
assessing the risk of data shift and reporting of clinical
implementation experience as-is to expedite sharing of the
usage experience.'4?

Conclusions

Having described the design, development, validation, and
deployment of personalized ML IVF prognostic models, it
may be helpful to return to the broader vision of advancing
reproductive medicine and increasing fertility care accessibil-
ity. Economic modeling using ML IVF prognostic models can
inform the allocation of funding to support fertility care with
strategies at the local, regional, or national levels. Most impor-
tantly, these local strategies are aligned with a global, scientific
and ethical approach adaptable to local fertility centers’ clini-
cal care and operational needs. A global collaboration of public,
private, research, and operational groups developing validated
ML IVF prognostic models help to prioritize women’s and
couples’ family-building goals. By helping more people who
are proactively seeking fertility care to become parents, we
may also help to mitigate the macro level impact of below
replacement fertility currently experienced by more than half
of all countries.
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