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Abstract

Purpose Adding preimplantation genetic screening to in vitro
fertilization has been shown to increase live birth rate in wom-
en older than 37. However, preimplantation genetic screening
is an expensive procedure. Information on the cost-
effectiveness of preimplantation genetic screening can help
inform clinical decision making.

Methods We constructed a decision analytic model for a hy-
pothetical fresh, autologous in vitro fertilization cycle (with
versus without preimplantation genetic screening) for women
older than age 37 who had a successful oocyte retrieval and
development of at least one blastocyst. The model incorporat-
ed probability and cost estimates of relevant clinical events
based on data from published literature. Sensitivity analyses
were performed to examine the impact of changes in model
input parameters.

Results In base-case analysis, IVF-PGS offered a 4.2 per-
centage point increase in live birth rate for an additional cost
of $4509, yielding an incremental cost-effectiveness ratio
(ICER) of $105,489 per additional live birth. This ICER was
below the expected cost of $145,063 for achieving one live
birth with IVF (assuming an average LBR of 13.4% and
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$19.,415 per cycle for this patient population). Sensitivity anal-
ysis suggested that ICER improved substantially with de-
creases in PGS cost and increases in PGS effectiveness.
Monte Carlo simulation showed PGS to be cost-effective in
93.9% of iterations at an acceptability cutoff of $145,063.
Conclusions Considering the expected cost of achieving one
live birth with IVF, PGS is a cost-effective strategy for women
older than 37 undergoing IVF. Additional research on pa-
tients’ willingness-to-pay per live birth would further inform
our understanding regarding the cost-effectiveness of PGS.

Keywords Cost-effectiveness - Preimplantation genetic
screening - In vitro fertilization - Willingness-to-pay

Introduction

In vitro fertilization (IVF) is an effective tool for the treatment
of infertility, with live birth rates per started cycle as high as
37.1% for women younger than age 35 [1]. However, it is
increasingly common for women to delay childbearing into
their late 30’s and early 40’s [2]. These women face the inev-
itable biological clock which translates to decreased live birth
rates (LBR). IVF is largely insufficient to overcome age-
related infertility, only achieving live birth rates of 19.5% for
women age 3840, 9.7% for women age 41-42, and 3.1% for
women over age 42 [1]. The decreasing live birth rate with
advancing maternal age has predominantly been attributed to
diminishing ovarian reserve [3] and, most significantly, in-
creased rates of aneuploidy in the oocytes of aging women [4].

To maximize the success of IVF, a variety of techniques
have been employed to aid in the selection of the embryo
which will yield the best chance for a subsequent live birth
[5]. One widely used approach, preimplantation genetic
screening (PGS), attempts to avoid selection of embryos with
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aneuploidy for transfer. In the early years of PGS, when ge-
netic analysis was restricted to only a few chromosomes, a
large randomized controlled trial showed no improvements
in clinical pregnancy or live birth rates [6]. However, several
important methodologic improvements over the past decade
now allow the full complement of chromosomes to be assayed
with greater accuracy [5]. A recent analysis of US-wide IVF
cycles shows an increased live birth rate for women older than
age 37 who use PGS, with an adjusted odds ratio of 1.43 (95%
confidence interval, 1.26-1.62) [7].

While beneficial in this age group for the desired outcome
of infertility treatment (i.e., live birth), PGS is costly and, at
the current time, rarely covered by medical insurance.
Information on the cost-effectiveness of PGS for women older
than age 37 undergoing IVF can help patients, clinicians, and
insurers in their decision regarding whether to utilize and pay
for this new technology. Therefore, the purpose of this study is
to develop a decision analytic model to analyze the cost-
effectiveness of an IVF cycle with versus without PGS in
improving live birth rates in this population.

Material and methods
Decision model

We constructed a decision analytic model for a hypothetical
fresh, autologous IVF cycle with PGS versus IVF alone for
women older than age 37 who had a successful oocyte retriev-
al and development of at least one blastocyst. The model in-
corporated main clinical events including PGS, blastocyst
transfer, clinical pregnancy, miscarriage, pregnancy termina-
tion, and live birth (Fig. 1). Effectiveness is measured by live
birth rate. The analysis was performed from a health care
sector perspective and included all costs associated with the
medical care of the relevant events. Because data for this study
exclusively came from the published literature, it was exempt
from review by our institutional review board.

The model began at the time point of having at least one
blastocyst (i.e., after controlled ovarian hyperstimulation, oo-
cyte retrieval, oocyte fertilization, and initial embryo culture).
Because blastocyst biopsy is the standard of care for PGS in
the USA [8], the availability of a blastocyst was considered a
requirement for PGS to be utilized. Although the clinical de-
cision of whether to use PGS is often made before beginning
an IVF cycle, the clinical action of proceeding with PGS does
not take place until this later time point. In the event that there
are not enough embryos to culture to the blastocyst stage, an
intention to treat with PGS would need to be abandoned; thus,
for the purposes of a decision analytic model, the decision
only happens after a blastocyst becomes available.
Moreover, the probabilities and costs are equal between the
treatment arms up until that time point, so the earlier
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components of IVF would not affect our assessment of the
cost-effectiveness of PGS. Therefore, nothing is lost and mod-
el parsimony is gained by starting the model at this time point.

There are several key assumptions in the model. It was
assumed that all IVF-PGS cycles with at least one euploid
blastocyst would have an embryo transfer. We did not consid-
er embryo cryopreservation and subsequent frozen embryo
transfer after PGS, as data on the results of this strategy come
from small, single-center trials [9] and may not be broadly
applicable. We also assumed that an IVF alone cycle (without
PGS) involved the transfer of at most two embryos; due to
lack of detailed data, the probability of clinical pregnancy and
miscarriage in such a cycle was assumed to be the same
whether one or both of the transferred embryos were euploid.
In addition, as intrauterine fetal demise is a rare event [7], we
did not include it in our model. Finally, consistent with prior
literature [10], it was assumed that all pregnant patients who
did not miscarry would have an amniocentesis, and that all
patients with evidence of aneuploidy would have genetic
counseling and termination in the second trimester by dilation
and evacuation. For simplicity, our model did not include
chorionic villus sampling for prenatal diagnosis.

Parameter estimates

A thorough review of the literature was performed to identify
base-case estimate and plausible range of the probabilities for
the main clinical events in our model (Table 1) [7, 11-16]. For
the majority of the base-case parameters, we used estimates
from a recent study of all cycles in the US National ART
Surveillance System performed in 2011 and 2012 [7]. This
publication is the largest analysis of IVF-PGS cycles to date
and includes data from nearly all IVF centers in the USA,
making the findings more generalizable than the results of
single-center analyses. Although the source publication does
not contain detail on the PGS methodology employed for each
cycle, the majority of PGS cycles in the studied time period
employed array CGH. Our parameter estimates obtained from
this study were based on women older than age 37 who had
PGS for aneuploidy screening for an autologous IVF cycle,
excluding those who had preimplantation genetic testing for
other reasons (e.g., single-gene disorders or known parental
chromosomal abnormality). Given the lack of multicenter data
with more detailed age stratification, the base-case analysis
was limited to all women older than age 37. However,
single-center studies which included age stratifications were
incorporated into the model when establishing minimum and
maximum plausible values for probability parameters in sen-
sitivity analyses [13, 14]. For probability parameters where no
literature was available to guide the choice of minimum and
maximum plausible values, we set these values at +25% of the
base-case estimate.
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Fig. 1 Decision tree model for a hypothetical fresh, autologous IVF cycle (with versus without genetic screening (PGS)) for women older than age 37

who had a successful oocyte retrieval and at least one blastocyst

Estimates of cost parameters were also determined from a
review of the literature when possible (Table 2) [10, 17-20].
Of note, the cost estimate for management of miscarriage was
based upon an expanded care model for early pregnancy loss,
which incorporated expectant, medical, and surgical manage-
ment options weighted by patient preferences [18]. Because

our model begins after culture of embryos to blastocysts, our
model did not use cost estimates for the entire IVF cycle [10,
17]. Rather, we estimated the cost of an embryo transfer sep-
arately based upon the price at our own institution charged to
self-pay patients (Yale Fertility Center). All cost parameters
were inflation adjusted to 2016 US dollars using the medical

Table 1  Estimates of probability-related parameters used to determine the cost-effectiveness of PGS for women older than 37 using IVF
Parameter Base-case Minimum  Maximum  Sources
estimate value value
Probability that a cycle has at least one euploid blastocyst (PGS arm) 64.0% 36.4% 82.0% [7, 11, 13]
Probability that a blastocyst called euploid by PGS is transferred 100.0% - - Authors’
Assumption
Probability that a blastocyst called aneuploid by PGS is transferred 0.0% - - Authors’
Assumption
Probability of live birth in a pregnancy that results from euploid 99.8% 99.0% 100% [7,13]
blastocysts and is not miscarried
Probability that at least one blastocyst meets traditional morphological 66.0% 49.5% 94.5% [7, 14]
criteria for transfer (non-PGS arm)
Probability that only one blastocyst is transferred in a transferred cycle 11.4% 8.6% 14.3% [7,13]
(non-PGS arm)
Probability that a blastocyst selected for transfer by traditional morphological 30.6% 19.0% 55.2% [12, 15]
criteria is aneuploid (non-PGS arm)
Adjusted odds ratio of clinical pregnancy in a PGS guided cycle relative 1.18 1.05 3.86 [7,13]
to a non-PGS guided cycle
Probability of clinical pregnancy in a non-PGS guided cycle 42.5% 31.9% 49.5% [7,13]
Adjusted odds ratio of miscarriage (per pregnancy) in a PGS guided cycle 0.55 0.32 0.70 [7,13]
relative to a non-PGS guided cycle
Probability of miscarriage in a pregnancy resulting from a non-PGS guided cycle  26.0% 19.6% 39.0% [7,13, 14, 16]
Probability of live birth in a pregnancy that results from a non-PGS guided 97.8% 97.3% 99.0% [7]

cycle and is not miscarried
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Table2 Estimates of cost-related parameters (in 2016 US Dollars) used to determine the cost-effectiveness of PGS for women older than 37 using IVF

Parameter Base-case estimate Minimum value Maximum value Sources
Cost of PGS $4546 $3410 $13,449 [17]
Cost of a fresh embryo transfer $3025 $2269 $3782 -8

Cost of miscarriage management $1155 $866 $1443 [18]
Cost of genetic counseling $146 $109 $182 [20]
Cost of amniocentesis $1397 $699 $2794 [10]
Cost of second trimester pregnancy termination $1852 $1358 $2037 [19]

Minimum and maximum values were set at £25% of the base-case value when no plausible range was available from the literature

 Cost of fresh embryo transfer was based upon the cost at the authors’ institution (Yale Fertility Center)

care component of the consumer price index [21]. Minimum
and maximum plausible cost estimates were obtained from the
literature when available or set at £25% of the base-case cost.

Data analysis

We used the incremental cost-effectiveness ratio (ICER) to
assess the additional cost associated with IVF-PGS (as com-
pared to IVF alone) per additional live birth achieved. ICER
was calculated by dividing the difference in expected cost by
the difference in expected live birth rate between the two ap-
proaches, i.e., IVF-PGS versus IVF alone. In the absence of an
established threshold for determining cost-effectiveness of in-
terventions improving live birth rates, we calculated the ex-
pected cost for achieving one live birth with IVF alone for
women older than age 37 to be $145,063 (assuming an aver-
age live birth rate of 13.4% per IVF cycle [1] and an average
cost of $19,415 per IVF cycle [17]). We used this value as the
threshold for evaluating the cost-effectiveness of IVF-PGS.
We performed both deterministic and probabilistic sensitiv-
ity analyses to assess the impact of uncertainty in parameter
estimates on cost-effectiveness results. In deterministic sensi-
tivity analysis, we varied each of the input parameters from
their minimum to maximum values one at a time (one-way
sensitivity analysis) and examined changes in the cost-
effectiveness of IVF-PGS with decreasing PGS costs and in-
creasing effectiveness for IVF-PGS at achieving clinical preg-
nancy (two-way sensitivity analysis). In addition, Monte
Carlo simulation was performed, wherein all parameters were
varied simultaneously with a triangular distribution bounded

by the defined minimum and maximum values. One thousand
iterations of the simulation were performed. Analysis was
performed using TreeAge Pro 2013 (Williamstown, MA).

Results

In the base-case analysis, after the steps leading to the avail-
ability of at least one blastocyst, IVF-PGS had an expected
cost of $6888, while IVF alone cost $2379, yielding a cost
differential of $4509 (Table 3). The expected live birth rate
associated with IVF-PGS was 4.2 percentage points higher
than with IVF alone (24.9 vs. 20.7% per blastocyst-
generating cycle), leading to an incremental cost-
effectiveness ratio (ICER) of $105,489 for one additional live
birth achieved with IVF-PGS (Table 3). Compared to the ex-
pected cost of $145,063 for women older than age 37 to
achieve one live birth with IVF, IVF-PGS appears to be a
cost-effective approach.

One-way sensitivity analyses suggested that the estimated
ICER was most influenced by the cost of PGS, the odds ratio
of IVF-PGS (versus IVF alone) for achieving clinical preg-
nancy and avoiding miscarriage, the probability of having a
euploid embryo in a PGS cycle, and the probability of having
a transferrable embryo in a non-PGS cycle (Supplemental Fig.
1). For each of these parameters, variation in values within its
expected range resulted in instances of ICER greater than
$145,063, the threshold for cost-effectiveness in our model,
suggesting that the cost-effectiveness of IVF-PGS is sensitive
to each of these parameters.

Table 3 Base-case analysis of
the cost-effectiveness of IVF-PGS

Expected live birth rate Expected cost®

versus IVF alone for women older

than 37 who had a successful IVF-PGS
oocyte retrieval and at least one IVF alone
blastocyst Incremental

Incremental cost-effectiveness ratio (ICER)

24.9% $6887.83
20.7% $2378.67
42% $4509.16
$105,488.59

#Expected cost reflects cost after generation of at least one blastocyst (i.e. not including costs associated with
stimulation/monitoring, retrieval, fertilization, or culture)
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Two-way sensitivity analysis was performed to simulta-
neously vary the value of two key parameters: PGS cost and
the odds ratio of IVF-PGS (versus IVF alone) for achieving
clinical pregnancy (Supplemental Fig. 2). Decreases in PGS
cost and increases in PGS effectiveness both improved the
estimated ICER. At the minimum modeled value for PGS
cost, $3410, and the maximum modeled value for odds ratio
of clinical pregnancy for IVF-PGS (versus IVF alone), 3.86,
the ICER improved to $21,350 for an additional live birth.

To further assess the impact of uncertainty in the probabil-
ity and cost parameters on our findings, we performed Monte
Carlo simulation. Results from the 1000 iterations of the sim-
ulation were presented in a cost-effectiveness plane (Fig. 2a)
and cost-effectiveness acceptability curve (Fig. 2b). When
using $145,063 as the cutoff, IVF-PGS was cost-effective in
93.9% of the iterations. In comparison, when using a cost-
effectiveness acceptability level of $52,074, IVF-PGS was
cost-effective in 50% of the iterations.

Discussion

Infertility treatments are costly and, in the USA, most couples are
financially responsible for these costs. Therefore, newer treat-
ments that afford an improvement in live birth rates have to be
balanced with the cost and be subjected to an unbiased cost-
effectiveness analysis. Our analysis is the first to evaluate the
cost-effectiveness of modern PGS approaches, drawing on recent
evidence of its effectiveness from a large nationwide sample [7].
For women older than 37 years of age who undergo IVF and
produce enough quality embryos to have the option of PGS, our
decision analytic model shows that, compared with IVF alone, the
use of PGS is expected to have an extra cost of $105,489 for one
additional live birth achieved. When evaluated at an acceptability
threshold of $145,063, PGS is a cost-effective approach to im-
prove live birth rate, and 93.9% of the iterations in Monte Carlo
simulation were in favor of PGS as a cost-effective approach.
For treatment of infertility, there is no established threshold for
determining the cost-effectiveness of an additional live birth
achieved [17, 22, 23]. Although many CEAs continue to use a
threshold of $50,000 per quality-adjusted life-year (QALY),
there is scant data on QALY for health states related to treatment
of infertility. Moreover, a cutoff of $50,000 per QALY has come
under scrutiny as rigid and outdated, with many scholars
decrying its near-universal application [24]. Many studies report
willingness-to-pay much higher than $50,000 per QALY [25].
Prior fertility-related CEAs have selected arbitrary thresholds of
$50,000 or $100,000 per live birth, citing parallelism to QALY-
based cost-effectiveness research [ 17, 23]. In this study, we based
our cost-effectiveness acceptability cutoff ($145,063) upon the
average cost of achieving live birth with IVF alone in women
olderthan 37. One earlier study, albeit a little outdated, showed an
even higher willingness-to-pay of $167,906 per live birth

(inflation adjusted 2016 US dollars) when surveying women
[22], suggesting that it is reasonable to consider such a high
cost-effectiveness threshold. It is imperative that further research
be performed to better understand the amount various stake-
holders, such as insurers and patients, are willing to pay for inter-
ventions to increase the probability of live birth.

Notably, our cost-effectiveness analysis was performed
from a health care sector perspective. Although it was recently
recommended that CEAs be performed from both the health
care sector perspective and the societal perspective [26], the
lack of high-quality data on patients’ and their spouses’ pro-
ductivity losses associated with IVF treatments precluded us
from accurately modeling costs from a societal perspective.
As the PGS approach helps improve live birth rate and hence
reduce productivity loss associated with additional IVF cy-
cles, our analysis presents a conservative assessment for the
overall cost-effectiveness of PGS. Further research collecting
detailed information on productivity loss associated with IVF
treatments will enable more comprehensive evaluation of the
cost-effectiveness of interventions from societal perspective.

Given our finding that PGS is a cost-effective approach for
achieving live birth among women older than age 37, incorpora-
tion of PGS in IVF cycles of these women may be considered in
clinical care. In the USA in 2011 and 2012, only 7.8% of IVF
cyclesin this age groupused PGS [7]. Previous literature suggests
that cost is one of the most significant determinants of whether or
not patients use PGS [27]. Although the absolute cost of the PGS
procedure is still high, findings from our study regarding the
expected incremental cost per additional live birth achieved
may be useful when counseling patients about this option to help
them make informed decisions. Additionally, insurers who pro-
vide IVF coverage may consider paying for PGS for this patient
population, given that the expected cost per additional live birth
achieved with PGS is below the expected cost of IVF alone for
achieving one live birth.

The parameters identified as most influential in determining
the cost-effectiveness of PGS in our model, such as the effec-
tiveness of IVF-PGS (versus IVF alone) at both achieving clin-
ical pregnancy and avoiding miscarriage, point to key areas for
further research to help us better understand the cost-
effectiveness ofthis evolving technology. Many questions have
emerged in recent years about the robustness of PGS for aneu-
ploidy detection, due to reports of euploid pregnancies after
false positive results and the increased detection of mosaicism
with modern PGS approaches [28—30]. Additionally, the false
negative rate of PGS, although reportedly low [31], remains
unclear. Resolving these questions remains an essential goal
in future PGS research. The ideal study to refine these parame-
ters would be a randomized controlled trial using modern PGS
approaches in women of the age group of interest, such as the
ongoing STAR trial NCT02268786, clinicaltrials.gov).

Another area of future research which can further improve
our understanding of the cost implications of PGS would be

@ Springer


http://clinicaltrials.gov

J Assist Reprod Genet (2017) 34:1515-1522

1520
Fig. 2 Results of Monte Carlo $14,500 a
simulation. a The cost- :1‘3‘232
effectiveness plane, with each dot $13.000
reflecting the incremental cost $12,500
and incremental live birth rate zfggg
between IVF-PGS and IVF alone —$11,000
from one iteration of the QO 810,500

& $10,000

simulation (n = 1000 iterations).b
The cost-effectiveness
acceptability curve, reflecting the
percentage of iterations where
IVF-PGS was more cost-effective
than IVF alone at different levels
of willingness-to-pay thresholds

$9,500
$9,000
$8,500
$8,000
$7.,500
$7,000
$6,500
$6,000
$5,500
$5,000
$4,500
$4,000
$3,500
$3,000
$2,500
$2,000
$1,500
$1,000
$500
$0

Incremental Cost (PGS vs. No

1
0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0% 35.0% 40.0%

S100%  -5.0%
Incremental Effectiveness (PGS vs. Non-PGS)

100% | 0968 0973 0975  0.979
8 b 0.942 0959 —  m—8
o 95% 'm—

S 90% i
2 1
c 85% 1
© |
S 80% |
3 |
2 75% |
%] |
2 70% !
1
Y o650 i
] 0.5 !
S 60% i
@ 55% / i
o / !
= s50% / i
0 / !
/
w 5% / :
9 40% !
® 35% i
K=
- 1
»n 30% |
5 |
o
.ﬁ 25% :
3 20% !
- 1
5 1% 0.197 |
= 10% I3
=3
0% il
$0 $50,000 $100,000 $150,000 $200,000 $250,000 $300,000

the potential benefit of PGS for improving success of elective
single embryo transfer (eSET) cycles. While the use of IVF-
PGS itself does not appear to impact the rates of multiple ges-
tation [7], IVF-PGS with eSET has been proposed as a strategy
to minimize the rates of multiple gestations without sacrificing
live birth rates [32, 33]. If this hypothesis is supported with age-
stratified data comparing IVF-PGS with eSET both to IVF
alone with eSET and to IVF alone with double embryo transfer,
there will be additional health benefit and cost savings attribut-
able to a PGS-based strategy for avoiding undesired and costly
outcomes of multiple pregnancies.

An additional aspect of fertility treatment which is in need of
further exploration is the impact of PGS on cumulative live birth
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rates from multiple embryo transfers from a single IVF stimula-
tion cycle. In an era of effective embryo cryopreservation, it has
been argued that PGS cannot improve the cumulative outcomes
of stepwise transfer of the entire embryonic cohort, for it does not
improve (but rather identify) the chromosomal content of the
embryos in a pool [34]. A recent randomized controlled trial by
Rubio and colleagues substantiates this claim, showing no differ-
ence in cumulative live birth rate between IVF-PGS and IVF
alone cycles, but it also shows that PGS can significantly reduce
the miscarriage rate and decrease the time to live birth [16]. As
this small study (approximately 100 couples per treatment arm) is
the first to rigorously examine the questions of cumulative live
birth rate and time-to-live-birth, the generalizability of its
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findings is yet to be established. Further research on these distinct
PGS outcomes would be informative and can help facilitate rig-
orous modeling of these aspects of PGS in future cost-
effectiveness analyses.

Our model has several limitations to consider. First, we ob-
tained parameter estimates from the published literature which
may not always include the exact patient population we intended.
For example, many of our parameter values were based on the
Chang et al. study which included recurrent pregnancy loss pa-
tients in the IVF-PGS arm [7]; these patients’ responses may not
be applicable to patients using IVF for infertility alone. However,
our findings were robust across a range of parameter values as
shown in our thorough sensitivity analysis, strongly suggesting
that the cost-effectiveness of the approach would be maintained
even if the technique is less effective in specific subpopulations.
Second, although our model used adjusted odds ratios to measure
the effects of PGS versus no PGS approaches to reduce potential
confounding from baseline patient characteristics, our parameter
estimates did not account for potential differences in IVF re-
sponse by race and BMI, which have been shown to influence
IVF success rates [35, 36]. Third, due to a lack of conclusive data
on its impact on live birth rate [9], our decision analytic model did
not include the option of IVF-PGS cycles in which embryos are
frozen after biopsy and then transferred in a subsequent cycle.
This strategy is the preferred approach of some practitioners for
all of their IVF patients [9], and it is often chosen out of necessity
if blastocyst biopsy is performed [37]. As more conclusive data
emerges on the relative effectiveness of frozen/thawed embryo
transfers in IVF-PGS cycles, it will be clinically informative to
model the cost-effectiveness of such an approach; although there
is a known increase in cost for IVF with a frozen/thaw cycle [9],
the impact on live birth rate must be first clarified to inform such a
cost-effectiveness analysis.

The implementation of expensive technologies in healthcare,
even when shown to offer an incremental improvement to out-
comes, requires careful consideration of their relative cost-effec-
tiveness. Our decision analytic model suggests that considering
the expected cost of achieving one live birth with IVF, PGS is a
cost-effective approach to improve live birth rate in women older
than age 37 using IVF. Further research into the appropriate thresh-
old values to use in evaluating cost-effectiveness of infertility treat-
ments, as well as additional studies to refine the key probability
parameters and to provide evidence for the impact of frozen embryo
cycles would help improve future assessments of the cost-
effectiveness of using PGS to guide embryo selection in IVF cycles.
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