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Abstract

Objective: To determine the relationship between patients with a low body mass index
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in vitro fertilization (IVF) outcomes following frozen-thawed embryo transfer (FET).
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Methods: Retrospective cohort study including 12 618 women aged 20-46 years with
an underweight (<18.5) or normal weight (18.5-24.9) BMI who underwent controlled
ovarian stimulation for IVF in a private and academic IVF center between August
2002 and December 2019.

Results: Anti-Mdllerian hormone, peak estradiol levels, number of Mll oocytes, and
fertilized oocytes were greater in the underweight group compared with the normal
weight group. The total required gonadotropin dose was lower in the underweight
patients compared with the normal weight patients. Ml|, fertilization, blastulation, and
euploid rates did not differ before and after adjusting for confounders between BMI
groups. In a cohort of 316 patients who underwent preimplantation genetic testing
for aneuploidy and single euploid FET, pregnancy loss, pregnancy, clinical pregnancy,
and live birth rates before and after controlling for covariates were similar between
groups.

Conclusion: Although there are known fetal growth or obstetrical issues associated in
patients with a low BMI, it is reassuring that these risks do not extend to embryologic

or clinical outcomes from IVF treatment.
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1 | INTRODUCTION

Extremes of body mass index (BMI; calculated as weight in kilograms
divided by the square of height in meters) have been shown to have
deleterious effects on health outcomes.? A low BMI can result in
many adverse health consequences, including impaired reproductive
health and fecundity, as low energy reserves and body fat percent-

age cause metabolic and endocrine disturbances. Patients with low
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BMI have been found to experience alterations in steroid metabo-
lism, insulin secretion, and changes in several hormones, including
ghrelin, leptin, and adiponectin, which can contribute to female
infertility.?®

Given metabolic and hormonal disturbances observed in un-
derweight patients, several studies have investigated the effect of
low BMI on fertility. The current published literature has shown

conflicting results.*1? Early data suggested a U-shaped relationship
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between BMI and in vitro fertilization (IVF) outcomes with poorer
oocyte and embryo quality, lower clinical pregnancy rates, and
higher miscarriage rates in underweight women.”” However, these
studies were inconsistent in their definition of an underweight BMI
and lacked statistical significance. More recent studies have shown
no difference in obstetrical and IVF outcomes when comparing un-
derweight and normal weight women.*%2 However, some studies
have found an increased number of oocytes retrieved among under-

weight patients,‘w’11

possibly explained by a greater sensitivity to
gonadotropin ovarian stimulation in underweight patients.

There is growing interest among reproductive medical provid-
ers to determine how patient BMI is associated with assisted re-
productive technology treatment outcomes.!® Although there have
been some studies published on the relationship between patients
with a low BMI and IVF outcomes, most are limited by small sam-
ple sizes and variations in the definition of underweight and normal
BM|. 469121415 This study aimed to determine whether there is a
difference in IVF outcomes following controlled ovarian stimulation
(COS) for women with low or normal BMI. We also analyzed preg-
nancy outcomes in a cohort of patients who underwent single eu-

ploid frozen-thawed embryo transfer (FET).

2 | MATERIALS AND METHODS

This retrospective, single-center study included all patients with
a documented BMI who underwent COS from August 2002 to
December 2019. Trophectoderm biopsy and preimplantation ge-
netic testing for aneuploidy (PGT-A) were performed on eligible
blastocysts. IVF outcomes from all patients who underwent FET
were evaluated. In the sub-analysis of single euploid FET, IVF out-
comes from patients with aneuploid embryos or more than one em-
bryo per transfer were excluded. Patients were categorized by BMI
(underweight BMI < 18.5; normal weight BMI 18.5-24.9).%¢ Patients
with a BMI 2 25 were excluded. When analyzing single euploid FET
pregnancy outcomes, patients who had an endometrial thickness
<7 mm at embryo transfer were excluded, because many studies
have demonstrated poorer obstetric outcomes below this cut-off.}”
This study was approved by an Icahn School of Medicine at Mount
Sinai IRB with a waiver of consent for retrospective analysis of de-
identified data.

Patients underwent COS for IVF as previously described.*®
When at least two mature follicles reached 18 mm, final oocyte mat-
uration was induced with recombinant or purified human chorionic
gonadotropin (hCG) (Ovidrel, EMB Serono) alone, leuprolide acetate
alone (Lupron, AbbVie Inc.), or a “dual trigger” combination of le-
uprolide acetate and hCG. Patients underwent ultrasound-guided
vaginal oocyte retrieval 36 h after surge.

Following vaginal oocyte retrieval, metaphase Il (MIl) oocytes were
fertilized with intracytoplasmic sperm injection or conventional insem-
ination. Embryos were cultured in Sage Quinn's Advantage Cleavage
Medium (Cooper Surgical) until day 3. On day 3 after fertilization, em-
bryos were cultured in glucose-rich G-2.5 Vitrolife Blastocyst Medium

(Vitrolife) and supplement protein (10% SSS; Irvine Scientific) and
underwent assisted hatching to facilitate trophectoderm herniation.
Low-oxygen conditions were maintained during incubation.

In patients who used PGT-A, trophectoderm biopsy was per-
formed on day 5 or day 6, contingent on embryo expansion and
reaching a grade of 4BC or more (modified Gardner morphologic
score). All blastocysts were vitrified and cryopreserved immediately
after trophectoderm biopsy. Chromosome analysis was performed
with quantitative real-time polymerase chain reaction or next-gen-
eration sequencing-based analysis.”'20 Biopsied embryos received a
genetic interpretation of euploid or aneuploid.

Cryopreservation and thawing techniques have been previously
described.’® After rewarming, embryo survival was determined ac-
cording to the inner cell mass appearance and blastocoel re-expansion.
Embryo transfer was performed after synthetic preparation of the en-
dometrium. Patients were started on estradiol, and the endometrium
was assessed weekly until a thickness of at least 7 mm was observed.
Progesterone supplementation was then added, and the endometrial
pattern was categorized as late proliferative, early secretory, or mid-late
secretory, as described by Grunfeld et al.?! Embryo thawing and trans-
fer were performed after 5 days of progesterone supplementation.

Data were collected regarding patient baseline characteristics,
including age, BMI, gravidity, parity, and markers of ovarian reserve
(anti-Mdllerian hormone, basal antral follicle count and day 3 folli-
cle-stimulating hormone), ovarian stimulation protocol, ovulation
trigger, total gonadotropin dose, and estradiol and progesterone lev-
els at ovulatory surge. Following COS for IVF, the primary outcome
of interest was fertilization rate (number of fertilized embryos/num-
ber of MIl oocytes retrieved). Secondary outcomes included Ml rate
(number of MII oocytes/number of oocytes retrieved), blastulation
rate (number of blastocysts/number of fertilized oocytes), and eu-
ploid rate (number of euploid embryos/number of embryos biopsied).

Single euploid FET cycle outcomes, including pregnancy loss rate
(number of spontaneous abortions before 13 weeks/total FET cycles),
pregnancy rate (number of positive serum hCG tests/total FET cy-
cles), clinical pregnancy rate (number of intrauterine pregnancies with
positive fetal heartbeat/total FET cycles), and live birth rate (number
of deliveries of viable infants/total FET cycles) were calculated.

The data set was stratified based on BMI status, according to
WHO classification.’® Student's t test and y?/Fisher's exact tests
were used to determine whether there were significant differences
between BMI groups. A P value less than 0.05 was considered statisti-
cally significant. To assess differences in clinical outcomes, a multivar-
iate logistic regression was performed for each outcome (fertilization
rate, MIl rate, blastulation rate, euploid rate, pregnancy loss rate,
pregnancy rate, clinical pregnancy rate, live birth rate). Models were
adjusted for covariates including age, markers of ovarian reserve, total
gonadotropin dose, stimulation type, trigger type, estradiol and pro-
gesterone at the time of surge, number of embryos transferred, day of
embryo transfer, endometrial type, and morphologic grade. Likelihood
of clinical outcomes was presented as odds ratios (OR) with 95% con-
fidence interval (Cl). A post-hoc power calculation was performed for
the primary outcome using a two-sided a level of 0.05 and 80% power.
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Our study was powered to detect a 3.4% difference between groups
given the sample size. A difference less than 3.4% was not considered
to be clinically significant. Statistical analyses were conducted using
SAS version 9.4 (SAS Institute, Cary, NC, USA) and R statistical soft-
ware version 3.4.3 (R Core Team, Vienna, Austria).

3 | RESULTS

The study identified 717 underweight women and 11 901 normal
weight women who underwent COS for IVF (Table 1). Underweight

patients were significantly younger (mean + SD; 35.1 + 5.2 years) than
normal weight patients (37.1 + 4.5 years, P < 0.001). There were no
significant differences in gravidity and parity between groups. Patients
in the underweight group had higher anti-Mdllerian hormone levels
(3.2+4.0ng/nlversus 2.6 + 3.2 ng/nl, P < 0.001) and basal antral follicle
count (12.1 + 7.3 versus 11.0 + 6.5, P < 0.001). However, day 3 follicle-
stimulating hormone did not differ significantly between underweight
and normal weight patients (6.4 mIU/ml versus 6.7 mlU/ml, P = 0.087).
When comparing IVF stimulation protocols, underweight patients
were more likely to undergo an antagonist protocol (463 [64.6%] ver-
sus 7253 [60.9%], P = 0.002) and have a leuprolide acetate trigger

TABLE 1 Baseline demographics, COS characteristics, and IVF laboratory outcomes?

Underweight BMI (n = 717)

Age, years 35.1+5.2
Nulligravid 335 (50.0%)
Nulliparous 464 (69.0%)
AMH, ng/ml 3.2+4.0
BAFC 121+73
Stimulation type
Antagonist/estrogen priming 49 (6.8%)
Antagonist 463 (64.6%)
Clomiphene citrate/antagonist 12 (1.7%)
Downregulation 23 (3.2%)
MicroFlare 93 (13.0%)
OCP/leuprolide acetate 53 (7.4%)
Flare 10 (1.4%)
Other 14 (2.0%)
Trigger type
Dual 199 (28.1%)
hCG 461 (65.1%)
Leuprolide acetate 48 (6.8%)
Day 3 FSH, mIU/ml 6.4+4.0
Surge E,, pg/ml 2388 + 1244
Surge P,, ng/ml 1.0+ 1.0
Total GND, IU 3582 + 1540
Number of Mlls 11.3+8.1
Mll rate 0.78 £0.20
Number of fertilized oocytes 84+6.6
Fertilization rate 0.73+0.23
Number of blastocysts 53+%55
Blastulation rate 0.57+0.34
Number of euploid embryos 25+2.6
Euploid rate 0.47 +£0.33
Number of aneuploid embryos 21+19
Aneuploid rate 0.47 +£0.33

Normal BMI (n = 11 901) P value
371+45 <0.001
5143 (46.1%) 0.269
7922 (71.1%) 0.251
2.6+3.2 <0.001
11.0+£6.5 <0.001
992 (8.3%) 0.002
7253 (60.9%)

282 (2.4%)

635 (5.3%)

1623 (13.6%)

509 (4.3%)

340 (2.9%)

267 (2.2%)

3659 (31.2%) 0.006
7571 (64.6%)

493 (4.2%)

6.7 +3.7 0.087
2125+ 1141 <0.001
0.9+0.6 <0.001
3828 + 1399 <0.001
104 +£74 <0.001
0.78 £ 0.19 0.444
77 6.1 0.003
0.73+0.23 0.956
48+5.0 0.008
0.57 +0.34 0.773
22+26 0.038
0.46 +0.35 0.562
20+1.8 0.107
0.50+0.35 0.277

Abbreviations: AMH, anti-Millerian hormone; BAFC, basal antral follicle count; BMI, body mass index (calculated as weight in kilograms divided
by the square of height in meters);COS, controlled ovarian stimulation; E,, estradiol; FET, frozen-thawed embryo transfer; FSH, follicle-stimulating
hormone; GND, gonadotropin; hCG, human chorionic gonadotropin; IVF, in vitro fertilization; OCP, oral contraceptive pill; P,, progesterone.

#Values are given as mean = SD or as number (percentage).
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(48 [6.8%] versus 493 [4.2%], P = 0.006). Underweight patients had
higher peak estradiol (2388 + 1244 pg/ml versus 2125 + 1141 pg/ml,
P < 0.001) and progesterone (1.0 £ 1.0 ng/ml versus 0.9 + 0.6 ng/ml,
P < 0.001) levels than normal weight patients, but required a lower
total gonadotropin dose (3582 + 1540 IU versus 3828 + 1399 IU,
P <0.001).

The sub-analysis included 15 underweight women and 201
normal weight women who underwent single euploid FET.
Underweight and normal weight patients in this cohort had similar
ages (35.1 + 4.1 years versus 36.2 + 4.2 years, P = 0.336), anti-Miille-
rian hormone levels (4.13 + 2.15 ng/ml versus 3.30 + 3.00 ng/ml,
P = 0.638), basal antral follicle count (14.8 + 4.1 versus 12.7 + 6.8,
P = 0.306), stimulation type (P = 0.921), trigger type (P = 0.098), day
3 follicle-stimulating hormone levels (5.55 + 2.52 mlU/ml versus
6.26 £3.12 mlU/ml, P = 0.459), and estradiol (2907 £ 1090 pg/ml ver-
sus 2457 + 1158 pg/ml, P = 0.147) and progesterone (0.9 + 0.3 ng/
ml versus 1.0 + 0.4 ng/ml, P = 0.766) levels at time of surge (Table 2).
Underweight patients required a significantly lower gonadotropin
dose (2667 + 1437 U versus 3427 + 1421 IU, P = 0.048).

The IVF cycle outcomes for 717 underweight and 11 901 nor-
mal weight patients are reported in Table 1. Underweight patients
had a greater number of MIl oocytes retrieved (11.3 = 8.1 ver-
sus 10.4 + 7.4, P < 0.001) and oocytes fertilized (8.4 + 6.6 versus
7.7 £ 6.1, P = 0.003). The underweight and normal BMI groups had
similar rates of MIl oocytes (0.78 versus 0.78, P = 0.444, OR 0.86,
95% Cl 0.58-1.30) and fertilization (0.73 versus 0.73, P = 0.956, OR
1.00, 95% Cl 0.72-1.41), before and after adjusting for confound-
ers. Underweight cohorts had a greater number of blastocysts than
normal weight cohorts (5.3 + 5.5 versus 4.8 + 5.0, P = 0.003), but a
similar blastulation rate (0.57 versus 0.57, P = 0.773, OR 1.03, 95%
Cl 0.83-1.30). Underweight patients had more euploid blastocysts
(2.5 £ 2.6 versus 2.2 + 2.6, P = 0.038), but no significant differences
in aneuploidy were noted between groups. Underweight patients
had similar euploid rates compared with normal weight patients in
bivariate and multivariate analyses (0.47 versus 0.46, P = 0.562, OR
1.10, 95% CI1 0.80-1.52).

Among the 216 patients who had single euploid FET, no dif-
ferences in number of MIl oocytes retrieved (15.6 + 8.4 versus
13.2+£7.8,P=0.252), fertilized oocytes (12.8 + 6.5 versus 10.7 + 6.8,
P=0.240), blastocysts (9.3+4.9 versus 7.8 £ 5.3,P=0.312), or euploid
embryos (3.7 £ 1.8 versus 3.6 + 2.9, P = 0.819) were demonstrated
between underweight (n = 15) and normal weight patients (n = 201)
(Table 2). Although the number of aneuploid embryos was greater in
underweight patients (4.2 + 3.0 versus 2.4 + 2.1, P = 0.003), the an-
euploid rate was comparable between the two groups (0.48 versus
0.38, P = 0.151). In line with the primary analysis, underweight and
normal weight patients had similar rates of MIl oocytes (0.75 versus
0.79, P = 0.346), fertilization (0.85 versus 0.81, P = 0.395), blastula-
tion (0.73 versus 0.77, P = 0.645), euploid embryos (0.51 versus 0.60,
P =0.171) and aneuploid embryos (0.48 versus 0.38, P = 0.151).

Outcomes of FET were similar for underweight (n = 314) and
normal weight (n = 4420) patients before and after controlling for
confounders (Table 3). There were no significant differences in rates

TABLE 2 Baseline demographics, COS characteristics, and IVF
laboratory outcomes of single euploid FET*

Underweight Normal BMI

BMI(n=15) (n=201) P value
Age, years 351+41 36.2+4.2 0.336
Nulligravid 3(23.1%) 54 (28.3%) 0.943
Nulliparous 5(38.5%) 104 (54.2%) 0.454
AMH, ng/ml 4.13+2.15 3.30+£3.00 0.638
BAFC 14.8+4.1 12.7 + 6.8 0.306
Stimulation type
Antagonist/estrogen 0(0.0%) 14 (7.0%) 0.921
priming
Antagonist 14 (93.3%) 153 (76.1%)
Clomiphene citrate/ 0 (0.0%) 1(0.5%)
antagonist
Downregulation 0 (0.0%) 5(2.5%)
MicroFlare 0(0.0%) 10 (5.0%)
OCP/leuprolide acetate 1(6.7%) 12 (6.0%)
Flare 0(0.0%) 0(0.0%)
Other 0(0.0%) 6 (3.0%)
Trigger type
Dual 4(26.7%) 62 (32.1%) 0.098
hCG 8(53.3%) 121 (62.7%)
Leuprolide acetate 3(20.0%) 10 (5.2%)
Day 3 FSH, mIU/ml 5.55+2.52 6.26+3.12  0.459
Surge E,, pg/ml 2907 + 1090 2457 +1158 0.147
Surge P,, ng/ml 0.9+0.3 1.0+04 0.766
Total GND, IU 2667 + 1437 3427 £1421 0.048
Number of Mlls 15.6 +8.4 13.2+7.8 0.252
Mill rate 0.75+0.18 0.79 +£0.16 0.346
Number of fertilized 12.8 + 6.5 10.7 + 6.8 0.240
oocytes
Fertilization rate 0.85+0.16 0.81+0.15 0.395
Number of blastocysts 9.3+49 7.8+5.3 0.312
Blastulation rate 0.73+0.17 0.77 £0.32 0.645
Number of euploid 3.7+1.8 3.6+29 0.819
embryos
Euploid rate 0.51+0.21 0.60+0.26 0.171
Number of aneuploid 42+3.0 24+21 0.003
embryos
Aneuploid rate 0.48 £0.20 0.38+0.25 0.151

Abbreviations: AMH, anti-Miillerian hormone; BAFC, basal antral follicle
count; BMI, body mass index (calculated as weight in kilograms divided
by the square of height in meters);COS, controlled ovarian stimulation; E,,
estradiol; FET, frozen-thawed embryo transfer; FSH, follicle-stimulating
hormone; GND, gonadotropin; hCG, human chorionic gonadotropin; IVF,
in vitro fertilization; OCP, oral contraceptive pill; P,, progesterone.

#Values are given as mean = SD or as number (percentage).

of pregnancy loss (7 [3.8%] versus 100 [3.5%], P = 0.953, OR 1.11,
95% Cl 0.51-2.43), pregnancy (183 [58.3%] versus 2897 [56.2%],
P =0.502, OR 1.09, 95% 0.87-1.37) clinical pregnancy (148 [48.5%]
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versus 2408 [47.3%], P = 0.716, OR 1.05, 95% Cl 0.83-1.33) or live
birth (122 [45.2%] versus 1972 [44.6%], P = 0.904, OR 1.02, 95% Cl
0.80-1.31).

Underweight (n = 15) and normal weight (n = 184) patients
who underwent single euploid FET also had similar rates of preg-
nancy loss (2 [18.2%)] versus 5 [4.3%], P = 0.113, OR 4.93, 95% CI
0.84-29.11), pregnancy (12 [80.0%] versus 118 [64.1%], P = 0.269,
OR 2.24, 95% 0.61-8.21), clinical pregnancy (7 [46.7%] versus 99
[53.8%], P = 0.604, OR 0.75, 95% Cl 0.26-2.16) and live birth (5
[45.5%] versus 89 [54.6%], P = 0.756, OR 0.69, 95% Cl 0.20-2.36)
(Table 4).

4 | DISCUSSION

The present study is one of the largest to evaluate the relationship
between low BMI and IVF treatment outcomes in patients who un-
derwent COS. Although some differences in baseline demograph-
ics and COS characteristics existed between BMI groups, we failed
to show that an underweight BMI caused disparities in clinical out-
comes, particularly with patients who underwent single euploid
FET. Extreme alterations in body composition and decreased energy
availability associated with low BMI have been shown to result in
many negative health consequences, but these changes do not ap-
pear to be associated with impaired embryo quality or quantity or
adverse pregnancy outcomes.

Many researchers have found that women with low BMI have
similar IVF and pregnancy outcomes to those with normal BM|.82
These studies are in contrast to the early theory of a U-shaped asso-
ciation between an underweight BMI and pregnancy outcomes after

TABLE 3 Frozen embryo transfer pregnancy outcomes

Underweight Normal BMI

BMI(n=314) (n=4420) P value
Pregnancy loss rate (%) 7(3.8) 100 (3.5) 0.953
Pregnancy rate (%) 183 (58.3) 2897 (56.2) 0.502
Clinical pregnancy rate (%) 148 (48.5) 2408 (47.3) 0.716
Live birth rate (%) 122 (45.2) 1972 (44.6) 0.904

Abbreviation: BMI, body mass index (calculated as weight in kilograms
divided by the square of height in meters).

TABLE 4 FET pregnancy outcomes of single euploid FET

Underweight Normal BMI

BMI (n = 15) (n =184) P value
Pregnancy loss rate (%) 2(18.2) 5(4.3) 0.113
Pregnancy rate (%) 12 (80.0) 118 (64.1) 0.269
Clinical pregnancy rate (%) 7(46.7) 99 (53.8) 0.604
Live birth rate (%) 5(45.5) 89 (54.6) 0.756

Abbreviations: BMI, body mass index (calculated as weight in kilograms
divided by the square of height in meters); FET, frozen embryo transfer.

IVF treatment and further suggest that beyond embryo quality and
quantity, pregnancy outcomes following IVF are not impacted by ex-
treme alterations in BMIL.481° The present study's findings bolster
these results by focusing on pregnancy outcomes in patients who
underwent PGT-A and single euploid FET. With more advanced IVF
protocols and the introduction of PGT-A, there has been a shift in
clinical practice from the transfer of multiple embryos to a single
euploid embryo. All of these changes have translated into better
clinical outcomes, with reductions in multiple births and obstetric
complications. In our sub-analysis, we confirm that patients who un-
dergo single euploid FET have similar pregnancy outcomes, regard-
less of BMI group.

Our study has some limitations. First, the retrospective de-
sign may present a selection bias in our population of patients.
Furthermore, given the retrospective nature of the study, we were
not able to account for all patient characteristics that are known
to affect IVF outcomes, including smoking and duration of infertil-
ity, or control for differences in cycle characteristics between the
two groups, such as stimulation protocol. However, we were able
to adjust our analysis for many other impactful patient characteris-
tics, including age, gravidity, parity, and markers of ovarian reserve.
There was also a significantly lower number of patients who were
underweight compared with normal weight, which may skew the
results.

Our study has several strengths. Our results shed new light on
the relationship between an underweight BMI and embryo quality
and quantity, as the lack of a negative relationship is extremely valu-
able and encouraging for both patients undergoing IVF and those
pursuing elective embryo and oocyte cryopreservation. This is also
one of the largest studies to analyze the relationship between a low
BMI and IVF outcomes and the validity of our results are strength-
ened by the sample size. Our sub-analysis focusing on single euploid
FET also expanded upon previous studies by demonstrating a neu-
tral relationship between BMI and pregnancy outcomes when using
modern IVF practices, particularly PGT-A.

This study sought to investigate the relationship between an
underweight BMI and IVF outcomes and detected a clinically neg-
ligible impact of a low BMI. We found that although there was an
increased number of MII oocytes retrieved and fertilized in the
underweight group, MIl and fertilization rates did not differ signifi-
cantly from patients of normal weight. Underweight patients were
more likely to have embryos that achieved blastulation and were
euploid, but had similar rates of blastulation and ploidy as normal
weight patients. For patients that underwent single euploid FET, we
observed no differences in pregnancy loss, pregnancy, clinical preg-
nancy, and live birth rates among underweight and normal weight
cohorts. Although this study provides reassurance to underweight
patients undergoing IVF, providers are still encouraged to focus on
discussing nutritional and exercise guidelines that may further opti-

mize preconception health.
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