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Abstract

Introduction: Open fetal surgery requires a hemostatic hysterotomy that minimizes membrane
separation. For over 30 years, the standard of care for hysterotomy in the gravid uterus has been
the AutoSuture Premium Poly CS*-57 stapler.

Objective: In this study, we sought to test the feasibility of hysterotomy in a rhesus monkey
model with the Harmonic ACE®+7 Shears.
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Methods: A gravid rhesus monkey underwent midgestation hysterotomy at approximately 90
days of gestation (2nd trimester; term = 165 + 10 days) using the Harmonic ACE®+7 Shears. A
two-layer uterine closure was completed and the dam was monitored by ultrasound intermittently
throughout the pregnancy. At 58 days after hysterotomy (near term), a final surgery was performed
to evaluate the uterus and hysterotomy site.

Results: A 3.5-cm hysterotomy was completed in 2 min 7 s. The opening was hemostatic and
the membranes were sealed. Immediately after closure and throughout the pregnancy, ultrasound
revealed intact membranes without separation and normal amniotic fluid levels. At term, the scar
was well healed without signs of thinning or dehiscence.

Conclusions: The Harmonic ACE®+7 Shears produced a hemostatic midgestation hysterotomy
with membrane sealing in the rhesus monkey model. Importantly, healing was acceptable.

Keywords

Hysterotomy; Fetal surgery; Harmonic ACE®+7 Shears; Prenatal surgery

Introduction

Open fetal surgery began in the 1980s at the University of California, San Francisco [1].
Initial work in the rhesus monkey model was performed to optimize anesthesia, tocolysis,
and operative technique, including opening and closing of the uterus. The published results
for those studies were titled Fetal Surgery in the Primate 1, 11, and 111 [2-4]. During this
time, with the aid of this translational nonhuman primate model, the fetal community
learned that metallic staples were detrimental to future fertility. To ameliorate the problem
of infertility in future reproductive life, a novel stapler using absorbable copolymer

staples was developed. Following safety and efficacy testing in the rhesus monkey model,
the AutoSuture Premium Poly CS*-57 stapler (Medtronic, Minneapolis, MN, USA) has
remained the standard of care for open fetal surgery to this day [4, 5]. As the sole use of
this stapler is fetal surgery, its utility is limited [6, 7]. Additionally, limited international
availability has resulted in exploration of alternative techniques for uterine opening without
background safety data in animal models [8].

We have shown previously that the Harmonic ACE®+7 Shears (Ethicon, Somerville, NJ,
USA) performed similarly to the AutoSuture Premium Poly CS*-57 stapler for uterine
opening in the gravid ovine model. The Harmonic ACE®+7 Shears hysterotomy resulted

in similar tensile strength and less fibrosis than the stapler [9]. That study also tested the
LigaSure™ Impact (Medtronic) for uterine opening. The LigaSure™ Impact performed a
hemostatic hysterotomy with membrane sealing; however, the lateral thermal spread was
significantly increased, thus it was not studied further in pregnancy continuation and healing
was not evaluated [9]. The ovine study evaluated whether there was a role in utilizing a
surgical power device for hysterotomy incision, but the ovine myometrium thinness limited
comparability to human use. In the feasibility study reported herein, we sought to determine
whether the Harmonic ACE®+7 Shears could be used to safely open the uterus in the rhesus
monkey model as the rhesus uterus is more comparable to that of humans [10]. We also
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sought to determine whether, with traditional closure techniques, the hysterotomy healed and
permitted continued gestation.

A normally cycling adult female rhesus monkey (Macaca mulatta, 7.4 kg, approximately 9
years of age) with a history of prior pregnancy was bred and identified as pregnant according
to established methods [11]. The dam was sonographically monitored during gestation to
confirm normal fetal growth and development prior to selection for the project.

Initial Hysterotomy Surgery

On the day of surgery (approximately 90 days of gestation, second trimester; term =

165 + 10 days) the dam was sedated with ketamine (10 mg/kg i.m.). A 1.5-mL blood
sample was collected from a peripheral vessel for a complete blood count and chemistry
panel, which were both within normal limits. An ultrasound examination was performed to
confirm fetal viability and placental disc locations (bidiscoid placenta) immediately prior

to surgery. The locations of the placental discs were documented, with the primary disc
located laterally (right) and anterior and the secondary disc located posteriorly (Fig. 1a).
The dam was brought from the imaging suite to the surgery suite for intubation followed by
placement of an intravenous catheter. Atropine (0.04 mg/kg) was administered. The dam was
then placed on intravenous fluids and inhaled isoflurane (2.5% for induction followed by
maintenance at 1.5%) for general anesthesia. A midline laparotomy was performed and the
gravid uterus was carefully exteriorized from the maternal abdomen. The placental locations
were confirmed with palpation, and the location for safe uterine opening was selected.

Two hemostatic stay sutures were placed on either side with 2-0 Vicryl (Eth-icon). The
uterus was initially entered between these sutures with Bovie electrocautery. The Harmonic
ACE®+7 Shears, utilizing the advanced hemostasis mode, was used to complete a 3.5-cm
opening in the uterus (Fig. 2a). The hysterotomy was then closed in two layers utilizing a
single running layer and interrupted retention sutures; all uterine suture was 2-0 Vicryl (Fig.
2b). Prior to closure, an intrauterine dose of antibiotics was given (500 mg of nafcillin in

60 mL of warmed sterile saline) for infection prophylaxis. The uterus was returned to the
maternal abdomen and the fascia and skin were closed.

Postoperative Monitoring

Postoperative medications included valium (0.5 mg/kg i.v.) and midazolam (38 mg s.c.)
immediately after surgery. Prior to extubation an ultrasound examination confirmed that

the amniotic membranes were intact (Fig. 1b). Analgesia was given for 3 days, including
hydromorphone (0.15 mg/kg i.m. three times daily), buprenorphine (0.03 mg/kg i.m. once
daily), and ketoprofen (5.0 mg/kg i.m. three times daily). The dam and fetus were monitored
with ultrasound 2 days postoperatively and intermittently throughout the pregnancy.

Hysterotomy Recovery Surgery

At 58 days after hysterotomy (approximately 148 days of gestation, near term; term 165 +
10 days), the dam was sedated with ketamine (10 mg/kg i.m.), a blood sample was collected
for presurgery complete blood count, and an ultrasound examination was performed to

Fetal Diagn Ther. Author manuscript; available in PMC 2021 November 25.
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confirm fetal viability and uterine healing. The dam was intubated, an intravenous catheter
was placed, and general anesthesia was initiated with atropine (0.04 mg/kg) and isoflurane
(2.5% with maintenance at 1.5%). A midline laparotomy was performed and the gravid
uterus was exteriorized from the maternal abdomen. The healed hysterotomy incision was
inspected grossly and resected for histological analysis. The hysterotomy was closed and the
uterus was returned to the maternal abdomen. The abdominal fascia and skin were closed.

Histological Analysis

Results

The tissue was sectioned perpendicular to the scar and fixed in 10% buffered formalin

and routinely processed; 5-um sections were stained with hematoxylin and eosin as well

as Masson’s tri-chrome. A board-certified veterinary pathologist categorized the degree of
inflammation and fibrosis as mild, moderate, or severe, as previously described [9]. The
presence of inflammatory cells, foreign material, appearance of fetal membranes, adherence
of adipose tissue, and presence of amniotic fluid components was also evaluated.

Initial Hysterotomy Surgery

The 3.5-cm hysterotomy was completed in 4 min 50 s: primary opening with the Bovie
was 2 min 43 s and completion with the Harmonic ACE®+7 Shears was 2 min 7 s. Each
centimeter of uterine opening with the Harmonic ACE®+7 Shears took approximately 25 s
to complete. Membrane separation was noted at the point of initial opening with the Bovie,
but the membranes were sealed at all areas where the Harmonic ACE®+7 Shears was used
(Fig. 2a). Importantly, the membranes did not adhere to the Harmonic ACE®+7 Shears
during the procedure, which has been observed with the LigaSure™ Impact in the ovine
model [9].

Postoperative Monitoring

The immediate postoperative ultrasound examination confirmed transient fetal bradycardia
which resolved and intact membranes without separation (Fig. 1). Follow-up ultrasound
examinations 2 days after hysterotomy and subsequently throughout pregnancy revealed

a normal fetal heart rate, intact membranes, and pockets of amniotic fluid within normal
limits (Fig. 3). The dam showed no signs of discomfort when postoperative analgesics were
completed, and all fetal parameters were within normal limits at all time points assessed
(e.g., heart rate, growth and development, and placental parameters).

Hysterotomy Recovery Surgery

At 58 days after hysterotomy, the uterine incision grossly appeared well healed and
measured 5 cm in length. The omentum was adherent to the incision site (Fig. 4) and there
were no signs of thinning or dehiscence (Fig. 4). Histological analysis showed moderate
multifocal inflammation and fibrosis throughout the myometrium (Fig. 5). Inflammation
consisted of perivascular and scattered lymphocytes, plasma cells, and fewer neutrophils. In
addition, there was generalized myometrial edema. The amniotic membrane, when present,
appeared normal. Foreign material was surrounded by giant cell macrophages and fibrosis in
the central area of the grossly observed scar.

Fetal Diagn Ther. Author manuscript; available in PMC 2021 November 25.
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Discussion

In this study, we demonstrated that the Harmonic ACE®+7 Shears resulted in a good
outcome for midgestation hysterotomy in the rhesus monkey model as evidenced by a
well-healed uterine incision and continued pregnancy without incident. The membranes
sealed upon uterine opening and remained fused for the remainder of the pregnancy. There
was no evidence of chorion-amnion separation and the amniotic fluid volume was normal by
ultrasound evaluation across the remainder of pregnancy. The incision was well healed at the
recovery operation and showed no signs of dehiscence or thinning.

The AutoSuture Premium Poly CS*-57 stapler was developed for fetal surgery in the 1980s
and remains the standard of care to this day. The benefits of this stapler included simple
use, hemostasis, membrane sealing, and fewer adverse effects upon future reproduction
than metallic staplers [5]. This was important as it met the goals of hysterotomy for fetal
surgery, i.e., the membranes remained intact to decrease the risk of premature rupture of
membranes, the hysterotomy opening was hemostatic to avoid unnecessary blood loss, and
post-hysterotomy healing was adequate to ensure continuation of the pregnancy. Use of this
stapler for cesarean deliveries has been studied with mixed results [6, 12, 13]. However,
both a 2000 and 2014 Cochrane Database review showed no difference in cesarean delivery
performed with the stapling device versus traditional opening. Due in part to the expense,
the copolymer stapler has not gained wide use outside of fetal surgery [7, 14].

Despite its innovative and novel design, the AutoSuture Premium Poly CS*-57 stapler is not
without limitations even in the field of fetal surgery. The production process to manufacture
the absorbable copolymer staples is quite complex, requiring exact specifications that often
result in demand exceeding supply. The stapler has occasionally been on backorder, leaving
our institution and others without the product for limited periods of time. The lack of
universal availability internationally as well as local unavailability have resulted in the rise
of innovative techniques that have not been studied in a primate model. In our experience,
the stapler device will also occasionally misfire, resulting in unintentional bleeding and/or
membrane separation.

Due to these limitations, our group has explored alternative methods of hysterotomy in
animal models. A previous study compared two commercially available surgical energy
devices in an ovine model and found the Harmonic ACE®+7 Shears suitable for creating

a timely, hemostatic hysterotomy without membrane separation. Importantly, there was
significantly less thermal injury when using the Harmonic ACE®+7 Shears compared to

the LigaSure™ Impact [9]. Due to this decreased thermal injury in the Harmonic ACE®+7
Shears, subsequent ovine studies compared the Harmonic ACE®+7 Shears to the historically
used stapler device. Healing was adequate after 5-6 weeks of continued gestation with

the Harmonic ACE®+7 Shears and showed similar inflammation with less fibrosis when
compared to the AutoSuture Premium Poly CS*-57 stapler [9]. For both the ovine study
and the current nonhuman primate study, the advanced hemostasis mode was utilized on the
Harmonic ACE®+7 Shears as this allows sealing of blood vessels up to 7 mm in diameter
with less lateral thermal damage than with other devices [15].

Fetal Diagn Ther. Author manuscript; available in PMC 2021 November 25.
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The degree of histological inflammation and fibrosis of the hysterotomy scar observed in
this study was similar to that produced with the stapler in both ovine and human studies [9,
16]. The fibrosis was moderate and multifocal as seen with use of the AutoSuture Premium
Poly CS*-57 stapler in the ovine model [9]. In this single animal, the fibrosis was more
multifocal than the mild fibrosis that was largely limited to the region surrounding suture
material in the ovine model [9]. Adhesions from adipose tissue on the serosa were visualized
similarly to those seen with human stapled hysterotomy [16].

Although our study supports the consideration of hysterotomy creation with the Harmonic
ACE®+7 Shears for human studies, it is not without limitations. The primary limitation is
that the study was completed on a single animal; we recognize that more animals would

be needed to fully address safety. The second limitation is that we did not explore future
reproductive potential after surgery. We anticipate that the Harmonic ACE®+7 Shears
hysterotomy will not have a detrimental effect upon fertility or the course of future
pregnancies since there is no retained foreign body and the tissue impact is minimal. A

third limitation is that the procedure did not fully simulate open fetal surgery as there was
minimal fetal manipulation. This study was designed to assess the feasibility of using the
Harmonic ACE®+7 Shears to safely open the uterus and demonstrate healing with continued
gestation, which it achieved. Although the rhesus monkey uterus is the best primate model
of the human uterus [10], we also recognize that rhesus monkeys are smaller, and while
more comparable to humans than the sheep, the uterus does not have the same thickness

as that of humans at this stage of gestation. However, it is important to recognize that the
original studies performed with the AutoSuture Premium Poly CS*-57 stapler in rhesus
monkeys provided the safety data necessary to advance human clinical studies and were
predictive. Finally, we recognize that some centers describe using other surgical power
devices in the human for hysterotomy (unpublished data). Based on our prior experience, we
limited the current study to the Harmonic ACE®+7 Shears device.

Conclusion

The Harmonic ACE®+7 Shears successfully created a hemostatic, midgestation hysterotomy
with membrane sealing in the rhesus monkey model. Amniotic fluid volumes remained
stable throughout the pregnancy and healing was observed at delivery.
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Pre-hysterotomy

Post-hysterotomy
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Fig. 1.

Ulg'][rasound images before (a, b) and after hysterotomy (c). a, b Before hysterotomy the
location of the placental discs was verified and intact membranes (white arrow) and viability
of the fetus were confirmed. ¢ The post-hysterotomy scan showed intact membranes (white
arrow) at the site of the uterine scar (red arrow indicates artifact from a suture). The scale
bar in a denotes 1 cm.
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Fig. 2.
Hemostatic hysterotomy (3.5 cm) completed on both sides of the stay sutures with a

Harmonic ACE®+7 Shears (a) and after two-layer closure (b).
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Fig. 3.
Ultrasound images 2 days after hysterotomy. The white arrows highlight intact membranes,

the red arrow artifact from suture. AF, amniotic fluid; v, fetal vertebrae; *, fetal rib
shadowing.
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Fig. 4.
Healed hysterotomy 58 days after initial surgery. The omentum adhered to the incision site.

The incision was well healed without signs of thinning or dehiscence.
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Fig. 5.
Hematoxylin and eosin stain of the hysterotomy scar demonstrated moderate inflammation.

Cross-section of the hysterotomy scar with myometrium (*), decidua ("), and serosa (#). a
Low magnification of uterine and placental tissue taken from the middle of the surgical site
(x0.3). b Fibrosis surrounding foreign material (x40). ¢ Perivascular inflammation (x10).
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