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Abstract

BACKGROUND

Pancreaticoduodenectomy combined with portal vein (PV) and/or superior mesenteric
vein (SMV) resection in patients with pancreaticobiliary malignancy_has become a
common surgjical procedure. There are various grafts currently used for PV and/or SMV
reconstruction, but each of these grafts have certain limitations. Therefore, it is necessary
to explore novel grafts that have an extensive resource pool, are low cost with good

clinical application, and are without immune response rejection or additional damage to

patients.

AIM
To observe the anatomical and histological characteristics of the ligamentum teres hepatis
(LTH) and evaluate PV/SMV reconstruction using an autologous LTH graft in

pancreaticobiliary malignancy patients.




METHODS

In 107 patients, the post-dilated length and diameter in resected LTH specimens were
measured. The general structure of the LTH specimens was observed by hematoxylinand
eosin (HE) staining. Collagen fibers (CFs), elastic fibers (EFs), and smooth muscle (SM)
were visualized by Verhoeff-Van Gieson staining and the expression of CD34, factor VIII-
related antigen (FVIIIAg), endothelial nitric oxide synthase (eNOS), and tissue type
plasminogen activator (t-PA) were detected using immunohistochemistry in LTH and PV
(control) endothelial cells. PV and/or SMV reconstruction using the autologous LTH was
conducted in 26 patients with pancreaticobiliary malignancies and the outcomes were

retrospectively analyzed.

RESULTS

The post-dilated length of LTH was 9.67 + 1.43 cm and the diameter at a pressure of 30
cm HxO was 12.82 + 1.32 mm at the cranial end and 7.06 + 1.88 mm at the caudal end.
Residual cavities with smooth tunica intima covered by endothelial cells were found in
HE-stained LTH specimens. The relative amounts of EFs, CFs, and SM in the LTH were
similar to those in the PV [EF (%): 11.23 £ 3.40 vs 11.57 + 2.80, P = 0.62; CF (%):33.51 £ 7.71
vs 3211 £ 4.82, P = 0.33; SM (%): 15.61 + 5.26 vs 16.74 + 4.83, P = 0.32]. CD34, FVIIIAg,
eNOS, and t-PA were expressed in both LTH and PV endothelial cells. The PV and/or
SMYV reconstructions were successfully completed in all patients. The overall morbidity
and mortality rates were 38.46% and 7.69%, respectively. There were no graft-related
complications. The postoperative vein stenosis rates at two weeks, one month, three
months and one year were 7.69%, 11.54%, 15.38%, and 19.23%, respectively. In all five
patients affected, the degree of vascular stenosis was less than half of the reconstructed

vein lumen diameter (mild stenosis) and the vessels remained patent.

CONCLUSION




The anatomical and histological characteristics of LTH are similar to the PV and SMV. As
such, the LTH can be used as an autologous graft for PV and/or SMV reconstruction in

pancreaticobiliary malignancy patients who require PV and /or SMV resection.
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Core Tip: The anatomical, histological, and clinical studies using the recanalized
ligamentum teres hepatis (LTH) to reconstruct the portal vein (PV) and/or superior
mesenteric vein (SMV) were studjed. It was found that the post-dilated length and
dimeter of the LTH were suitable for PV and/or SMV reconstruction. The histological
structure of LTH wall was similar to the PV. High vascular patency rate and good clinical
effects were acquired in clinical application. It was demonstrated that there is both basic
and clinical rationale for the use of LTH in PV and/or SMV reconstruction, since it does

not cause additional injury or increase medical costs, and has good clinical effects.




INTRODUCTION

Locally advanced carcinoma of the pancreatic head or ampulla of Vater often involves

the portal vein (PV) and/or the superior mesenteric vein (SMV). Partial removal of the
PV or SMV for complete surgical resection of the tumor is indicated'#l. A graft as a
conduit or patch for PV and/or SMV reconstruction is needed. The most commonly used
grafts include autogenous, homologous, or artificial blood vesselsl>?l. However, these
grafts have their own limitations. Therefore, it is necessary to explore more suitable grafts
for PV and/or SMV reconstruction.

The ligamentum teres hepatis (LTH) is a fibrous remnant of the obliterated umbilical
vein, which has the potential to be used as a graft(1011l. Since the 1990s, the LTH has been
described as a graft for reconstruction of the biliary tract, stomach or duodenum(™2-14l.
However, there are few studies on the use of LTH as a vascularéraft during a
pancreatoduodenectomy (PD) procedure, and systematic studies have not been
performed. The aim of the present study was to understand the vascular characteristics
of the LTH in the laboratory and assess clinical outcomes of the LTH as a vascular graft

for PV and/or SMV reconstruction in patients with pancreaticobiliary malignancy.

MATERIALS AND METHODS

Morphometric study

Collection of LTH specimens: LTHs were obtained from 107 patients undergoing upper
abdominal surgery in Binzhou Medical University Hospital. The surgical procedures
included radical resections for gastric cancer (n = 54), hilar cholangiocarcinoma (1 = 27),

and pancreatic cancer (n = 26).

Specimen harvest and preparation: During the procedure, the entire LTH was excised.

After removing the superficial fat layer, the LTH was placed in normal saline.

Recanalization of LTH: The remnant lumen of the LTH was identified and recanalized

using a mosquito clamp (Figure 1A) and a 3 mm probe (Figure 1B), then gradually dilated




using probes of 5 to 10 mm in diameter until the endothelial creases completely
disappeared. The distal end of the LTH was tightly clamped and a bolus of normal saline
was injected into the lumen from the proximal end to further enlarge the lumen (Figure

10).

Measurement of the recanalized LTH: The length and the outer diameter of the
recanalized LTH were measured using a ruler and Vernier calipers, respectively, at a
hydrostatic pressure of 30 cm H>O. The diameters of the LTH vessels were measured at

1 cm intervals over the entire length of the vessel.

Histological and immunohistochemical studies

Specimen harvest and preparation of LTH and PV: Forty LTH specimens were obtained
from patients undergoing upper abdominal surgery at Binzho edical University
Hospital and PV specimens were obtained from 40 dgnor livers at The First Affiliated
Hospital of Xi‘an Jiaotong Uniyersity. LTH and PV specimens were fixed with 10%
neutral formaldehyde solution and embedded in paraffin. Cross sections (5 pm) were
prepared for hematoxylin and eosin (HE), Verhoeff-Van Gieson (VVG), and
immunohistochemisﬁy staining.

The solutions purchased from Shanghai Sheng Gong Biological Engineering
Technology Service (Shanghai, China) included hematoxylin_gosin, 10% and 2% FeCls,
Weigert’s iodine, 5% sodium thiosulfate, VVG stain, and phosphate-buffered saline
(PBS). Mouse monoclonal anti-human CD34,_rabbit monoclonal anti-human factor VIII-
related antigen (FVIIIAg), rabbit lyclcmal anti-human endothelial nitric oxide synthase

NOS), and rabbit polyclonal anti-human tissue type plasminogen activator (t-PA)
antibodies were purchased from Santa Cruz Biotechnology (CA, United aates). SP-9000
Histostain TM-plus Kits and concentrated ZLI-9031 diaminobenzidine (DAB) kits were
purchased from Beijing Zhongshan Jingiao Biotechnology (Beijing, China).

Determination of the relative contents of collagen fibers (CFs), elastic fibers (EFs) and

smooth muscle (SM) was performed in 40 sections of both LTHs and PVs. Sections were




deparaffinized with xylene and immersed in VVG working solution to stain for 1 h. The

sections were rinsed three times with distillt&water and then immersed in 2% FeCl; for
2 min for color separation. After immersion in 5% sodium thiosulfate solution for 1 min,
the secti&s were washed with running water for 5 min, then re-stained with VVG
staining solution for 5 min. The sections were rapidly dehydrated with a gradient alcohol
series and cleared with xylene before sealing with Rhamsan gum. Under a light
microscope, the left intersection point of the horizontal axis and LTH rings were used as
the sampling window. Forty fields from 40 sections (one field/section) of both LTH and
PV tissues were selected at a high magnification (x 400). Using the Motic medical image
analysis system (MMD6.0 A), the relative content of EFs, CFs, and SM in the wall of LTH
and PV specimens were analyzed.

Detection of the distribution and function of LTH endothelial cells was also
performed in 40 sectigns of both LTHs and PVs. Sections were deparaffinized with xylene
and immersed in 3% H>Oz solution to inactivﬁe endogenous enzymes. The sections were
then washedéfith PBS prior to heat-induced antigen retrieval and incubated with normal
goat serum at room temperature for 15 min. Then, the sections were incubated with
primary antibodies, including anti-CD34 (1:100 dilution), anti-FVIIIAg (1:50 dilution),
anti-eNOS (1:200 dilution), and anti-t-PA (1:200 dilution). After overnight incubation at 4
°C, sections were incubated with secondary antibodies (biotinylated univergal secondary
antibody, ready-to-use secondary antibody) for 15 min at 37 °C. Next, sections were
incubated with horseradish peroxidase streptavidin for 15 min at 37 °C followed by the
DAB reagentéor 3-10 min to visualize color. The reaction time was controlled by
observation under a light microscope. The sections were counterstained with
hematoxylin for 5 min. After dehydration and clearing, the sections were sealed with

Rhamsan gum and observed.

Clinical study
Subjects: Two hundred and sixty-four patients underwent a PD procedure at Binzhou

Medical University Hospital from September 2003 to July 2019. Thirty-nine of the 264




patients underwent PD combined with PV and /or SMV resection. The vascular resection

rate was 14.77%. Among these 39 patients, 26 patients underwent PD combined with PV
and/or SMV resection and reconstruction using a recanalized LTH and were included in
this study. Twenty-five of the 26 patients underwent an open PD, and one patient
underwent a laparoscopic PD. All 26 patients were evaluated preoperatively by physical
examination and blood tests. Contrast-enhanced computed tomography (CT) was
performed to assess the status of vascular infiltration.

Inclusion criteria: (1) patients who underwent PD combined with PV and/or SMV
resection and reconstruction with LTH for malignant tumors of the bile duct, pancreas,
Vater's ampulla, and duodenum; and (2) clinical data were available.

Exclusion criteria: (1) patients who underwent PD combined with PV and /or SMV
resection and reconstruction without grafts or using other grafts; and (2) patients whose

clinical data were not available.

Surgical procedure

Preparation of LTH grafts: Based on the intraoperative findings, if there was PV and/or
SMYV involvement of more than one-third of the circumference and 3 cm in length, then
resection and reconstruction of the involved vein was performed. The LTH was then
excised and recanalized as described above. After recanalization, LTH was trimmed into
a tubular graft or patch according to the defect extent of the PV and/or SMV. The

trimmed LTH was preserved in heparinized saline for grafting.

Vascular reconstruction: The proximal and distal portion of the involved vein was
clamped with nontraumatic clips and the venous occlusion time was documented. The
splenic vein (SV) was also controlled if needed. The tumor along with the involved PV
and/or SMV segment was resected en bloc. If the extent of the PV and/or SMV resection
was more than 1/3 butless than 1/2 of the circumference of the vein, then a patch of LTH

was used for reconstruction (Figure 2A and B, Video 1). If the resected segment of the




involved PV and/or SMV was more than 3 cm in length, LTH was used as an
interposition graft (Figure 2C and D, Video 2).

All anastomoses were performed using continﬁaus 5-0 prolene sutures. Before

completion of the anastomosis, both the stump of the recipient’s vein and the graft were
rinsed with heparinized saline and flushed by release of the PV clamp to remove any
clots. Upon completion, the anastomosis was checked for leaks and refilling. The types of
surgical procedure, &)tal operative time, estimated blood loss, and vascular occlusion
time were recorded. The operations were performed by the same surgeon with more than
15 years of experience in hepatobiliary surgery.
Postoperative management, complications, and assessment of vascular patency: All
patients received anticoagulant therapy with low molecular weight heparin (4100 IU;
every 12 h) in the first postoperative week. Aspirin or low-dose warfarin was initiated
from the eighth postoperative day in all patients and continued for three months. The
postoperative complications were recorded and classified using the International Study
Group of Pancreatic Surgery and Clavien-Dindo classification!'>'¢l. PV /SMV blood flow
was monitored using Doppler ultrasound. The patency of the reconstructed PV/SMV
was evaluated by contrast-enhanced abdominal CT (Figure 3). The degree classification
of reconstructed vein stenosis was based on the classification method of Kleive et alll7].
The date of last follow-up was June 2022.

This study was approved by the Ethics Committee of Binzhou Medical University
Hospital (2019-LW-023). This study has been registered with the Chinese Clinical Trial
Registry (Registration No. ChiCTR1900027098 https://www.chictr.org.cn). Written
informed consent to participate was obtained from all patients.

Statistical analysis
The SPSS 18.0 software (SPSS, Chicago, IL, United States) was used for all statistical
analyses. The variables were expressed as mean + SD or dians with interquartile

10
ranges. Intergroup comparisons of the data were made using independent sample t-tests.




A P value of lesg than 0.05 was considered statistically significant. Reconstructed vascular

lumen patency and overall survival were estimated using the Kaplan-Meier method.

RESULTS

Morphologic characteristics of LTH

The LTH was successfully dilated in 104 specimens yielding a success rate of 97.20%. The
length of the dilated segments was 9.67 + 1.43 cm (range: 6.9-13.0 cm). The diameters of
the dilated LTH were 12.82 +1.32 mm (range: 10.9-17.2 mm) at the cranial end and 7.06 +
1.88 mm (range: 3.0-12.1 mm) at the caudal end (Table 1).

Microscopic appearance ofLTH
Residual cavities with smooth tunica intima covered with endothelial cells were found in

all 40 LTH specimens (Figure 4A and B).

Relative contents of EFs, CFs, and SM

VVG staining revealed that LTH specimens were composed of EFs, CFs, and SM
components, similar to the PV specimens (Figure 4C and D). Analysis using the Motic
medical image analysis system (MMD 6.0A) showed that there were no significant
differences in the relative contents of EFs, CFs, and SM between LTHs and PVs, as shown
in Table 2.

Distribution and function of endothelial cells in LTH

Immunohistochemical staining revealed the expression of CD34, FVIIIAg, eNOS, and t-
PA in the cytoplasm of endothelial cells in both LTH and PV specimens (Figure 4E-L),
suggestive of the synthesis of CD34, FVIIIAg, eNOS, and t-PA in endothelial cells of the
LTH.

Clinical data




Demographic characteristics: In a total of 26 cases, the proportion of males and females
was equal. The median age was 62 years (interquartile range 53.25-69.25). This case series
included patients with pancreatic cancer (n = 19), cholangiocarcinoma (1 = 4), and

ampullary carcinoma (n = 3).

Intraoperative parameters and complications: PV, SMV, and PV plus SMV
reco uctions were conducted in 16, 9, and 1 case(s), respectively. The intraoperative

data are shown in Table 3.

Postoperative outcomes: The overall morbidity rate was 38.46% (n = 10) (Table 4) and
there were no graft-related complications. Two patients (7.69%) died within 30 d after
surgery. One patient died of gastrointestinal hemorrhage caused by bleeding from the
pancreatoenteric anastomosis, the other died of pancreatic fistula-associated severe
abdominal bleeding caused by gastroduodenal artery stump bleeding. The median
postoperative hospital stay was 20 d (interquartile range: 16.75-25.00 d), and the median
survival was seven months (interquartile range: 5.00-11.25 mo). No patients were lost to
follow-up (Figure 5A). The vascular cumulative stenosis curve was shown in Figure 5B.
Vascular stenosis was found within the second postoperative week in two cases. One case
of vascular stenosis was identified at one month, one at three months, and one at one
year. No vascular stenosis was identified later than one postopera%e year, and the
longest follow up was 122 mo. The postoperative vein stenosis rates at two weeks, one
month, three months and one year were 7.69%, 11.54%, 15.38%, and 19.23%, respectively.
In all five patients, the degree of the vascular stenosis was less than half of the

reconstructed vein lumen diameter (mild stenosis) and the vessels remained patent.

ISCUSSION
PD combined with PV and/or SMV resection and reconstruction may be required for
locally advanced periampullary and pancreatic head carcinoma with PV and/or SMV

involvement. This procedure has been confirmed to improve the R0 resection rate and




patient survivall#1819. Grafts used for vein reconstruction can be obtained from various
veins, such as the internal jugular vein, femoral vein, external iliac vein, gonadal vein,
great saphenous vein, splenic vein, left renal vein, and the falciform ligament of the liverl®
920-8]. However, harvesting autologous grafts requires an additional surgery and
increases risk of damage to the major vessels/2227l. LTH, as a remnant derived from the
obliterated umbilical vein, can be dilated to form a conduit with potential venous
characteristicsl1314. The LTH has been used as a vascular graft to reconstruct the PV
and /or SMV since 2003 in our medical center, and has achieved good clinical results(2°l.
Few successful cases have been subsequently reported3031], but no larger sample sizes
are available.

In the present study, the morphometric findings of the LTH revealed that it is
suitable for PV and/or SMV reconstruction in terms of its length and diameter, which
were demonstrated in our previous studyP2. The LTH diameters were measured at a
pressure of 30 cm H>O, which simulates the physiological status of the mean PV pressure
of 18 cm H,O (13-24 cm HO)[331,

Studying the structure of the LTH wall is essential to evaluate its potential as a graft
for PV /SMV reconstruction. VVG staining revealed that EFs, CFs, and SM contents in the
LTH wall were similar to PVs, which suggested that the LTH had characteristics similar
to major abdominal vessels, such as vascular stiffness as well as contraction, and
relaxation properties4-33l. Therefore, the relative abundance of EFs, CFs and SM suggests
that histologically LTH can be used as a graft to reconstruct the PV and/or SMV.

After PV and/or SMV reconstruction, vascular patency is key for a technically
successful procedurel2027], Vascular endothelial cells act as a vascular barrier and mediate
hemostatic and antithrombotic functions, which can affect the patency of blood vessels
and reduce the risk of thrombosisl340l. HE staining showed that the inner surface of LTH
was smooth and covered with endothelial cells. Immunohistochemical staining revealed
the expression of FVIIIAg and CD34 at the inner surface of LTH, confirming the presence

of vascular endothelial cells.




Nitric oxide and t-PA, which are synthesized by endothelial cells, play important
roles in thrombosis prevention. Abnormal eNOS function is associated with an increased
risk of endothelial dysfunction!*], which in turn can be mitigated by upregulating eNOS
expressionl4ll. Previous studies demonstrated that increasing t-PA production reduced
thrombus formation/4#]. The current study found that eNOS and t-PA can be expressed
in LTH endothelial cells, suggestive of its anti-thrombosis function.

Regarding the surgical procedure, the operating time, blood loss, PV clamping time,
overall perioperative morbidity rate, and mortality rate in this case series was similar to
previous studieslZ34546] Postoperative partial thrombosis led to vascular stenosis in 5/26
patients, which was less than that reported in previous studies(®%]. No patients
developed uncontrollable portal hypertension or liver dysfunction. It is suggested that
LTH as a graft for PV and/or SMV r truction is safe and reliable.

We acknowledge that the clinical study is limited by its rﬁospective nature and the
small number of patients. Larger prospective studies should be conducted in the future
to validate the findings of this study. However, this study is one of the largest studies
that exclusively focused on patients with venous reconstruction using a recanalized LTH

graft during PD.

CONCLUSION

In conclusion, the recanalized length of the LTH was suitable for reconstruction of the PV
and SMV, and the dilated diameter and histological characteristics of the LTH were
similar to the PV and SMV. Using the LTH as an autologous graft to reconstruct these
vessels has achieved good clinical results and fits ideal characteristics including a wide
range of sources, low cost, good histocompatibility, and does not cause additional
damage to patienﬁ Based on the present study, we recommend the LTH as an
autologous graft for PV and or SMV reconstruction in patients suffering from

pancreaticobiliary cancer with PV/SMYV involvement.
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Research background
Grafts may be required for portal vein (PV) and/or superior mesenteric vein (SMV)
reconstruction during a pancreaticoduodenectomy (PD) procedure combined with PV
and/or SMV resection. These grafts, including autogenous, homologous and artificial

blood vessels, each have their own limitations. Therefore, it is necessary to explore more

suitable grafts for PV and/or SMV reconstruction.

Research motivation

The ligamentum teres hepatis (LTH) is a fibrous remnant of the obliterated umbilical vein
and can be recanalized. If the diameter and the histological characteristics of the dilated
LTH tube wall are similar to the PV and SMV, and if the dilated LTH can be successfully
used for PV and SMV reconstruction clinically, a novel PV and SMV graft will be acquired

that has many sources, no additional medical costs, and no immune rejection response.

Research objectives
To evaluate the feasibility of using the LTH as an autologous substitute for the
reconstruction of the PV and/or SMV during PD, and_to provide basic and clinical

evidence for using the LTH as an autologous graft for the PV and/or SMV reconstruction.

Research methods

The dilated length, diameter, tube wall histological characteristics, and endothelial cell
function of the LTH were measured and observed, and the results were compared to the
PV and SMV for the first time. The outcomes of 26 patients who underwent PD where
the LTH was used for PV and/or SMV reconstruction were studied, which is the largest
sample size to date that exclusively focused on patients with venous reconstruction using
a recanalized LTH graft during PD. The patency of the reconstructed PV and/or SMV

using LTH as the autologous graft was reported for the first time.

Research results




The length, diameter, and histological characteristics of the LTH tube wall were similar
to the PV and/or SMV. The tunica intima of the LTH was covered with endothelial cells
and these cells functioned normally. The LTH as an autologous graft for PV and/or SMV
reconstaction was successfully used in clinic. However, larger prospective studies

should be conducted in the future to validate the findings of this study.

Research conclusions

The LTH can be used as an autologous graft for PV and/or SMV reconstruction.

Research perspectives

The establishment of a homologous blood vessel bank using the LTH as grafts is expected.
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