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Abstract

Introduction: Aortic distensibility (AD) is one of the earliest detectable manifestations of

structural alterations of the aorta in various conditions. Patients with impaired liver function

had characteristic properties of blood vessels, such as systemic vasodilation and decrease of

systemic vascular resistance. This study investigated characteristics of AD in liver

transplantation (LT) candidates, and its effect on all-cause mortality after LT.

Patients and methods: In this study, a total of 646 consecutive LT candidates were included.

AD was measured retrospectively by B-mode transthoracic echocardiography on parasternal

long-axis view using “image-J” software. LT candidates were categorized according to low

(<3.13 ecm*dyn'-10°) and high (>3.13 cm?-dyn"-10°) AD groups. Survival analysis was

performed using Kaplan-Meier method. All-cause mortality based on AD value was

investigated using Cox proportional hazard regression model. To investigate the risk factors

related to low AD in LT candidates, multivariate logistic regression was performed.



Results: Over 47-month median follow-up period, 94 patients (13.9%) expired after LT. LT

recipients with low AD (n = 254) group had higher mortality rate than high AD (n = 422)

group (29.5% vs. 4.5%, Log-rank p <0.001), and was independently associated with risk of

mortality (hazard ratio, 6.55; 95% CI, 3.99—10.76; p <0.001). The risk factors related low

AD were age, body mass index, mean arterial pressure, left ventricular ejection fraction, QTc

interval, and C-reactive protein.

Conclusions: This study suggested that LT candidates with low AD (<3.13 cm®-dyn™-10)

had significantly higher risk in all-cause mortality, and proposes that non-invasive and

relatively simple measurement of AD by echocardiography may serve an additional

prognostic index for survival after LT.
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LT: liver transplantation

CRP: C-reactive protein

BNP: B-type natriuretic peptide
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AS: aortic strain

AD: aortic distensibility

ASI: aortic stiffness index

LV: left ventricle

CRP: C-reactive protein

LVEEF: left ventricle ejection fraction

ESV: end systolic volume

EDV: end diastolic volume

E: early mitral inflow velocity

A: late mitral inflow velocity

DT: deceleration time

s": systolic mitral valve annular velocity
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SBP: systolic blood pressure
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Introduction

The aorta is the first gateway for the transmission of blood containing large quantity of

oxygen and nutrients through the whole body. Because the aorta is thought to be a starting

point for systemic circulation, it plays a crucial role in hemodynamic aspects. Decreased

aortic distensibility impairs the ability of the aorta which regulate the blood ejected by left

ventricle (LV), resulting in excessive pulsatile afterload which may promote LV remodeling

and deteriorate cardiac function”. Aortic distensibility (AD) is one of the earliest detectable

manifestations of adverse structural and functional alterations within the aorta?. Decreased

AD reflects increased mechanical tension of the aortic wall, and it is known as an important

parameter of increased LV load, a cardiovascular events and atherosclerotic disease®. In

addition, decreased AD is known to prediction of cardiovascular events and all-cause

mortality in general population and population with ESRD, hypertension, and diabetes®.



Deterioration of liver function was also associated with the cardio-vascular system. As live

function decreases, the cirrhotic patients will demonstrate cardiovascular abnormalities

which are characterized by a hyperdynamic circulation such as increased cardiac output and

heart rate accompanied by low systemic vascular resistance”. As a result, cardiac remodeling

and deterioration of cardiac function also occur, which is known as “cirrhotic

78 In addition, patients with impaired liver function had characteristic

cardiomyopathy
properties of blood vessels, such as systemic vasodilation and decrease of systemic vascular
resistance, which results in reduction of central blood volume and the hyperdynamic

circulation”. However, no study has conducted in LT candidates on the role of aorta which is

crucial hemodynamic organ immediately following the heart.

Therefore, this study mainly focused in the aorta which is the beginning of the systemic

circulation, and the aim of this study were to investigate characteristics of AD in LT

candidates and its effect on all-cause mortality and graft failure after LT.



Patients and methods

Study population

Between September 2011 and December 2013, 916 consecutive patients who underwent LT

at Asan Medical Center were included, and the data were retrospectively analyzed after

receiving approval from the local institutional review board (protocol number 2017-0592).

Peri-operative evaluation and baseline characteristics

All LT candidates had performed routine preoperative evaluation. Medical history and

physical examination included diabetes, hypertension, variceal bleeding, intractable ascites

and smoking history. Current medications were investigated including beta-blockade and

diuretics. Computed tomography was performed for evaluating coronary arteries. A baseline

corrected QT (QTc) interval was measured on preoperative electrocardiography. Biochemical

laboratory tests included measuring hemoglobin, platelet, prothrombin time, creatinine,

glucose, total bilirubin, albumin, aspartate aminotransferase, alanine aminotransferase, C-



reactive protein (CRP), and B-type natriuretic peptide (BNP). Child-Turcotte-Pugh (CTP)

score and model for end-stage liver disease (MELD) score were evaluated to identify the

severity of liver function. Donor- and operation-related variables included donor type (living

or deceased donor), antibody (ABO) compatibility, the amount of blood transfused during

surgery, ischemic time, graft-to-recipient body weight ratio, and total anesthetic time.

Echocardiographic data

Two-dimensional and Doppler transthoracic echocardiography were performed by an

experienced sonographer, and attending staff cardiologists interpreted and confirmed them,

and the entire process was recorded on the computer. Left ventricular internal dimension, the

thickness of left ventricular posterior wall and interventricular septum, and the size of the left

atrium and ascending aorta were measured. The left ventricle ejection fraction (LVEF), end-

systolic volume (ESV) and end-diastolic volume (EDV) were obtained using the Teichholz

10)

M-mode method along the parasternal long-axis view . LV mass was determined by the M-

mode derived cubed method along the parasternal long-axis view, and the LV mass index



was calculated as LV mass divided by the body surface area. Early and late mitral inflow

velocity (E and A), the deceleration time (DT) of the early mitral inflow velocity and E/A

ratio were measured using pulsed-wave Doppler. Systolic mitral valve annular velocity (s”)

and early and late diastolic mitral valve annular velocity (e¢” and a’) were measured using

tissue Doppler imaging (TDI), and E/e’ ratio was calculated.

Aorta related variables from echocardiographic measurements

To measure aortic strain (AS), aortic distensibility (AD) and aortic stiffness index (ASI), we

captured the aorta from real-time B-mode echocardiography on parasternal long-axis view

by commercially available program “oCam” (version 418; OhSoft, Inc., Seoul, Korea). From

the captured image, the size of the aortic diameter was measured at a level of 3 cm above the

aortic valve (Fig. 1) using the “Image J” software, which is an open tool for scientific image

analysis, developed at the National Institutes of Health (https://imagej.nih.gov/ij). Aortic

diastolic diameter (ADD) was measured at the peak of QRS complex (end-diastolic period)

and systolic diameter (ASD) was measured at the time of full opening of the aortic valve'"



2 ADD and ASD were measured twice by the same investigator; the mean value of

coefficient of variation ([SD/mean] x 100) were 0.29% and 0.25%, respectively'®. The

frequently used formulas to calculate the parameters were as follows;

Aortic strain (AS, %) = 20— 22D 5 10
ortic strain (AS, %) = — ==
Aortic distensibility (cm? - dyn™1 - 1076) = 2 x A
SBP — DBP
o . In(SBP/DBP)
Aortic stiffness index (pure number) = —s

The AS was relative change of diameter, and the AD was relative diameter change for a

pressure increment during cardiac cycle. The ASI was ratio of logarithm of systolic/diastolic

pressures to relative change of diameter* * ' '* 19 Systolic (SBP) and diastolic blood

pressure (DBP) were obtained at the brachial artery by a sphygmomanometry immediately

before performing transthoracic echocardiography, and the difference of pressure between

SBP and DBP was the pulse pressure.



To estimate total peripheral resistance (TPR), we calculated cardiac output (CO) as

EDV-ESV (stroke volume, SV) and SV multiplied by heart rate. TPR was subsequently

calculated as mean arterial pressure divided by CO. For these formulas, all parameters were

obtained from transthoracic echocardiography noninvasively.

Outcome and follow-up

All LT candidates were followed for at least three years and up to 5.5 years from the day of

LT until the last day of follow-up (December 31, 2016). Entire data was collected from

electronic medical records and our database, which was updated periodically by the Asan

Organ Transplantation Center. Outcomes included one-year and overall period all-cause

mortality and graft failure throughout the entire follow-up period. The graft failure was

defined as a recipient undergoing re-transplantation or death from any cause, whichever was

first'®.



Statistical analysis

For descriptive analysis, the categorical variables are expressed as numbers and percentages

and were compared using the X* test or Fisher’s exact test. Continuous variables are shown

as the mean + standard deviation or median and interquartile range. This study estimated the

statistical significance of the biochemical laboratory, intraoperative data, and preoperative

echocardiographic parameters using the t-test or Mann-Whitney U test, as appropriate.

For time-to-event outcome (graft failure and mortality rate), LT candidates were categorized

into tertile of AD. We analyzed other variables according to the tertile of AD by one-way

ANOVA and Kruskal-wallis test with Tukey post hoc tests for continuous data, and by

Fisher’s exact test for categorical data. Three groups were analyzed for all-cause mortality

and graft failure by the Kaplan-Meier method using the Log-rank test. Potential confounders

such as clinical parameter (sex, age, BMI, MELD score, mean arterial pressure, QTc

interval), medical history (hypertension, diabetes mellitus, coronary disease, and current use

of beta-blocker and diuretics), surgical factor (deceased donor and ABO incompatible living



donor), and biochemical laboratory data (prothrombin time, creatinine, total bilirubin, CRP,

BNP) and echocardiographic parameter (LVEF, tissue Doppler s, E/A, E/e’, DT, and AD)

were included in univariate analysis on all-cause mortality. We also categorized to two

groups according to low (<3.13 cm?-dyn™'-10¢) and high (>3.13 cm*dyn™-10°) AD. Then,

univariate and multivariate analysis were performed using Cox proportional hazard

regression model to estimate adjusted hazard ratio (HR). To investigate the risk factors

related to low AD in LT candidates, multivariate logistic regression was performed with the

variables used in multivariate logistic regression.

Here, p <0.05 is considered statistically significant. We performed all statistical analysis and

graphical representations using R 3.2.3 (http:/www.r-project.org/), Prism (version 7;

GraphPad Software, Inc., La Jolla, CA), and SAS (version 9.4: SAS Institute inc., Cary, NC).



Fig. 1. B-mode transthoracic echocardiography on parasternal long-axis view. (A) is end-diastolic
period (the peak of QRS complex), and (B) is the time of full opening of the aortic valve. The size of
the aortic diameter was measured at a level of 3 cm above the aortic valve (white solid line). Two

white arrows indicate internal edges of the aorta.
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Results

A total of 240 patients were excluded for the following reasons: pediatric patients (age <18

years, n = 37), re-transplantation after initial graft failure (n = 37), valvular heart disease

more than moderate grade regurgitation (n = 3), atrial fibrillation (n = 6), left ventricular

ejection fraction <55% (n = 2), multi-organ transplantation (n = 3), transplantation combined

with another operation (n = 3), or incomplete preoperative data (n = 149). A total of 676

patients were included in final analysis, and pre-transplant clinical and echocardiographic

data were evaluated. Of these patients, 60 patients underwent deceased donor LT and 616

patients underwent living-donor LT. The median hospital stay and intensive care unit stay

after surgery were 24 days and 3 days, respectively. Table 1 shows an overview of baseline

characteristics of the 676 LT candidates.

Associations of aortic distensibility with graft failure or all-cause mortality after liver

transplantation

11



During a 47-month median follow-up period (IQR, 40—54 months), 101 patients (14.9%) had

graft failure (death, n = 94; re-transplantation, n = 9), and 94 patients (13.9%) expired after

LT. 49 patients (7.2%) had graft failure, and 44 patients (6.5%) expired within one year after

LT. The causes of mortality were recurrent cancer (n = 47, 50%), graft failure (n = 13,

13.9%), respiratory failure (n = 11, 11.7%), sepsis (n = 10, 10.6%), massive bleeding after

LT (n =3, 3.2%), cardiac complication (n = 2, 2.1%), neurologic complication (n = 2, 2.1%)),

and unknown (n = 6, 6.4%).

In survival analysis, LT candidates were categorized into three groups based on tertile of AD:

lowest tertile (<2.77 cm*-dyn™-10°, n = 225), middle tertile (2.77-5.11 cm*-dyn™'-10¢, n =

226), and highest tertile (>5.11 cm?-dyn™-10, n = 225) (Table 2). Graft failure rates were

32.0% for lowest tertile, 10.6% for middle tertile, and 2.2% for highest tertile (Fig. 2, Log-

rank p <0.001). All-cause mortality rates were 31.1% for lowest tertile, 8.8% for middle

tertile, and 1.7 % for highest tertile (Fig. 2, Log-rank p <0.001). The cutoff values of the AD

on graft failure and all-cause mortality were obtained by receiver operating curve (ROC

12



curve), and cutoff value was 3.13 cm* dyn-10° of AD in both graft failure (AUC, 0.761,

sensitivity: 76.2%, specificity: 69.4) and all-cause mortality (AUC, 0.771, sensitivity: 79.8%,

specificity: 69.4) (Fig.3). When LT candidates were categorized into high (>3.13 cm*-dyn’

110, n = 422) and low (<3.13 cm?-dyn 10, n = 254) AD groups (Table 3), all-cause

mortality (n = 75, 29.5% vs. n = 19, 4.5%) and graft failure rate (n = 77, 31.3% vs. n = 24,

5.7%) were significantly higher in low AD group (Log rank test, p <0.001) (Fig. 4).

On univariate analysis, low AD <3.13 cm*dyn™ 10 (hazard ratio (HR), 7.07; p <0.001),

preoperative serum CRP > 0.81 mg/dl (HR, 2.42; p = 0.001), and Tissue Doppler s” (HR,

0.88; p = 0.048) were significantly associated with all-cause mortality (Table 4).

Echocardiographic parameters (LVEF, E/A, E/e’, DT) which were representing cardiac

function, and clinical parameter (age, sex BMI, MBP, history of diabetes mellitus,

hypertension, coronary disease, smoking, use of beta-blocker, and use of diuretics) which

were correlated with AD were not significantly associated with all-cause mortality. On

multivariate analysis adjusted by potential confounders, low AD (<3.13 cm*dyn™-10°) was

13



independently associated with all-cause mortality (HR, 6.55; p <0.001) in the entire

population (Table 4). Other factors independently related to all-cause mortality were CRP

>0.81 mg/dl (HR, 2.41; p <0.001), creatinine (HR, 1.24; p = 0.003), and Tissue Doppler s’

(HR, 0.87; p = 0.024) (Table 4). Within 1-year after LT, AD of <3.13 cm?-dyn-10° was also

independently associated with all-cause mortality (HR, 5.08; p <0.001) (Table 5). CRP >0.81

mg/dl and MELD score >25 were other factors independently associated with all-cause

mortality within one-year after LT (Table 5).

The risk factors related to low AD (<3.13 cm*dyn™-10°) in LT candidates were age (odds

ratio (OR), 1.030; p = 0.003), body mass index (OR, 1.051; p = 0.043), mean arterial

pressure (OR, 1.025; p =0.001), LVEF (OR, 0.939; p=0.001), QTc interval (OR, 1.006; p =

0.020), and CRP (OR, 1.200; p = 0.004) (Table 6).

14



Table 1. Baseline characteristics of patients underwent transplantation.

Total number of patients n=0676
Preoperative characteristics of patients
Age, years 53 (48-58)
Sex, male 523 (77.3)
Weight, kg 65 (58-73)
Height, cm 167 (161-172)
Body mass index, kg/m? 23.7 (21.5-26.0)
MELD score 12 (9-19)
Child-Turcotte-Pugh classification (A/B/C) 214 (31.7)/263 (38.9)/199 (29.4)
Etiology of liver disease (may overlap with other diseases)
Hepatocelluar carcinoma 352 (52.0)
Hepatitis B virus 436 (64.5)
Hepatitis C virus 52 (7.6)
Alcohol 117 (17.3)
Others 87 (12.8)
QTc interval, ms 449 (428-469)
Medical history
Hypertension 91 (13.4)
Diabetes mellitus 147 (21.7)
Current use of beta-blocker 158 (23.3)
Current use of diuretics 212 (31.3)
History of variceal bleeding 189 (27.9)
Intractable ascites 153 (22.6)
Hepatic encephalopathy 132 (19.5)
Current smoker 69 (10.2)
Preoperative biochemical laboratory variables
Hemoglobin, g/dl 10.8 (9.4—-12.5)
Platelet, x 10°/mm?® 62 (40-91)
Prothrombin time, INR 1.36 (1.16—1.67)
Total bilirubin, mg/dl 1.9 (1.1-5.0)
Albumin, g/dl 3.1 (2.7-3.5)
Aspartate aminotransferase, [U/L 38 (28-61)
Alanine aminotransferase, [U/L 24 (16-38)
Glucose, g/dl 110 (95—138)
Creatinine, mg/dl 0.76 (0.62—0.93)
C-reactive protein, mg/dl 0.29 (0.11-0.90)
B-type natriuretic peptide, pg/ml 66 (33—125)
Donor- and operation-related variables
Donor type (deceased/living single/living dual) 60 (8.8)/570 (84.4)/46 (6.8)
ABO incompatible living donor 145 (21.4)
Cold ischemic time, min 87 (70-106)
Warm ischemic time, min 40 (34-50)
Graft-recipient weight ratio, % 1.13 (0.97-1.35)
Total anesthetic time, min 807 (724—889)

Data are expressed as n (%) or median (25th—75th percentiles). MELD, model for end-stage liver

disease; INR, international normalized ratio.
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Table 2. Clinical and echocardiographic parameters by tertiles of aortic distensibility.

Aortic distensibility, cm*-dyn'-10°° Lowest tertile (<2.77) Middle tertile (2.77—5.11) Highest tertile (=5.11) p value
(n=225) (n=226) (n=225)

Preoperative characteristics of patients
Age, years 54 (50-59) 53 (47-58) 53 (47-57) 0.114
Sex, male 173 (76.8) 179 (79.2) 171 (76.0) 0.703
Body mass index, kg/m? 24.0 (21.6-26.9) 23.9 (21.6-26.1) 23.2 (21.3-25.1) 0.088
MELD score 13 (9-19) 12 (9-19) 12 (9-19) 0.897
Systolic blood pressure, mmHg 111 (100—-122) 109 (100—121) 104 (95-112)*f <0.001
Diastolic blood pressure, mmHg 68 (62—-78) 70 (63-76) 67 (60-74) "t 0.035
Heart rate, beats/min 69 (63-79) 70 (61-80) 66 (59-76) "f 0.009

Etiology of liver disease (may overlap with other diseases)
Hepatocelluar carcinoma 123 (54.6) 121 (53.5) 108 (48.0) 0.317
Hepatitis B virus 144 (64.0) 154 (68.1) 138 (61.3) 0.314
Hepatitis C virus 14 (6.2) 15 (6.4) 23 (10.2) 0.216
Alcohol 39 (17.3) 35(15.4) 43 (19.1) 0.596
Others 34 (15.1) 27 (11.9) 26 (11.5) 0.198

QTec interval, ms 452 (429-473) 447 (425-467) 446 (428-465) 0.172

Medical history
Hypertension 38 (16.8) 34 (15.0) 19 (8.4)" 0.022
Diabetes mellitus 54 (24.0) 49 (21.6) 44 (19.5) 0.520
Current use of beta-blocker 48 (21.3) 51 (22.5) 59 (26.2) 0.444
Current use of diuretics 75 (33.3) 68 (30.0) 69 (30.6) 0.731
History of variceal bleeding 52 (23.1) 64 (28.3) 73 (32.4) 0.087
Intractable ascites 52 (23.1) 51 (22.5) 50 (22.2) 0.728
Hepatic encephalopathy 51 (22.6) 49 (21.6) 32 (14.2) 0.123
Current smoker 18 (8.0) 34 (15.0) 17 (7.5)7 0.013

16



Table 2, continued

Preoperative biochemical laboratory variables
Hemoglobin, g/dl
Platelet, x 10°/mm?
Prothrombin time, INR
Total bilirubin, mg/dl
Albumin, g/dl
Aspartate aminotransferase, IU/L
Alanine aminotransferase, IU/L
Glucose, g/dl
Creatinine, mg/dl
C-reactive protein, mg/dl
B-type natriuretic peptide, pg/ml
Donor- and operation-related variables
Deceased donor
Total anesthetic time, min
Echocardiographic measurements
LV dimension in systole, mm
LV dimension in diastole, mm
LV posterior wall thickness in systole, mm
LV posterior wall thickness in diastole, mm
Interventricular septal thickness in systole, mm
Interventricular septal thickness in diastole, mm
Left atrium, mm
Aorta, mm
LV mass index, g/m?
End-systolic volume, ml
End-diastolic volume, ml
Stroke volume, ml
LV ejection fraction, %

10.7 (9.2-12.4)
61 (41-92)

1.38 (1.14-1.68)
1.9 (1.1-5.0)
3.10 £0.57

38 (28-55)

24 (17-37)

114 (96-141)
0.75 (0.61-0.93)
0.40 (0.12-1.07)
66 (32-121)

23 (10.2)
813 (736-880)

30.0 (27.0-33.0)
50.0 (46.0-54.0)
14.0 (13.0-15.0)
9.0 (8.0-10.0)
14.0 (12.0-15.0)
9.0 (8.0-10.0)
39.0 (36.0—43.0)
33.2+3.6

91.5 (78.0-103.9)
40 (33-438)

109 (90-132)

69 (57-85)
63.5+4.0

10.8 (9.4-12.6)
67 (41-96)

1.35 (1.15-1.67)
2.2 (1.0-6.3)
3.18+£0.57

39 (29-63)

25 (17-39)

110 (95-138)
0.79 (0.64-0.92)
0.27 (0.11-0.84) "
70 (34-140)

24 (10.6)
790 (706-882)

29.5 (27.0-33.0)
50.0 (47.0-54.0)
14.0 (13.0-16.0)
9.0 (8.0-10.0)
13.0 (12.0-15.0)
9.0 (8.0-10.0)
39.0 (36.0-43.0)
33.3+3.8

88.6 (77.8-103.6)
38 (30-48)

106 (90-133)
69 (57-85)

64.2 3.9

10.8 (9.5-12.4)
59 (40-85)

1.36 (1.19-1.63)
1.8 (1.1-4.9)
3.15+0.55

40 (28-62)

24 (16-38)

109 (95-132)
0.75 (0.61-0.93)
0.24 (0.10-0.67) "
62 (34-118)

13 (5.7)
820 (737-909)

30.0 (27.0-33.0)
50.0 (47.0-54.0)
14.0 (13.0~15.0)
9.0 (8.0-9.0) *f
13.0 (12.0-14.0) *f
9.0 (8.0-10.0) *f
39. (36.0—43.0)
32.0+ 3.4

86.9 (75.2-99.5)
40 (33-48)

114 (95-131)
74 (59-86)

64.9 +4.5"

0.507
0.260
0.943
0.648
0.324
0.490
0.597
0.440
0.397
0.014
0.766

0.134
0.099

0.955
0.546
0.240
<0.001
0.037
0.002
0.877
0.001
0.125
0.561
0.480
0.228
0.001
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Table 2, continued

Peak E velocity, cm/s
Peak A velocity, cm/s
Deceleration time, ms
Tissue Doppler s’, cm/s
Tissue Doppler e, cm/s
Tissue Doppler a’, cm/s
E/A

E/e’

Aortic stiffness-related echocardiographic measurements
Diastolic diameter of the aorta, cm
Systolic diameter of the aorta, cm
Aortic strain, %

Aortic distensibility, cm?>-dyn!-10¢
Aortic stiffness index (f), pure number
Total peripheral resistance, dyn-s/cm’

71 (58-85)

66 (55-81)

214 (187-241)
8.4 (7.5-9.5)
7.2 (6.0-8.6)
9.4 (8.2-11.0)
1.02 (0.85-1.28)
10 (8-12)

2.70 +0.32
2.8140.32

3.85 (2.87-4.78)
1.97 (1.44-2.41)
11.62 (9.41-15.39)
1391 (1106-1722)

73 (58-84)

63 (55-75)

209 (180-238)
8.6 (7.7-9.6)
7.6 (6.3-8.7)
9.4 (8.3-10.7)
1.12 (0.87-1.38)
9 (8-11)

2.59+0.32"
2.79 +0.34
7.47 (6.45-8.86) "
3.81 (3.34-4.32)"
5.92(5.13-6.93)"
1383 (1108-1668)

73 (63-87)

63 (52-76)

211 (183-238)
8.3 (7.4-9.3)

7.7 (6.6-8.8)

9.1 (7.7-10.6)
1.19 (0.91-1.42) "
9 (8-12)

2.39 +0.32°f
2.74+0.34"

14.13 (11.44-17.73) "
7.28 (6.07-9.41) "t
3.21 (2.47-3.88) "
1321 (1070—1686)

0.237
0.191
0.430
0.293
0.039
0.139
0.002
0.253

<0.001
0.034
<0.001
<0.001
<0.001
0.521

Data are expressed as n (%), mean + SD, or median (25th—75th percentiles).

" p < 0.05 vs. the lowest tertile of aortic distensibility.

¥ p <0.05 vs. middle tertile of aortic distensibility. MELD, model for end-stage liver disease; INR, international normalized ratio; LV, left ventricle.
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Fig. 2. Kaplan-Meire curve for overall period cumulative graft and patient survival according to tertiles of aortic distensibility. Lowest tertile, AD <2.77;

middle, 2.77-5.11; highest tertile, >5.11. AD, aortic distensibility (cm?-dyn™-10).
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Fig. 3. Receiver operating curve on all-cause mortality. The unit of each parameter is percent (%) for aortic strain, cm?-dyn!-10 for aortic distensibility, and

pure number for aortic stiffness index. AUC, area under the curve.
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Table 3. Clinical and echocardiographic parameters by the cutoff value of aortic distensibility.

Aortic distensibility, cm?-dyn™-10° Low AD <3.13 High AD >3.13 p value
(n=254) (n=422)

Preoperative characteristics of patients
Age, years 54 (49-59) 53 (47-57) 0.042
Sex, male 196 (77.1) 327 (77.4) 0.998
Body mass index, kg/m? 24.1 (21.5-26.8) 23.4 (21.5-25.7) 0.067
MELD score 13 (9-19) 12 (9-18) 0.240
Systolic blood pressure, mmHg 111 (100—122) 107 (97-116) <0.001
Diastolic blood pressure, mmHg 68 (62-78) 69 (61-75) 0.226
Heart rate, beats/min 70 (63—-80) 67 (60—77) 0.008

Etiology of liver disease (may overlap with other diseases)
Hepatocelluar carcinoma 134 (52.7) 218 (51.6) 0.844
Hepatitis B virus 162 (63.7) 274 (64.9) 0.826
Hepatitis C virus 16 (6.3) 36 (8.5) 0.365
Alcohol 46 (18.1) 71 (16.8) 0.747
Others 38 (14.9) 49 (11.6) 0.254

QTc interval, ms 451 (430-473) 447 (427-466) 0.056

Medical history
Hypertension 43 (16.9) 48 (11.3) 0.053
Diabetes mellitus 62 (24.4) 85 (20.1) 0.228
Current use of beta-blocker 54 (21.2) 104 (24.6) 0.361
Current use of diuretics 83 (32.6) 129 (30.5) 0.626
History of variceal bleeding 61 (24.0) 128 (30.3) 0.092
Intractable ascites 62 (24.4) 91 (21.5) 0.520
Hepatic encephalopathy 58 (22.8) 74 (17.5) 0.223
Current smoker 21 (8.2) 48 (11.3) 0.246

Preoperative biochemical laboratory variables
Hemoglobin, g/dl 10.6 (9.2—-12.4) 10.9 (9.5-12.5) 0.244
Platelet, x 10°/mm? 63 (41-91) 62 (40-92) 0.606
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Table 3, continued

Prothrombin time, INR

Total bilirubin, mg/dl

Albumin, g/dl

Aspartate aminotransferase, IU/L

Alanine aminotransferase, IU/L

Glucose, g/dl

Creatinine, mg/dl

C-reactive protein, mg/dl

B-type natriuretic peptide, pg/ml
Donor- and operation-related variables

Deceased donor type

Total anesthetic time, min
Echocardiographic measurements

LV dimension in systole, mm

LV dimension in diastole, mm

LV posterior wall thickness in systole, mm

LV posterior wall thickness in diastole, mm

Interventricular septal thickness in systole, mm

Interventricular septal thickness in diastole, mm

Left atrium, mm

Aorta, mm

LV mass index, g/m?

End-systolic volume, ml

End-diastolic volume, ml

Stroke volume, ml

LV ejection fraction, %

Peak E velocity, cm/s

Peak A velocity, cm/s

Deceleration time, ms

1.38 (1.15-1.70)
2.0 (1.1-5.5)
3.11 + 0.56

38 (28-57)

24 (16-37)

113 (96-142)
0.76 (0.61-0.94)
0.40 (0.12-1.09)
65 (33-120)

28 (11.0)
812 (732-880)

30.0 (27.0-33.0)
50.0 (46.0-54.0)
14.0 (13.0-16.0)
9.0 (8.0-10.0)
14.0 (12.0-15.0)
9.0 (8.0-10.0)
39 (36-43)
32.6+3.6

91 (78-103)

40 (32-48)

108 (90-132)
69 (57-84)

64 (60—67)

71 (58-84)

66 (55-81)

210 (185-238)

1.35 (1.17-1.63)
1.9 (1.0-5.0)
3.16 +0.57

39 (28-62)

25 (16-39)

109 (95-136)
0.76 (0.62-0.92)
0.24 (0.10-0.68)
66 (34—134)

32 (7.5)
803 (718-894)

30.0 (27.0-33.0)
50.0 (47.0-54.0)
14.0 (13.0-15.0)
9.0 (8.0-10.0)
13.0 (12.0-15.0)
9.0 (8.0-10.0)
39 (36-43)
33.2+3.6

88.4 (76.3-102.5)
39 (31-48)

111 (92-132)
72 (58-85)

65 (62-67)

73 (61-86)

63 (53-75)

211 (183-240)

0.434
0.374
0.240
0.380
0.641
0.238
0.917
0.001
0.471

0.166
0.821

0.352
0.122
0.419
<0.001
0.024
0.006
0.880
0.040
0.221
0.316
0.649
0.228
0.002
0.197
0.025
0.877
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Table 3, continued

Tissue Doppler s’, cm/s
Tissue Doppler e, cm/s
Tissue Doppler a’, cm/s
E/A
E/e’

Aortic stiffness-related echocardiographic measurements
Diastolic diameter of the aorta, cm
Systolic diameter of the aorta, cm
Aortic strain, %

Aortic distensibility, cm?>-dyn!-10¢
Aortic stiffness index (f), pure number
Total peripheral resistance, dyn-s/cm’

8.5(7.5-9.8)
7.2 (6.0-8.6)
9.4 (8.2-11.1)
1.02 (0.84-1.28)
10 (8-12)

2.69 (2.48-2.88)
2.81+0.32

4.01 (2.99-5.29)
2.10 (1.51-2.57)
10.77 (8.98-14.9)
1389 (1101-1713)

8.4 (7.5-9.4)
7.6 (6.4-8.8)
9.3 (8.0-10.6)
1.16 (0.89-1.41)
9 (8-12)

2.45(2.21-2.71)
2.76 £ 0.35

10.47 (7.81-14.55)
5.34 (3.97-7.60)
4.42 (3.11-5.70)
1364 (1078-1681)

0.277
0.017
0.034
<0.001
0.393

<0.001
0.090
<0.001
<0.001
<0.001
0.673

Data are expressed as n (%), mean + SD, or median (25th—75th percentiles). AD, aortic distensibility; MELD, model for end-stage liver disease; INR,

international normalized ratio; LV, left ventricle.
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Table 4. Univariate and multivariate analyses of factors related to all-cause mortality.

Univariate analysis

Multivariate analysis

Hazard ratio p value Hazard ratio p value
(95% CI) (95% CI)
Age, years 0.99 (0.96—1.02) 0.704
Sex, male 1.49 (0.82—2.70) 0.184
Body mass index, kg/m? 0.96 (0.91-1.03) 0.318
MELD score >25 1.36 (0.58-3.19) 0.474
Mean arterial pressure, mmHg 0.98 (0.96—1.00) 0.161
Hypertension 1.22 (0.67-2.20) 0.510
Diabetes mellitus 0.88 (0.51-1.50) 0.641
Coronary disease 1.09 (0.70—1.68) 0.689
Current smoker 0.90 (0.41-1.97) 0.802
Current use of beat-blocker 0.92 (0.53—1.58) 0.773
Current use of diuretics 1.06 (0.66—1.71) 0.792
Deceased donor 1.17 (0.60—2.26) 0.635
ABO incompatible living donor 1.28 (0.73-2.24) 0.377
LV ejection fraction, % 1.06 (0.89-1.25) 0.505
Tissue Doppler s’, cm/s 0.88 (0.77—-0.99) 0.048 0.87 (0.78—0.98) 0.024
E/A 0.74 (0.38—1.44) 0.384
E/e’ 1.07 (1.01-1.14) 0.023
Deceleration time, ms 0.99 (0.99-1.00) 0.408
Low AD, <3.13 cm?-dyn™'-10°® 7.07 (4.21-11.87) <0.001  6.55(3.99-10.76) <0.001
QTc interval, ms 0.99 (0.98—1.00) 0.064
Prothrombin time, INR 0.83 (0.47-1.47) 0.529
Creatinine, mg/dl 1.14 (0.93-1.38) 0.189 1.24 (1.07-1.43) 0.003
Total bilirubin, mg/dl 1.01 (0.98-1.04) 0.449
C-reactive protein, >0.81 mg/dl 2.42 (1.46—4.02) 0.001 2.41 (1.58-3.68)  <0.001
B-type natriuretic peptide, pg/ml 0.99 (0.99-1.00) 0.278

CI, confidence interval; MELD, model for end-stage liver disease; AD; aortic distensibility; INR,

international normalized ratio; LV, left ventricle.
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Table 5. Cox proportional hazard regression on factors related all-cause mortality and graft failure

Mortality HR p value Graft failure HR p value
(95% CI) (95% CI)

Overall mortality (entire patients, n = 94) Overall graft failure (entire patients, n = 101)
AD <3.13 cm?:dyn!-10°¢ 6.55 (3.99-10.76) <0.001 AD <3.13 cm?-dyn!-10°¢ 5.60 (3.53-8.88) <0.001
CRP >0.81 mg/dl 2.41 (1.58-3.68) <0.001 CRP >0.81 mg/dl 2.38 (1.56-3.65) <0.001
Creatinine, mg/dl 1.24 (1.07-1.43) 0.003 Creatinine, mg/dl 1.20 (1.03—1.40) 0.017
Tissue Doppler s’, cm/s 0.87 (0.78—0.98) 0.024 E/e’ 1.07 (1.02—-1.13) 0.007
QTc 0.99 (0.98—0.99) 0.022

One-year mortality (entire patients, n = 44) One-year graft failure (entire patients, n = 49)
AD <3.13 cm?-dyn!-10°¢ 5.08 (2.50-10.33) <0.001 AD <3.13 cm?-dyn!-10°¢ 5.26 (3.31-8.35) <0.001
CRP >0.81 mg/dl 3.40 (1.71-6.73) 0.001 CRP >0.81 mg/dl 1.96 (1.32-2.92) 0.001
MELD >25 2.10 (1.08—4.07) 0.028 Creatinine, mg/dl 1.19 (1.03—1.38) 0.018

HR, hazard ratio; CI, confidence interval; AD, aortic distensibility; CRP, C-reactive protein; QTc, corrected QT interval; E, early mitral inflow velocity; e’, early

diastolic mitral valve annular velocity; MELD, MELD, model for end-stage liver disease.
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Table 6. Multivariate logistic regression analysis on the risk factors related to low aortic

distensibility (<3.13 cm?-dyn"-10°6).

Risk factor 0dds ratio (95% CI) p value
Age, year 1.030 (1.010-1.052) 0.003
Body mass index, kg/m? 1.051 (1.001-1.103) 0.043
Mean arterial pressure, nmHg 1.025 (1.009-1.040) 0.001
LV ejection fraction, % 0.939 (0.903-0.977) 0.001
QTc interval, ms 1.006 (1.001-1.011) 0.020
C-reactive protein, mg/dl 1.200 (1.059-1.360) 0.004

CI, confidence interval; LV, left ventricle.
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Discussion

The main findings of this study provide the following. First, when comparing the three

groups divided by tertile of AD, there were significant statistical differences in all-cause

mortality and graft failure between the groups in LT candidates. Second, when classifying

to low and high AD as the cut-off value (AD = 3.13 cm?-dyn"-10) obtained from the

ROC curve, low AD group had 5.60-fold higher HR for graft failure, and 6.55-fold higher

HR for all-cause mortality. Finally, the central cause of decreased AD in LT candidates

was the loss of restoration of the aorta during diastolic period. To our knowledge, this is

the first study to directly investigate characteristics of the aorta using transthoracic

echocardiography in LT candidates.

From recent studies referring to mnonalcoholic fatty liver disease, a few potential

mechanisms of decreased AD in LT candidates could be elucidated. First, the progression

of insulin resistance may promote decrease of AD. Carbohydrate intolerance in LT
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candidates had been extensively reported'’2", and basal serum insulin levels were

significantly higher in LT candidates, therefore the term “hepatogenous diabetes” is

widely used to describe the hyperglycemia in end-stage liver disease '"'®. As shown in

table 1, fasting serum glucose was out of normal range, and these level of serum glucose

correspond to one of the diagnostic criteria of the metabolic syndrome which was known

as pre-diabetic condition’®. Accumulation of advanced glycation end-products (AGEs)

may occur in the aortic wall*”, and AGEs pathologically cross link largely with

collagen*, which may contribute to increase collagen component in the aortic tissue®>.
g y g P

Eventually, the ratio of elastin to collagen fibers in the aorta is altered and AD is

decreased, and such interaction between AGEs and collagen fibers occurs in patients

regardless of the presence of diabetes mellitus’®. Second, oxidative stress and

inflammatory cytokines may play an important role in accelerating atherosclerosis. In

healthy individuals, the level of reactive oxygen species balanced between formation and

elimination. However, oxidative stress is remarkable characteristic in the pathogenesis of

27-33)

both acute and chronic liver disease” ™. The causes of oxidative stress origin from
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exogenous materials (e.g. alcohol and drugs), endogenous materials (e.g. liver enzyme

2D Once oxidative stress is

system) and cellular dysfunctions (mitochondrial metabolism)

triggered, various cellular elements such as DNA, proteins, fatty/lipid acids damage to

hepatocytes, and the damaged cellular elements repeatedly continue a vicious cycle of

increasing the reactive oxygen species®”. In addition, increased oxidative stress affect

processes of endothelial dysfunction and atherosclerosis, including expression of adhesion

molecule, vascular smooth muscle proliferation, apoptosis in the endothelium, oxidation of

lipids, and altered vasomotor activity“’ 39 as a result, the aorta may be calcified and AD

may be decreased as well. Third, the systemic inflammation in cirrhosis may aggravate

atherosclerotic reaction of the aorta. Whatever may be the precise cause, the cirrhosis is

the final step of various progressive liver diseases’™>?. The cirrhotic patients frequently

demonstrate systemic inflammation in the same context of the cirrhosis-associated immune

dysfunction syndrome*”. The integration of both systemic inflammation and immunologic

dysfunction is suggested to describe the pathophysiologic mechanism of the natural history

of cirrhosis*™ *". The systemic inflammation could be initiated by intrinsic factors as a
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result of hepatocyte injury or other organ damage, by antigens derived from the bacteria,

or by the bacteria itself from the intestine by bacterial translocation®**?. As in the situation

mentioned above, pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumor

necrosis factor-a (TNF-o) are released, and serum level of CRP is increased**¥. Although

there may be some controversy about the relationship between systemic inflammation and

atherosclerotic reaction, a few studies suggest that systemic inflammation may increase

AD***?_In our results, AD of <3.13 cm?-dyn"-10 and patients in the lowest and middle

AD tertile were significantly associated with 1-year and overall period all-cause mortality

(Fig. 3). Although pathophysiological explanations about all-cause mortality could not be

yet accurately explained, all-cause mortality might reflect the existence of similar

pathophysiologic mechanisms, such as diabetic feature, oxidative stress, and especially

systemic inflammation in a wide range of conditions®.

According to recent studies, the 1-year survival rates after LT considerably exceeds 80%

) and 5-year survival rates are 83% and 84% for living donor and deceased donor liver
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transplantation, respectively*”. The success rates of LT have prominently improved as a

result of preservation solutions, immunosuppressants, and surgical and anesthetic

techniques®” *". Numerous studies for post-operative outcomes have been conducted '*°*

%9 and the efforts to reduce post-operative mortality rate and to evaluate better prognostic

factors after LT are still ongoing progress. The most common cause of the mortality within

the first year (early phase) after LT is infection, and the next is rejection®”. After one year

(late phase), infectious complications are decreasing®”, and the malignant disease is most

common cause of death during late phase and all period after LT®" %Y According to our

result, the infection accounted for 36% of the cause of mortality, and late phase mortality

was mainly due to recurrence of malignancy (76%). Especially, recurrence of malignancy

was the leading cause of overall period mortality (51%). Despite high survival rate as

mentioned above, 8-12% of patients undergoing LT due to hepatocellular carcinoma

(HCC) experience a post-transplant HCC recurrence or metastatic carcinoma, which leads

65-68)

to death in most studies . Although tumor size, tumor burden, microinvasion, and

alpha-fetoprotein (AFP) are considered as risk factor of malignancy recurrence, the central
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reason may be the decrease of immunity due to the use of immunosuppressants®® .

Although there is no clear relationship between the mortality and decreased AD in LT

candidates, complex interactions might exist between immunity and inflammatory

response, which are not fully understood up to the present time. And also, it is difficult to

explore the relationship between recurrence of malignancy and decreased AD, because

numerous factors are known to relate in recurrence. However, from the point of

inflammation, decreased AD may be a series of inflammatory response, and the recurrence

of malignancy is closely associated with inflammatory reaction’”. Therefore, there seem to

be a connecting link between the AD and recurrence of malignancy. Especially, it is well

known that pro-inflammatory cytokines such as IL-6 and TNF-a, which may be associated

with AD, play an important role in recurrence of malignancy’ ", In addition, our result

showed that decreased AD associated with malignancy-related mortality is similar to the

risk of established predictors, such as pre-operative serum CRP level’”. Furthermore, an

important finding of our analysis is that decreased AD is a powerful predictor of all-cause
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mortality, and it is notable that the AUC of AD related to the mortality is greater than the

AUC of serum CRP alone (AUC, 0.771 vs. 0.643, p = 0.001, data not shown).

As we mentioned above, it is well-known fact that the aorta is mainly composed with

elastin and collagen fibers, and the histological composition of the aorta varies according

to location and function. The proximal aorta is predominant with the elastin which tolerate

stressful systolic stimulation and mediate the stroke volume toward the distal aorta.

2,73)

Meanwhile, distal arteries tend to decrease AD according to increased collagen fibers

If the aorta is gradually injured by mechanical or chemical stress over a period time,

repetitive inflammatory responses of the vessel wall continue, and the composition of the

contents in the vessel wall progressively has been changed from elastin to collagen fiber.

As a result, the aortic wall will be calcified and has decreased AD. Although the calcified

aorta with reduced elastic component could maintain the ability of extension due to very

high pressure during the systolic period, the extended aorta might seem to be difficult to

return to its original shape in the diastolic period. Interestingly, the dilated aorta could also
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be observed in this study. As shown in table 3, systolic diameter of the aorta was not

different between low AD and high AD groups (2.81 cm vs. 2.76 cm; p = 0.090), however,

the aorta was significantly dilated during diastolic period in low AD group compared with

high AD group (2.69 cm vs. 2.45 cm; p <0.001). In addition, the systemic circulation in

cirrhosis is already vasodilated because of increased release of nitric oxide (NO) and

several cytokines”. Like diastolic dysfunction of the heart, which seen in the patients with

cirrhotic cardiomyopathy’ 7, in this context, the dilated aorta during diastolic period

might be named as “cirrhotic diastolic dysfunction of the aorta”. Therefore, the dilated

aorta during diastolic period is central process of increased AD in cirrhotic patients, and

such characteristic may be related to the systemic vasodilation affected by NO, which is

common in cirrhotic patients’®. In addition, decreased AD appears to aggravate organ

damage through impaired transmission of pulsatile energy to target organs such as the

brain and kidney’”, and there might also be an influence on the transplanted liver.
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Limitations

There were some limitations in this study. First, this is a single-institution and

retrospective study using preoperative echocardiography. Therefore, data acquired from

the electrical medical record registry might have caused a selection bias. Second, surgical

methods and causes of liver disease were heterogenous. Most of LT candidates in our

institute underwent living donor LT electively. In general, the patients undergoing elective

living donor LT had less severe disease and lower MELD score. On the other hand, the

patients who underwent transplantation from a deceased donor (8.8%) were mainly

performed emergency operation, and they were in more poor condition and had higher

MELD score. In addition, a certain portion of patients (21.4%) received a liver which was

incompatible for ABO blood type. For this reason, multivariate adjusted analysis was

conducted including potential confounding variables such as MELD score, donor type, and

compatibility to reduce potential bias. Third, it is well known that there are many

influential factors that affect the AD. Therefore, we also conducted analysis by
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multivariable adjustment including well-known variables, such as age, sex, body mass

index, pre-operative serum creatinine and CRP, and history of diabetes mellitus,

hypertension, coronary artery disease, current use of beta blocker and diuretics, and

current smoking.
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Conclusions

This study suggested that LT recipients with low AD <3.13 cm®-dyn'-10° had

significantly high risk in all-cause mortality and graft failure in multivariable adjusted

analysis. Although there are many parameters developed to evaluating prognosis for LT,

pre-transplant measurement of the AD by the echocardiography may be thought to have a

remarkably high prognostic value in LT. Therefore, this study proposes that non-invasive

and relatively simple measurement of the AD by the echocardiography may serve an

additional prognostic index for survival and graft outcome after LT.
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