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Abstract

Background/Aim Right lobe living donor (2/3rd partial hepatectomy) model is the best way to accurately study liver regeneration
process in human beings. We aimed to study the kinetics of liver regeneration after 2/3rd partial hepatectomy in donors.
Methods Retrospective analysis of prospectively maintained volumetric recovery data in donors was performed in 23 donors,
who underwent 29 contrast-enhanced computed tomography within 3 months for various clinical indications.

Results The absolute volumetric growth percentages were as follows: 37.60 £21.74 at 1st week, 92 £ 53.27 at 2nd week, 115.55
+59.65 at 4th week, and 110.79 + 64.47 at 3 months. On sub-group analysis of our cohort, we found that 4.3%, 17%, 30.4%, and
39% donors attended >90% volumetric recovery at 1st, 2nd, 4th week, and 3 months, respectively. One patient at 4th week
revealed 128% volumetric recovery. There was one more patient who exceeded original total liver volumes (TLV) (111% of
TLV) at 2.5 months. The serum bilirubin and INR values peaked at postoperative day (POD) 3rd and then started showing a
downward trend from POD 5th onwards.

Conclusion Our study is the first to document complete volumetric recovery in donors as early as 3 weeks. Two of the donors
overshot their original TLV during the early regenerative phase.

Keywords Donor hepatectomy - Liver regeneration - Living donor liver transplant

Introduction

The fundamental principle in living donor liver transplant
(LDLT) lies in the fact that it should provide enough liver
volume (graft recipient weight ratio > 0.8) with a safe remnant
(approximately 30% to 35% of total liver volume). The main
pretext for safe donor hepatectomy is based primarily on the
ability of the livers to regenerate. Right lobe living donor
(2/3rd partial hepatectomy) model is the best way to accurate-
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ly study regeneration process in human beings. Several studies
addressing this issue have been done in the past with variable
results. Some of the older studies done in the setting of LDLT
demonstrated that liver regeneration occurs rapidly in the ini-
tial 4 weeks with the maximum occurring in the first week [1,
2]. A multi-center study from the West concluded that regen-
eration in donors is a brisk process and that substantial regen-
eration occurs by 3 months post-hepatectomy [3]. The major-
ity of the studies were using a protocol-based imaging on
donors at various time intervals to assess regeneration of rem-
nant, posing an unwarranted risk of radiation to healthy do-
nors [2, 3]. We have not used a protocol-based approach in our
study in order to avoid unnecessary radiation and included
only those donors in whom we had to undertake imaging
studies for various clinical indications. In the present study,
we have analyzed our prospectively collected imaging data
from 23 donors for volumetric recovery in the early regener-
ative phase (<3 months).
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Methods

Between March 2013 and July 2017, we performed 194
liver transplantation (31 deceased donor and 163 LDLT).
Our selection criteria for the living donors were as fol-
lows: age between 18 and 60 years, liver attenuation in-
dex (LAI) >+5, minimum remnant liver volume of 30%,
and no evidence of uncontrolled cardiopulmonary co-mor-
bidities. The study was approved by an Institutional re-
view board (Ethics committee). The study was based on
prospectively maintained contrast-enhanced computed to-
mography (CECT) data, which was retrospectively ana-
lyzed for volumetric regeneration in 23 donors. A total
of 29 CECT were included over a period of 3 months after
donor hepatectomy. Clinical indications for imaging stud-
ies were as follows: unusual abdominal pain (n=15), un-
explained fever (n =4), high total leukocyte count (n =4),
intra-abdominal bleed (n = 2), ascites (n=2), ileus (n=2),
bile leak (n=1), cholestasis (n=1), dengue fever (n=1),
and obstructed incisional hernia (n=1). Preoperative
CECT with volumetric analysis using Myrian (R) XP
intra-sense 1.18.0 software was used to calculate total
liver volumes (TLV), right and left lobe or ramnant vol-
umes, which acted as the baseline for the regeneration
study. All the donors underwent right hepatectomy with
subtotal/partial middle hepatic vein harvest, translating
into more than 60% of the total liver volume (or 2/3rd
partial hepatectomy model for human beings, range 56%
to 69%). All the 23 donors underwent abdominal CECT
for various clinical indications at different time points
after hepatectomy (not protocol-based). We included only
those CECT scans which were performed within 3 months
after donor hepatectomy. We have arbitrarily defined early
regenerative phase as 3 months for our study. The primary
end-point of the study was to look for liver volumetric
recovery at the end of 3 months. The secondary end-point
was to look for a trend of functional (synthetic) recovery
in donors (i.e. serum bilirubin and the international nor-
malized ratio [INR], of prothrombin time values) at the
end of 1 week as most of the donors get discharged by
9th-day after surgery. The following variables were in-
cluded: donor’s age, sex, body mass index (BMI), LAI,
duration between scans, TLV, preoperative remnant left
liver volume (RLL), regenerated volumes at various time
frames, absolute volumetric growth percentage (AVG%)
and volumetric recovery percentage compared to TLV
(VR%). Liver regeneration was studied by dividing time
frame into 1 week, 2 weeks, 4 weeks, and 3 months pe-
riods. Liver volumes were calculated using Myrian (R)
XP-intra-sense 1.18.0 software and compared with pre-
transplant remnant volume in donors and graft volume
in recipients. For Accuracy test of Myrian (R) XP-intra-
sense 1.18.0 software, estimated and actual volumes of 60
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consecutive donor cohort for graft (right lobe) had a
Pearson’s coefficient of 0.83 (Sable. S, unpublished data).
Liver volumes were calculated in cubic centimeters (cc)
on imaging. The percentage growth remnant was calculat-
ed using the formula AVG% = difference between the re-
generated volume on postoperative day (PODx) and pre-
operative remnant volume/preoperative remnant volume
multiplied by 100 and volumetric recovery (VR) % = dif-
ference between the regenerated volume on MODx mul-
tiplied by 100/TLV). All the donor liver biopsies
(intraoperative) were histologically graded into three
groups: (i) no steatosis: 10 donors, (ii) up to 5% steatosis:
10 donors, and (iii) 5% to 10% steatosis: 3 donors. None
of the donors had more than 10% steatosis. Liver function
was assessed using serum bilirubin and INR in the first
postoperative week. Liver function test (LFT) including
INR was done daily for first 3 days and later on alternate
days till discharge. After discharge, LFTs were done only
when clinically indicated. We did not include transami-
nases in our study as it represents only ischemia-
reperfusion injury (or hepatocyte death) and does not rep-
resent the synthetic function.

Statistical analysis

Normality distribution of the data was tested using Shapiro-
Wilk test. Statistical analysis was performed using SPSS
software version 21.0.0. Results were expressed as median
or mean and standard deviation or range for continuous
variables. Univariate analysis was done using one-way
analysis of variance as the data were normally distributed.
Regression analysis was used to identify parameters asso-
ciated with liver regeneration and determine the correlation
between volumetric recovery percentage and various pa-
rameters included in the study (except for LFT). P-values
of <0.05 were considered significant.

Results

Total 23 donors (14%) underwent 29 CECT (some of the
donors required more than one scan). The mean age of the
donors was 36.9+11.2 (range: 20-58 y), out of them 13
(56%) were female. The mean BMI of the donors was 24.9
+4.0 (range 17.7-32.8 kg/m?) and their mean LAI was 8.7 +
6.5. All the donors underwent right hepatectomy with subto-
tal MHV (harvesting middle hepatic vein keeping intact seg-
ment IVA drainage in the donors) [4] and average remnant
volume was 36.5 +6.8% cc (left lobes). Tables 1 and 2 show
the relevant liver volumetric data and biochemical functions
of all the 23 donors. Fourteen donors did not reveal any
significant findings on imaging. Two donors with intra-
abdominal bleed were re-explored and later recovered
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Table 1 Mean serum bilirubin and international normalized ratio values at 1 week (P-values not applicable)

Sr. No Variables Mean + SD Median Range P-values
(volumetric recovery%)

1 Age 36.9+11.2 34 20-58 0.591

2 Body mass index (BMI) 249+4.0 23 17.7-32.8 0.112

3 Liver attenuation index (LAI) 8.7+6.5 9 21-Minus10 0.099

4 Total liver volume (TLV) 1142 +188 0.514

5 Remnant volume (CT estimated) 432.44+122.8 N.A

6 Remnant volume % 37.5+6.8 0.77

7 Regenerated volumes 905.6+211.8 N.A

8 Interval between scans (duration) 28.4+35.5 (days) 16 1-160 N.A

9 Regenerated volume percentage 109.9+53.3 N.A

10 Volumetric recovery percentage 80.6+19.3 N.A

P-value (Regression analysis) for donor variables vs. volumetric recovery percentage. None of the variables studied were found significant. Normality of

the data tested using Shapiro-Wilk test
NA not applicable

uneventfully. One subject with bile and ascitic fluid leak from
the main wound was managed successfully with percutane-
ous drainage. One donor with obstructed incisional hernia
required emergency re-exploration and repair. There was no
donor mortality. The average hospital stay was 9.7 +2.5 days.
All the donors had normal histology except one, who had
mild periportal fibrosis. None of the donors had macro-
vesicular steatosis of more than 10% on histology. The liver
volumetric recovery in the first week after donor hepatectomy
was 58.11+20% of the original TLV (one [4.3%] of the
donors attained 90% of TLV) and absolute growth was
37.6£21.7%. Within the 2nd postoperative week, the mean
volumetric recovery was 71.9 £18.3% and absolute growth
was 92 £+ 53.3% of the remnant. In the 2nd week, volumetric
recovery in 4/23 (17%) patients was >90% of TLV and ab-
solute growth was >100% in 7/23 (30%) of the subjects. At
the end of 3rd week, 10/23 (43%) subjects attained > 80%
and 5/23 (21%) >90% of volumetric recovery. There was one
(4.3%) subject in this group who had 114% (original TLV)
volumetric recovery within 3 weeks after donor hepatectomy
(Fig. 2a, b). By the 4th week, 11/23 (47.8%) subjects had >

Table 2 Volumetric data of 23 live liver donors
Days Sr. bilirubin INR

Mean + SD Mean + SD
Preoperative 0.49 +0.22 1.02 +0.04
1 1.46 +0.64 1.25+0.34
3 2.59 +1.60 1.36+£0.22
5 225+1.61 1.3+0.16
7 1.57 +1.18 1.17+£0.14

INR international normalized ratio

80% volumetric recovery and 7/23 (30.4%) had > 90% recov-
ery (Fig. 1). In one subject in this group, the scan was repeat-
ed at the 4th week, which revealed further increase in volume
to 128% of original TLV. There was one more patient who
exceeded original TLV (111% of original) at 2.5 months (Fig.
2a, b). On sub-group analysis, we found that 2/23 (8.6%)
donors achieved >100% volumetric recovery before
3 months. The absolute volumetric growth was 110+ 53%
and volumetric recovery as compared to TLV was 80.6 +
19% at the end of 3 months. The mean volumetric growth
percentages were as follows: 37.6+21.74 at 1st week, 92 +
53.27 at 2nd week, 115.55 £59.65 at 4th week, and 110.79 £+
64.47 at 3 months. The mean volumetric recovery percent-
ages were as follows: 58.11+20.5 at 1st week, 71.93 +
18.38 at 2nd week, 76.68 +£18.62 at 4th week, and 80.4 +
19.38 at 3 months. On sub-group analysis, we found that
4.3%, 17%, 30.4%, and 39% donors attended >90% volu-
metric recovery (compared to TLV) at 1st, 2nd, 4th week, and
3 months, respectively. The mean serum bilirubin values were
as follows: preoperative (baseline) 0.49+0.22, POD 1: 1.46
+0.64, POD 3rd: 2.59+1.60, POD 5th: 2.25+1.61, and
POD 7th: 1.57+1.18. The INR values were preoperative
(baseline): 1.02+0.04, POD 1st: 1.25+0.34, POD 3rd:
1.36+0.22, POD 5th: 1.3+0.16, and POD 7th: 1.17+0.14
(Table 2 and Fig. 3). The serum bilirubin and INR values
peaked at POD 3rd and then started showing downward trend
from POD 5th onwards (Fig. 3). The serum bilirubin values
did not reach the preoperative levels in the first postoperative
week. INR values nearly attained the preoperative (baseline)
levels at the end of 1 week. On regression analysis, age (p-
value = 0.59), BMI (p-value=0.11), LAI (p-value =0.09),
TLV (p-value=0.51), and RLL (p-value =0.77) had no sig-
nificant bearing on volumetric recovery (Table 1).
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Fig. 1 Scatter plot showing volumetric recovery at 1 week, 2 weeks, 4 weeks, and 3 months. 7LV total liver volume

Discussion

In the current study, we found that complete liver volumetric
recovery can occur as early as 3 to 4 weeks. This is probably
the first study documenting volumetric recovery over-
shooting the original TLV during early regenerative
phase. One of the donors in our cohort had volumetric reco-
very of 128% of TLV within 3 weeks and the other had
recovery 111% of TLV within 3 months. We did not per-
form serial imaging in our donors for the purpose of study-
ing liver regeneration as it would pose unnecessary risk
ofradiation to them. Although our donors represent only those
who had clinically some form of morbidity, these data re-
veal that regeneration is not affected by any of these mor-
bidities. Early studies by Marcos et al. (2000) and Scatton
et al. (2004) demonstrated liver regeneration occurs as early
as 1 week, although they documented 100% regeneration
it was only in terms of remnant growth. They did not take
into consideration the original TLV of donor while reporting
regeneration of remnant liver volume [1, 5]. One hundred
percent regeneration of the remnant only means that RLL
has doubled it volume but not reached the original TLV.
Complete regeneration of liver within the first week (5—7 days)
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has only been document in rodent studies till date [6].
Gruttadauria et al. in 2012 demonstrated absolute volumetric
growth by 94.7+37.5% in 2 months, whereas our study re-
vealed an absolute growth of >100% in one-third donors by
the end of 2nd week [7]. This means the remnant volumes
doubled in 30% of our donors at the end of 2nd week. In a
study by Pomfret et al. RLL regenerated up to 70%
when compared to TLV in 1 week and up to 80% (com-
pared to TLV) in 1 month [8]. Another study by Pomfret et al.
later demonstrated that liver regeneration is a long process and
showed complete liver regeneration in only one donor at
12 months [9]. In general, this study showed the RLL reached
83.4+9% compared to TLV in 12 months [9]. Our sub-
group analysis revealed 30% donors attaining >90% vol-
umetric recovery at 4 weeks and up to 40% donors attaining
>90% volumetric recovery at the end of 3 months. In our
study, we have noticed that not all the donors had uniform
regenerative process; some of the donors showed
incomplete/slow regeneration while others had surplus of
original total liver volume in a very short period of time. We
would also like to highlight that regeneration is variable in
terms of duration and volume in different individuals and
there are multiple factors which affect liver regeneration. In
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[Donor 1(A) : TLV -889¢cc, RLL -31%

[Donor 2(A) : TLV -844cc, RLL -36%

Fig. 2 a (Donor 1) Post-contrast donor axial CT scan demonstrates right
and left lobe highlighted in gray shade line of demarcation. Total liver
volume (TLV) is 889 cm’. Left lobe has a volume of 286 cm® (31% of
TLV). 2b: Post-contrasts axial CT done in donor at 3 weeks demonstrates
regeneration of the remnant left lobe (RLL, light green) with the volume
of 1091 ecm® (114% of TLV). b (Donor 2) Post-contrast donor axial CT

a study by Haga et al. RLL reached 68.9% of TLV in 1 month,
89.8% in 6 months, and about 80% in 1 year. None of the
donors in his study reached preoperative TLV till 1 year [10].
Akoi et al. showed 51%, 57%, and 64% of TLV in 1, 2, 4 weeks,
74%, 77%, and 81% in 3, 6, 12 months, and 88% in 4 years
[11]. In our study, we noticed average volumetric recovery of
71%, 76%, and 80% at 2 weeks, 4 weeks and 3 months sug-
gesting a much rapid regeneration in our cohort. Reason for
these differences remains unknown. Kim et al. (2013),
showed 58.7+7.4% and 81.5+11.2% volumetric recovery
(compared to TLV) within 1 week and 3 months after surgery
which is comparable to volumetric data in our donor cohort
[12]. It appears that liver regeneration is not affected by racial
differences to a certain extent. Studies by Yokoi et al. (2005)

[Donor 1(B): RLL 1081cc (1149 of TLV) at 3 weeks

scan demonstrates right and left lobe highlighted in gray shade line of
demarcation. Total liver volume (TLV) is 844 cm®. Left lobe has a volume
of 308 cm>(36% of TLV). 2 Post-contrasts axial CT done in donor at
10 weeks demonstrates regeneration of the remnant left lobe (RLL, light
green) with the volume of 943 em® (111% of TLV)

and Chan et al. (20006) are the only studies documenting near
complete volumetric recovery at 1 year and more than 2 years
after donor hepatectomy [13, 14]. Although our study does not
document the long-term volumetric recovery but two of our
donors did show a complete regeneration within 3 months.
Recent multicenter study by Olthoff et al. a in Adult-to-Adult
Living Donor Liver Transplantation Cohort Study (A2ALL
cohort, 2015) showed volumetric recovery in 6.3% (14/350)
donors at the end of 3 months probably the only study reporting
100% volumetric recovery at 3 months [3]. Our results
are comparable to A2ALL cohort 3-month volume model
in donors in terms of complete volumetric recovery
(i.e. 100% of TLV). Another recent study by Duclos et al.
(2015) showed volumetric recovery of 64%, 71%, and 85%
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at the end of 7 days, 30 days and 1 year [15]. None of the
donors achieved complete volumetric recovery in this study
[15]. To the best of our knowledge, ours is the first human
study documenting volumetric recovery in surplus of original
total liver volume (> 100% of TLV) in two donors during
early regenerative phase (<3 months). Ours is also the first
ever report from India to study regeneration kinetics in donors.
The concept of “mitosis and apoptosis™ or “heliostat control” in
regeneration after partial hepatectomy model may be able to
explain this over-shooting of liver volumes beyond original
TLV [6, 16]. As hypothesized by Sakamoto et al. in rodent
studies, a small wave of apoptosis of hepatocyte is noticed at
the end of DNA synthesis that prevents over-shooting of
regenerative response [16]. We believe that this apoptotic wave
may be missing in some of the donors leading to surplus regen-
eration above TLV. Liver regeneration is a complex process
associated with signalling cascades involving growth factors,
cytokines, matrix remodelling and stimulation and inhibition of
growth-related signals. It would be very difficult to pinpoint the
exact cause leading to over-shooting of liver regeneration in
donors.

Our biochemical data suggest mild liver insufficiency is
inevitable in first 72 h but by the end of 1-week serum biliru-
bin and INR values show a trend towards baseline values.
Although serum bilirubin values showed a trend towards nor-
malization it did not reach the baseline values. Serum INR
values in our donor cohort reached normal range at the end
of 1 week and as compared to preoperative (baseline) it was
nearly the same. Contrary to the available literature [17-19],
we believe the delayed return in serum bilirubin is most prob-
ably secondary to remnants without MHV rather than delay in
synthetic function. We did not try to document liver functions
(LFT) if donors were doing clinically well and did not follow
any universal protocol for repeating LFTs after 1 week. Liver
function tests were checked by protocol at 3 months and 1 year
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in all donors and had reached baseline values in all cases. We
do not have fixed time point protocol LFTs between 1 week
and 3 months. Two of our donors had ascites which suggest
partial liver insufficiency although they did not meet post-
hepatectomy liver failure (PHLF) criteria and recovered well,
later both showed good liver volumetric recovery. There are
multiple studies reporting complete normalization of liver
function within 1 week [1, 9, 20, 21]. Some documenting
functional recovery within 1 month [13, 22-25], while some
reported that it may take up to 3 months to 1 year [12, 15,
26-28]. There was a lot of heterogeneity in these studies in
terms of defining a normal liver function and the biochemical
parameters used. Although most of these used serum bilirubin
to define liver functions, but the definition of normal bilirubin
levels remains unknown. Ideal definition of normalization of
liver synthetic function would mean returning of values to
their original baseline; however, while trying to document this
would lead to unnecessary needle punctures in an otherwise
healthy donor. Although we did have normalization of LFT in
our donors at follow up ranging from 1 week to 3 months. We
did not include this data in our study as it was not available for
all 23 donors. We choose serum bilirubin and INR as a bio-
chemical parameter to study synthetic function as they depict
true function in the early post-hepatectomy phase. We did not
use liver enzymes as it is not a marker for synthetic function
and represent only damage/death of hepatocyte. Serum albu-
min has a very long half-life (3 weeks) and levels in the im-
mediate postoperative periods may be falsely low due to he-
modilution effect. Unlike other studies, we have included LFT
data only for the first week to demonstrate the trend towards
normalization of synthetic function. The serum bilirubin
values and INR values peaked at POD 3rd and started show-
ing down ward trend from POD 5th onwards. The average
RLL (with steatosis less than 10%) in our donors was
37.5%, probably explaining the minimal derangement of liver
function and the rapid trend towards recovery. The values did
not reach the pre-op values in first postoperative week. We
believe there is no clinical implication of repeating LFT’s once
they show a trend towards normalization unless clinically
required.

Recently, some of the studies have tried to analyze predic-
tive factors associated with the regenerative process with
variable results [3, 15]. Our study did not have any
statistically significant association between age (p-value =
0.59), BMI (p-value=0.11), LAI (p-value=0.09), TLV (p-
value=0.51) and RLL (p-value=0.77) and volumetric
recovery. Our hypothesis to this is firstly the volume
required to get a meaningful association is lacking in our
study secondly there may be some inherent bias in donor
selection which may have resulted in lack of significant
association between these parameters. None of the donors
had steatosis greater than 10% which may explain good
regeneration in our cohort in terms of volumes and duration.
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This study is not without limitations, most important of
which is its retrospective nature. The relatively small number
of patients included in our study limited the number of vari-
ables that could be simultaneously studied on regression anal-
ysis. This is a single-center study performed in a tertiary care
highly specialized hospital and so our results cannot be gen-
eralized to larger heterogeneous populations. Our liver
volumetry data represent a capture of regeneration within
3 months and as most of the donors had only single CECT
so it would be difficult to estimate the rate of liver regeneration
and how it may differ inter- individually. It would be interest-
ing to follow up the two patients who had over-shooting of
liver volumes within 3 weeks and 3 months to know whether
the mitosis effect sustains or apoptosis takes over and brings
down the volumes to original TLV. However, there is no clin-
ically justifiable reason to subject them to another CECT.

In conclusion, our study is the first to document complete
volumetric recovery in donors as early as 3 weeks, unlike
previous studies where the donor had incomplete restoration
of volumes even at the end of 1 year. Interestingly, two of the
donors overshot their original TLV during the early regenera-
tive phase. Serum bilirubin and INR values peak at 3rd day
and show downward trend by the end of 1 week. Age, BMI,
LAIL TLV, and RLL did not have a significant effect on volu-
metric recovery.
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