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BACKGROUND: After portal vein embolization (PVE), the future liver remnant (FLR) hypertrophies for
several weeks. An early marker that predicts a low risk of post-hepatectomy liver failure
can reduce the delay to surgery.

STUDY DESIGN: Liver volumes of 153 patients who underwent amajor hepatectomy (>3 segments) after PVE for
primary or secondary liver malignancy between September 1999 and November 2012 were
retrospectively evaluated with computerized volumetry. Pre- and post-PVE FLR volume and
functional liver volume were measured. Degree of hypertrophy (DH ¼ post-FLR/post-
functional liver volume � pre-FLR/pre-functional liver volume) and growth rate (GR ¼ DH/
weeks since PVE) were calculated. Postoperative complications and liver failure were correlated
with DH, measured GR, and estimated GR derived from a formula based on body surface area.

RESULTS: Eligible patients underwent 93 right hepatectomies, 51 extended right hepatectomies, 4 left
hepatectomies, and 5 extended left hepatectomies. Major complications occurred in 44 patients
(28.7%) and liver failure in 6 patients (3.9%). Nonparametric regression showed that post-
embolization FLR percent correlated poorly with liver failure. Receiver operating character-
istic curves showed that DH and GR were good predictors of liver failure (area under the curve
[AUC] ¼ 0.80; p ¼ 0.011 and AUC ¼ 0.79; p ¼ 0.015) and modest predictors of major
complications (AUC ¼ 0.66; p ¼ 0.002 and AUC ¼ 0.61; p ¼ 0.032). No patient with GR
>2.66% per week had liver failure develop. The predictive value of measured GR was superior
to estimated GR for liver failure (AUC ¼ 0.79 vs 0.58; p ¼ 0.046).

CONCLUSIONS: Both DH and GR after PVE are strong predictors of post-hepatectomy liver failure. Growth rate
might be a better guide for the optimum timing of liver resection than static volumetric mea-
surements. Measured volumetrics correlated with outcomes better than estimated
volumetrics. (J AmColl Surg 2014;219:620e630.� 2014by theAmericanCollege of Surgeons)
In patients undergoing liver resection, the optimal future
liver remnant (FLR) volume required for safe recovery is
uncertain. For patients with normal liver parenchyma,
20% to 40% of the total liver volume has been suggested
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as the minimum,1-7 and patients with underlying hepatic
parenchymal disease (ie, steatosis, chemotherapy-
associated liver injury, or cirrhosis) are believed to require
larger percentage volumes.8,9 Portal vein embolization
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Abbreviations and Acronyms

AUC ¼ area under the curve
eGR ¼ estimated growth rate
FLR ¼ future liver remnant
FLV ¼ functional liver volume
IQR ¼ interquartile range
PVE ¼ portal vein embolization
ROC ¼ receiver operating characteristic
sFLR ¼ standardized future liver remnant
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(PVE) has become an important means to increase the
FLR volume before major hepatectomy and thereby
reduce postoperative liver failure. After an ill-defined
period of time, usually 4 to 6 weeks, repeat imaging is
used to determine if the minimum volume has been
achieved and to decide if it is safe to proceed to surgery.
However, the predictive value of these static measures is
variable and not well studied in the post-PVE setting.
Typically, hepatectomy is performed several weeks after

PVE to allow for adequate hypertrophy of the FLR. Correa
and colleagues10 showed that liver hypertrophy after PVE is
more gradual than after hepatectomy, with only 25% of
the eventual volumegained after 1month.Continuedgrowth
has been observed for up to 1 year. A reliable early marker of
adequate response after PVE is desirable, as it would not only
predict successful perioperative outcomes, but would also
support reduction of the delay between PVE and subsequent
resection. Conversely, patients predicted to do poorly, even if
their eventual post-hepatectomy volume gain appears suffi-
cient, would be approached more cautiously or alternative
nonresectional treatment would be sought. One such poten-
tial marker is the growth rate, which can be measured rela-
tively early after PVE, before full hypertrophy has occurred.
Shindoh and colleagues11 recently reported the promising
predictive value of growth rate for patients with colorectal
liver metastases undergoing right hepatectomy.
The size of the FLR is typically expressed as a percent-

age of the functional liver volume (FLV). There is contro-
versy about the optimum method of measuring FLR,
which is traditionally done using computerized volumetry
from CT or MRI,5 although some advocate estimation of
the FLV using a formula based on body surface area.12

The ratio of the measured FLR to the estimated FLV
has been termed standardized FLR, from which a rate of
growth can be derived.
The current study examines the FLR growth rate in a

broad population of patients submitted to PVE and cor-
relates it to post-hepatectomy liver failure and overall
morbidity. We also compared the measured growth rates
and estimated growth rates (eGR) and assessed the ability
of each to predict perioperative outcomes.
METHODS
The Institutional Review Board at Memorial Sloan Ketter-
ing Cancer Center granted a waiver of consent for this
retrospective study. Two hundred and fourteen patients
who underwent preoperative PVE followed by major hep-
atectomy (�3 Couinaud segments) for malignant liver dis-
ease (primary and secondary) between September 1999
and November 2012 were identified from a prospectively
maintained database. Patients were eligible if a CT orMRI
scan was performed both before PVE and after PVE, but
before hepatectomy. Thirty-three patients were excluded
from the study because one or more required scans were
missing, imaging coverage of the liver was incomplete, im-
aging quality was inadequate, or if one or more scans were
from an external imaging source. An additional 28 patients
were excluded if surgery was delayed for more than 3
months for any reason. A total of 153 patients were
included in the analysis. Demographic, clinical, patho-
logic, and follow-up data were obtained from the database.

Embolization technique

The technique of PVE at our institution has been
described previously.13 In summary, an ipsilateral portal
vein puncture was used to avoid injuring the FLR. Embo-
lization was performed using polyvinyl alcohol particles.
For right PVE, which represented the large majority of
patients, the main right portal vein was embolized.
When an extended right hepatectomy was planned,
segment 4 portal inflow was not embolized in all except
4 patients, with the rationale being to avoid inadvertent
reflux of embolic material into the remainder of the left
portal system. Likewise, for a planned extended left hemi-
hepatectomy, only the left portal vein was embolized.

Image processing

The pre- and post-PVE CT or MRI scans were processed
using PC-based software (Scout Liver; Pathfinder Thera-
peutics). The liver was outlined on an axial scan in a semi-
automated fashion; manual adjustment was usually needed
to ensure that extrahepatic structures, such as the inferior
vena cava, the base of the heart, and the abdominal wall,
were excluded. Once designation of the liver extent was
complete, a three-dimensional model of the organ was
generated. The software computed the volume of the liver
using a well-established technique.14 The volume of tumors
was calculated similarly. The 3-dimensionalmodelwas then
manually divided into the embolized (resected) and nonem-
bolized (remnant) sides along the principal plane of the liver
defined by themiddle hepatic vein and the gallbladder fossa.
The following volumetric data were obtained: total

liver volume, total tumor volume, functional liver volume
(FLV ¼ total liver volume � total tumor volume),
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functional volume of embolized lobe, functional volume
of nonembolized lobe (FLR). Data were obtained for
both the pre-PVE and post-PVE scans. The FLR was
based on the pattern of embolization, which in patients
undergoing a right hepatectomy, closely approximated
the actual FLR. The degree of hypertrophic response,
which measured the difference between the percentage
volumes before and after PVE, was defined as degree
of hypertrophy (%) ¼ (post-FLR � 100/post-FLV) �
(pre-FLR � 100/pre-FLV). The growth rate was defined
as the degree of hypertrophy per week after PVE.
We measured FLR using computerized volumetry. An

additional analysis was performed based on estimated
liver volume calculated from patient body surface area,
using a technique that has been described previously.12

From the estimated liver volume, an estimated future
liver remnant percentage, estimated degree of hypertro-
phy, and eGR were derived.

Definitions

Complications were prospectively recorded and graded
from 0 to 5 using a previously reported and validated
serious adverse events classification system developed at
our institution, with 0 indicating no complication, and
5 indicating death.15 In this study, a major complication
was defined as grade 3 or higher. Liver failure was defined
using the “50-50 criteria” described previously by Balzan
and colleagues16 as a serum bilirubin >50 mmol/L and
prothrombin time <50% on postoperative day 5.

Comparisons

The volumetric parameters of patients who did and did not
have liver failure develop were compared, as were the
parameters of patients who did and did not have major
complications develop. The predictive strengths of the
post-PVE remnant volume, degree of hypertrophy, growth
rate, and eGRwith regard to outcomes were also compared.

Statistical analysis

Mann-Whitney U test was performed onmedians for cova-
riates with continuous outcomes, and Fisher exact test was
performed on covariates with dichotomous outcomes.
These were analyzed using Prism (version 6.0, GraphPad).
A p value of <0.05 was considered statistically significant.
The associations between various versions of growth rate
and the clinical outcomes (major complication or liver fail-
ure) were modeled using nonparametric regression with a
local likelihood smoother.17 Receiver operating character-
istic curves (ROC) and the area under the curve (AUC)
were used to evaluate the ability of growth rates to discrim-
inate between patients who had clinical events (major
complication or liver failure) and those who did not.18
An AUC >0.5 is considered discriminative and a p value
of <0.05 was considered statistically significant. The per-
formance of the ROC for measured growth rate was
compared with that for eGR using a permutation test.19
RESULTS

Liver failure

Table 1 summarizes the baseline and treatment character-
istics for all patients and for patients with and without liver
failure. The majority of patients (89.5%) had colorectal
metastases. One hundred and twenty-six patients
(82.3%) had received systemic chemotherapy, including
37.9% treated with oxaliplatin and 44.4%with irinotecan.
Thirty-five patients (22.9%) had been treated with hepatic
arterial infusion pump chemotherapy. The most common
operation was right hepatectomy (60.8%), followed by
extended right hepatectomy (33.3%), extended left hepa-
tectomy (3.3%), and left hepatectomy (2.6%). Baseline
characteristics were comparable between the 2 groups,
except a higher proportion of patients with liver failure
had hepatocellular carcinoma. Volumetric data are also
presented. After a median of 27 days after PVE, a median
FLR/FLV of 45.3% (interquartile range [IQR] 39.7% to
50.4%) and a median degree of hypertrophy of 9.6%
(IQR 6.8% to 12.4%) were achieved. The median growth
rate was 2.48% per week (IQR 1.66% to 3.44% per week).
Figure 1 shows the trajectory of FLR growth after PVE.
The post-PVE FLR/FLV percent was not significantly
different between the 2 groups (p ¼ 0.07). Patients in
whom liver failure did not develop had higher degrees of
hypertrophy and growth rate than patients who did have
liver failure, and the difference was statistically significant.

Complications

One hundred and thirty-eight complications occurred in
87 patients (56.8%). The median grade of complication
was 2. The most common complications, in descending
order of incidence, were intra-abdominal collections or
abscesses (n ¼ 39), wound infections (n ¼ 23), venous
thromboembolism (n ¼ 12), and paralytic ileus (n ¼
8). Major complications (grade �3) are summarized in
Table 2. Fifty-three major complications (34.6%)
occurred in 44 patients (28.7%). The majority were
related to intra-abdominal collections, including abscesses
and biloma. Six patients had liver failure develop (3.9%).
There were 5 deaths, 3 of which were a consequence of
liver failure. Two patients died of cardiac complications.
Table 3 summarizes the baseline and treatment charac-

teristics and volumetric data for patients with and
without major complications. Baseline characteristics
were comparable, except that patients who had major



Table 1. Baseline and Treatment Characteristics for Patients With and Without Liver Failure

Characteristics All patients No liver failure Liver failure p Value

Total patients, n 153 147 6

Age, y, median (IQR) 57 (50e65) 55 (50e65) 62 (57e68) 0.18

Males, n (%) 95 (62.1) 90 (61.2) 5 (83.3) 0.41

BMI, kg/m2, median (IQR) 27.3 (24.7e30.5) 27.5 (24.7e30.7) 25.7 (24.9e27.1) 0.28

Histology, n (%)

Colorectal metastases 137 (89.5) 133 (90.5) 4 (67) 0.12

Nonecolorectal metastases 5 (3.3) 5 (3.4) 0 1.00

Hepatocellular carcinoma 6 (3.9) 4 (2.7) 2 (33) 0.02

Primary biliary carcinoma 5 (3.3) 5 (3.4) 0 1.00

Comorbidities, n (%)

Diabetes 9 (5.9) 9 (6.1) 0 1.00

Moderate or severe steatosis 14 (9.2) 14 (9.5) 0 1.00

Cirrhosis 2 (1.3) 1 (0.7) 1 (17) 0.08

Chemotherapy within 6 mo, n (%)

Any 126 (82.3) 122 (83.0) 4 (67) 0.29

5-FU 120 (78.4) 116 (78.9) 4 (67) 0.61

Oxaliplatin 58 (37.9) 57 (38.8) 1 (17) 0.41

Irinotecan 68 (44.4) 65 (44.2) 3 (50) 1.00

Bevacizumab 28 (18.3) 27 (18.4) 1 (17) 1.00

Hepatic arterial infusion pump FUDR 35 (22.9) 32 (21.8) 3 (50) 0.13

Operation, n (%)

Right hemihepatectomy 93 (60.8) 90 (61.2) 3 (50) 0.68

Extended right hemihepatectomy 51 (33.3) 48 (32.7) 3 (50) 0.40

Left hemihepatectomy 4 (2.6) 4 (2.7) 0 1.00

Extended left hemihepatectomy 5 (3.3) 5 (3.4) 0 1.00

Days from PVE to post-PVE scan, median (IQR) 27 (20e33) 27 (20e33) 25 (21e27) 0.41

Volumetrics, mL, median (IQR)

Pre-PVE FLV 1,636 (1,437e1,885) 1,640 (1,437e1,902) 1,514 (1,438e1,728) 0.42

Pre-PVE FLR 560 (473e678) 566 (473e679) 528 (513e578) 0.50

Pre-PVE FLR/FLV % 35.3 (29.8e40.1) 35.3 (29.9e39.8) 37.2 (28.9e43.0) 0.87

Post-PVE FLV 1,626 (1,443e1,846) 1,631 (1,438e1,848) 1,604 (1,524e1,701) 0.90

Post-PVE FLR 725 (628e884) 732 (622e887) 687 (646e713) 0.18

Post-PVE FLR/FLV % 45.3 (39.7e50.4) 45.6 (39.8e50.6) 40.7 (38.7e42.0) 0.07

Degree of hypertrophy, % 9.64 (6.75e12.36) 9.76 (6.92e12.5) 3.88 (�0.07 to 7.84) 0.01

Growth rate, % per week 2.48 (1.66e3.44) 2.55 (1.74e3.45) 1.23 (0.01e2.11) 0.01

eFLV 1,708 (1,485e1,946) 1,708 (1,486e1,952) 1,678 (1,463e1,760) 0.54

eGR, % per week 2.25 (1.41e3.28) 2.25 (1.44e3.26) 1.71 (0.85e3.19) 0.49

eFLV, estimated functional liver volume based on body surface area12; eGR, estimated growth rate; FLR, future liver remnant; FLV, functional liver volume;
FUDR, floxuridine; IQR, interquartile range; PVE, portal vein embolization.
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complications were more likely to have been treated with
oxaliplatin (p ¼ 0.01) than with irinotecan (p ¼ 0.02).
Patients who did not have major complications had a
higher degree of hypertrophy and growth rate than pa-
tients who had major complications, and the difference
was statistically significant.

Predictors of outcomes

Nonparametric regression was performed to demonstrate
the relationship between the probability of liver failure or
major complications and volumetric parameters. A
steeper slope indicates that a predictor has a stronger as-
sociation with the outcomes of interest. Figures 2A and
B show that the post-embolization remnant percentage
correlated poorly with liver failure and only moderately
with major complications.
Figure 3A shows the correlation between growth rate

and liver failure. In contrast to Figure 2A, there is a steep
curve at lower growth rates, which flattens around a mean
of 2.65% per week. These results suggest that growth rate



Figure 1. Growth of liver remnant over time. PVE, portal vein
embolization.
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was highly predictive of liver failure at low rates but not at
high rates. In addition, there were no patients with liver
failure where growth rate was >2.66% per week. A
similar regression for major complications showed a shal-
lower slope, indicating a weaker correlation between
growth rate and complications. However, major compli-
cations were predicted through the full range of growth
rates (Fig. 3B).
Figures 4A and B show the relationship between out-

comes and eGR based on formula-derived estimated liver
volume. The correlations were weaker than those in
Figure 3.
Receiver operating characteristic curves were used to

quantify the predictive strength of growth parameters.
Area under the curve was calculated for each parameter
with its associated p value. An AUC of 0.5 indicates
that the parameter has no discriminative power for the
Table 2. Major Complications

Major complications n %

Total 53 34.6

Liver failure 6 3.9

Fluid collection/abscess/biloma 28 18.3

Other liver specific complication 2 1.3

Hemorrhage 3 2.0

Gastrointestinal 3 2.0

Cardiac 2 1.3

Respiratory 3 2.0

Wound 3 2.0

Nonsurgical site infection 3 2.0

Venous thromboembolism 2 1.3

Other 4 2.6

Death (90 days) 5 3.3

Death from liver failure 3 2.0

Cardiac death 2 1.3
outcomes measured, and an AUC of 1.0 indicates a per-
fect predictor. A summary of AUCs for the different pa-
rameters is presented in Table 4.
As predictors for liver failure, degree of hypertrophy

and measured growth rate both performed well, with
AUC of 0.80 for degree of hypertrophy (95%, CI
0.62e0.99; p ¼ 0.011), and 0.79 for growth rate (95%
CI, 0.62e0.97; p ¼ 0.015). Figure 5 shows the ROC
curve for growth rate as a predictor of liver failure. The
AUC for post-FLR/FLV to predict liver failure was
modest at 0.71, but was not statistically significant
(95% CI, 0.56e0.87; p ¼ 0.076). As predictors of major
complications, the performance of various parameters was
similarly modest but also statistically significant. The
AUCs to predict major complications were 0.65 for
post-FLR/FLV (95% CI, 0.57e0.75; p ¼ 0.002), 0.66
for degree of hypertrophy (95% CI, 0.57e0.76; p ¼
0.002), and 0.61 for growth rate (95% CI, 0.52e0.71;
p ¼ 0.032).
The AUCs for eGR were lower and not statistically sig-

nificant at 0.58 (95% CI, 0.31e0.86; p ¼ 0.484) for liver
failure and 0.57 (95% CI, 0.47e0.67; p ¼ 0.164) for
major complications. When a comparison was performed
using a permutation test, the predictive value of measured
growth rate was superior to eGR for liver failure (AUC ¼
0.79 vs 0.58; p ¼ 0.046).
DISCUSSION
Major liver resection in high-volume centers is now rela-
tively safe with rates of perioperative mortality of 3% and
major morbidity of 45%.20 Although uncommon, liver
insufficiency is still a major source of mortality and
morbidity. Because Makuuchi and colleagues applied
PVE to induce remnant hypertrophy in hilar cholangio-
carcinoma in the 1980s,21 PVE has been extended to
treatment of hepatocellular carcinoma and liver metasta-
ses. It has been shown that PVE is safe and effective,
and that it can allow some patients with borderline resect-
able disease to become resectable.9,22-26

Patients have variable hypertrophic response to PVE.
The factors that affect hypertrophy are not well character-
ized, as study populations have been heterogeneous. Some
studies have shown that the size of the FLR before PVE
predicts the degree of hypertrophy.27,28 Other possible fac-
tors include chronic liver disease,22,29 diabetes,30,31 and
chemotherapy,32,33 although these have not been consis-
tently shown to be significant.34-36 More recent studies
have not found chemotherapy to be associated with
poor growth.11,27,37-39

Portal vein embolization leads to hemodynamic
changes and redistribution of hepatic growth factors



Table 3. Baseline and Treatment Characteristics for Patients With and Without Major Complications

All patients No major complications Major complications p Value

Total patients, n 153 109 44

Age, y, median (IQR) 57 (50e65) 56 (50e66) 55 (50e65) 0.79

Males, n (%) 95 (62.1) 66 (60.6) 29 (65.9) 0.58

BMI, kg/m2, median (IQR) 27.3 (24.7e30.5) 27.7 (24.8e30.8) 26.1 (24.5e28.9) 0.16

Histology, n (%)

Colorectal metastases 137 (89.5) 97 (89.0) 40 (90.9) 1.00

Nonecolorectal metastases 5 (3.3) 5 (4.6) 0 0.32

Hepatocellular carcinoma 6 (3.9) 4 (3.7) 2 (4.5) 1.00

Primary biliary carcinoma 5 (3.3) 3 (2.8) 2 (4.5) 0.63

Comorbidities, n (%)

Diabetes 9 (5.9) 7 (6.4) 2 (4.5) 1.00

Moderate or severe steatosis 14 (9.2) 10 (9.2) 4 (9.1) 1.00

Cirrhosis 2 (1.3) 1 (0.9) 1 (2.3) 0.49

Chemotherapy within 6 mo, n (%)

Any 126 (82.4) 86 (78.9) 40 (90.9) 0.10

5-FU 120 (78.4) 83 (76.1) 37 (84.1) 0.39

Oxaliplatin 58 (37.9) 34 (31.2) 24 (54.5) 0.01

Irinotecan 68 (44.4) 55 (50.5) 13 (29.5) 0.02

Bevacizumab 28 (18.3) 17 (15.6) 11 (25.0) 0.18

Hepatic arterial infusion pump FUDR 35 (22.9) 25 (22.9) 10 (22.7) 1.00

Operation, n (%)

Right hemihepatectomy 93 (60.8) 65 (59.6) 28 (63.6) 0.72

Extended right hemihepatectomy 51 (33.3) 36 (33.0) 15 (34.1) 1.00

Left hemihepatectomy 4 (2.6) 4 (3.7) 0 0.33

Extended left hemihepatectomy 5 (3.3) 4 (3.7) 1 (2.3) 1.00

Days from PVE to post-PVE scan, median (IQR) 27 (20e33) 28 (21e33) 26 (19e31) 0.15

Volumetrics, mL, median (IQR)

Pre-PVE FLV 1,636 (1,437e1,885) 1,631 (1,439e1,885) 1,714 (1,423e1,877) 0.84

Pre-PVE FLR 560 (473e678) 568 (482e678) 537 (466e676) 0.37

Pre-PVE FLR/FLV % 35.3 (29.8e40.1) 35.83 (30.35e40.22) 34.4 (29.1e38.2) 0.32

Post-PVE FLV 1,626 (1,443e1,846) 1,612 (1,454e1,821) 1,685 (1,426e1,856) 0.67

Post-PVE FLR 725 (628e884) 750 (637e905) 707 (599e778) 0.07

Post-PVE FLR/FLV, % 45.3 (39.7e50.4) 46.8 (40.6e51.3) 41.9 (38.5e46.4) 0.002

Degree of hypertrophy, % 9.64 (6.75e12.36) 10.64 (7.29e12.91) 7.94 (4.65e10.62) 0.001

Growth rate, % per week 2.48 (1.66e3.44) 2.62 (1.77e3.64) 2.26 (1.34e3.14) 0.03

eFLV 1,708 (1,485e1,946) 1,710 (1,493e1,945) 1,690 (1,437e1,952) 0.65

eGR, % per week 2.25 (1.41e3.28) 2.42 (1.47e3.31) 2.06 (1.04e3.06) 0.16

eFLV, estimated functional liver volume based on body surface area12; eGR, Estimated growth rate; FLR, future liver remnant; FLV, functional liver volume;
FUDR, floxuridine; IQR, interquartile range; PVE, portal vein embolization.
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that provide stimulus for hypertrophy of the remnant
liver analogous to those that lead to liver regeneration af-
ter hepatectomy.40 Traditionally, after PVE, the static
measure of FLR as a percentage of total liver volume pro-
vides an estimate of the risk of post-hepatectomy liver
failure and influences a surgeon’s decision to proceed
with resection. However, our data showed that the FLR
volume in itself is not a good predictor of morbidity or
liver failure. It has been shown that degree of hypertrophy
correlates with post-hepatectomy outcomes41; however, it
takes several weeks for degree of hypertrophy to become
apparent. The measured growth rate is an early marker
of the regenerative capacity of the liver remnant and
can provide additional functional information beyond
traditional, static measures of volume. Recently, Shindoh
and colleagues showed that the rate of FLR growth, which
they termed kinetic growth rate, has a better predictive
value than degree of hypertrophy alone for postoperative



Figure 2. Nonparametric regression of post portal vein embolization future liver remnant (FLR)/functional liver volume (FLV)
percent to predict (A) probability of liver failure, and (B) probability of major complications. A steeper slope indicates a
stronger predictor.
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outcomes.11 In the current study, we found similar results,
in that the speed of growth as well as the extent of growth
correlated with post-hepatectomy liver failure. However,
we found that degree of hypertrophy was a superior pre-
dictor for high-grade complications and liver failure,
when compared with growth rate. Measured growth
rate is still a useful index because it is an early marker
that can support going forward with the procedure before
the customary 4 to 6 weeks. A composite score using
several volumetric parameters to more accurately predict
liver failure would be desirable; however, our attempts
to derive such a score using multivariate logistic regres-
sion failed to improve the prediction model. The likely
Figure 3. Nonparametric regression of measured growth rate to
major complications. A steeper slope indicates a stronger pred
explanation for this is that all of the volume-related vari-
ables are mathematically related, with a major contribu-
tion from the low rate of liver failure in this cohort.
Although using major morbidity as one of the outcomes
will increase the number of events for statistical analysis,
our results showed that volumetric measures were only
modest predictors for major morbidity.
Although the ability of volumetry to predict liver fail-

ure makes biologic sense, the mechanism of its correlation
with major complications, the majority of which
comprise intra-abdominal collections, biloma, and infec-
tion, is unclear. It is reasonable to speculate, however,
that patients recovering from major abdominal surgery
predict (A) probability of liver failure, and (B) probability of
ictor.



Figure 4. Nonparametric regression of estimated growth rate to predict (A) probability of liver failure, and (B) probability of
major complications. A steeper slope indicates a stronger predictor.
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with a poorly functioning liver would be at greater risk
for a wide array of postoperative complications, in both
absolute terms and severity.
In the current study, no patient with a growth rate

>2.66% per week had liver failure develop. Although it
would be useful to determine an absolute cutoff value
above which a patient is relatively “safe” for surgery, the
low incidence of liver failure in this cohort requires that
we stop short of such a firm conclusion, pending confirma-
tion of the results in future studies. Additionally, although
early resection in patients who demonstrate rapid regener-
ation appears to be safe, it must be recognized that the
number of data points based on CT scans obtained early
after PVE was low, and such a recommendation is based
on extrapolation from the available data. We found
that growth rate correlated with liver failure better than
it did with major complications, most likely because mul-
tiple factors contribute to postoperative morbidity. A
meaningful cutoff value for complications was difficult
to identify, as the predictive values for degree of hypertro-
phy and growth rate for complications were relatively poor
(AUC ¼ 0.66 and AUC ¼ 0.61, respectively).
Table 4. Area Under the Receiver Operating Characteristic Cur
Complications

Growth parameter

Liver failure

AUC 95% CI

Post-PVE FLR/FLV % 0.71 0.56e0.87

DH 0.80 0.62e0.99

GR 0.79 0.62e0.97

eGR 0.58 0.31e0.86

AUC, area under the curve; DH, degree of hypertrophy; eGR, estimated growth
rate; PVE, portal vein embolization.
It has been proposed that an estimated FLR (or standard-
ized FLR [sFLR]), calculated from body surface area12,42 or
weight43 might be a superior measure of FLR, compared
with computerized volumetry. Proponents of this approach
cite as advantages less error in the presence of multiple tu-
mors or biliary dilation, andmore accurate measurement of
functional volume in the presence of diseased liver paren-
chyma.We believe that accurate exclusion of nonparenchy-
mal structures is technically feasible. In addition, sFLR
formulas were developed and validated on patients without
chronic liver disease and, therefore, might still overestimate
the functional volume in patients with steatosis, cirrhosis,
and chemotherapy-associated liver injury. When the
sFLR formula12 was applied to our cohort, the estimated
sFLR was similar to our measured FLR, with a median of
1,708 mL vs 1,636 mL, IQR of 461 mL vs 448 mL. How-
ever, large differences were observed for volumes falling at
extreme ends of the normal range. For the patient in our
dataset with the smallest liver, sFLR overestimated the vol-
ume by 300 mL, and for the largest liver sFLR underesti-
mated by 1,000 mL. An explanation for this discrepancy
might lie in the method by which sFLR formula is derived
ves for Growth Parameters to Predict Liver Failure and Major

Major complications

p Value AUC 95% CI p Value

0.076 0.65 0.57e0.75 0.002

0.011 0.66 0.57e0.76 0.002

0.015 0.61 0.52e0.71 0.032

0.484 0.57 0.47e0.67 0.164

rate; FLR, future liver remnant; FLV, functional liver volume; GR, growth



Figure 5. Receiver operating characteristic curve for growth rate
as a predictor of liver failure. Area under the curve (AUC) ¼ 0.794
(p ¼ 0.015).
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by regression (r2 ¼ 0.46), which predicts means but under-
estimates the variation among individual values. Although
there are advantages to using the sFLR, such as speed and
less inter-user variability, we believe that a measured FLR
should remain the gold standard.
Shindoh and colleagues11 reported a very high predic-

tive value for liver failure using sFLR-based growth rate.
We were unable to reproduce these results in the current
study, which might be due to differences in patient pop-
ulations and selection. Although the demographic charac-
teristics of our patient populations were similar, we
included patients with diagnoses other than colorectal
metastases. The overall use of systemic chemotherapy
was comparable, but the pattern of chemotherapy agents
used was different. Our patients had a much higher rate
of irinotecan (44% vs 15%) and lower rate of oxaliplatin
(38% vs 80%) treatment. An important technical differ-
ence between these two studies is that we do not routinely
embolize the portal vein branch to segment 4, specifically
to avoid injury to the future remnant. For our patients
with an extended right hepatectomy, which was 33.3%
of our study population, the measured nonembolized
liver volume is higher than the true post-resection liver
remnant. This likely contributed to the observed higher
pre-PVE volume (median 35.3%) and post-PVE volume
(median 45.3%). Clinicians’ concerns about the quality
of the liver parenchyma might have also led to a lower
threshold for embolization in our cohort.
Chemotherapy is associated with liver injury and, there-

fore, with a higher remnant volume requirement to
prevent post-hepatectomy liver failure. Covey and collea-
guges37 showed that chemotherapy did not alter the overall
growth of the FLR after PVE, and that PVE might even
have a protective effect on the remnant liver against
chemotherapy-related injury. More recently, we reported
the benefit of post-PVE chemotherapy to protect against
tumor growth between the time of PVE and hepatec-
tomy.44 The majority of patients in our study were pre-
treated with chemotherapy, often with prolonged courses
andmultiple agents, including the 44.4%who received iri-
notecan, known to be associated with steatohepatitis.45 We
have not found any increase in rates of liver failure or major
complications in patients treated with chemotherapy.
Despite the high-risk nature of many of our patients, the
3.9% liver failure rate and 3.3% overall mortality rate
are comparable with those in the literature.26,46

This study is limited by its retrospective nature, with
inherent selection bias and uncontrolled confounders.
Only patients who proceeded to surgery were eligible,
therefore, patients with very poor growth rates might
have been excluded. A previous study from our institu-
tion showed that 19 of 74 (25.7%) patients undergoing
PVE did not proceed to surgery.10 Each patient in our
current study had only a single post-PVE scan analyzed.
A prospective study where serial scans are performed at
set intervals after PVE would provide a more accurate
growth trajectory. Current imaging technology allows
detection of regeneration at 5 days after liver resection,
so it is conceivable that similar changes would be meas-
ureable early after PVE.47 Including such early data points
would provide more accurate assessment of the growth
rate and perhaps strengthen its predictive ability.
Although the volume of the FLR closely approximated

the volume of the nonembolized lobe in patients under-
going a hemihepatectomy, the FLR of patients who
underwent an extended right hepatectomy were underes-
timated because segment 4 was not embolized. We
divided the liver based on embolization pattern rather
than actual resection plane for the following reasons:
attempting to predict the actual resection plane retrospec-
tively would be associated with significant error; the focus
of the study was on the liver growth rate after emboliza-
tion, which was not affected by the extent of resection; a
small proportion of patients had extended right hepatec-
tomy; and the volume of segment 4 was relatively low.
Although our methodology potentially influenced the
predictive value of the FLR alone, it should not have an
impact on the validity of growth rate as a predictor of
liver failure, which measured the change in FLR. For
example, our degree of hypertrophy was similar to those
reported in the literature, which range from 8.7% to
13% at 4 to 6 weeks after PVE.11,26,31,33,38
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The low incidence of liver failure posed a number of lim-
itations on our analysis. With such a small number of
events, adding or subtracting a single patient can alter the
predictive value of the volumetrics considerably. However,
the results of the current study were very similar to those of
Shindoh and colleagues11 with respect to the “safe” growth
rate (2.66% per week in our study compared with 2.0% per
week in their study). We, therefore, believe that this num-
ber very likely approximates the safe growth rate, although
caution must be exercised and confirmation from other
groups is necessary. The positive predictive value of any
growth marker is also limited by the low incidence, and
most patients with growth rates below this level will not
have liver failure develop. One can also postulate that
growth rate is most relevant when the final FLR is small;
however, we were unable to stratify the growth rate accord-
ing to the final size achieved because of the low event rate.
Finally, a multivariate analysis on factors that predicted
liver failure could not be performed. By contrast, the
strengths of the study include the large cohort size derived
from a well-established, prospectively maintained database.

CONCLUSIONS
Degree of hypertrophy and growth rate, measured after
PVE, were both predictive of liver failure after resection.
Traditional static measure of remnant volume is a poor
guide to the safety of proceeding to surgery. Early surgery
can be safe in patients who show an adequate growth rate.
Although the optimum cutoff is yet to be determined, in
this study no patient who achieved a growth rate >2.66%
per week had liver failure develop. Therefore, we support
use of this result as a guide. Growth parameters based on
measured liver volume correlated better with outcomes
than did those based on estimated liver volume.
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