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ABSTRACT

Background. Few reports have discussed the association
between total tumor volume (TTV) and prognosis in patients
with colorectal liver metastases (CRLM). The present study
aimed to evaluate the usefulness of TTV for predicting
recurrence-free survival and overall survival (OS) in patients
receiving initial hepatic resection or chemotherapy, and to
investigate the value of TTV as an indicator for optimal
treatment selection for patients with CRLM.

Patients and Methods. This retrospective cohort study
included patients with CRLM who underwent hepatic resec-
tion (n = 93) or chemotherapy (n = 78) at the Kobe Uni-
versity Hospital. TTV was measured using 3D construction
software and computed tomography images.

Results. A TTV of 100 cm® has been previously reported
as a significant cut-off value for predicting OS of CRLM
patients receiving initial hepatic resection. For patients
receiving hepatic resection, the OS for those with a TTV
> 100 cm® was significantly reduced compared with those
with a TTV < 100 cm®. For patients receiving initial chemo-
therapy, there were no significant differences between the
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groups divided according to TTV cut-offs. Regarding OS
of patients with TTV > 100 cm?, there was no significant
difference between hepatic resection and chemotherapy (p
=0.160).

Conclusions. TTV can be a predictive factor of OS for
hepatic resection, unlike for initial chemotherapy treatment.
The lack of significant difference in OS for CRLM patients
with TTV > 100 cm3, regardless of initial treatment, sug-
gests that chemotherapeutic intervention preceding hepatic
resection may be indicated for such patients.

Keywords Colorectal liver metastases - Total tumor
volume - Hepatic resection - Chemotherapy

Colorectal cancer is responsible for a high incidence of
cancer-related mortality worldwide.! The liver is the most
common site of metastatic disease for patients with colorec-
tal cancer, and hepatic resection remains the only curative
approach to colorectal liver metastases (CRLM).>> How-
ever, the definition of resectability is vague and remains
controversial. Many studies have reported the predic-
tive factors in patients with resectable CRLM, including
tumor—node—metastasis classification, primary tumor site,
metastatic tumor site, age, carcinoembryonic antigen (CEA)
level, maximal tumor diameter, and intrahepatic tumor
number.*-¢
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The concept of total tumor volume (TTV) as a prognos-
tic factor was originally proposed in 2006 by Tsai et al. It
can be measured simply by computed tomography (CT) or
magnetic resonance imaging (MRI).” Since then, the useful-
ness of TTV as a predictor of overall survival (OS) for many
types of solid tumors has been reported.®'° Liver tumors
are relatively easy to measure, and the significance of TTV
for OS and recurrence-free survival (RFS) for hepatocellu-
lar carcinoma has been demonstrated in several reports.' 12
However, its usefulness for patients with CRLM has not
been studied sufficiently.

The significance of TTV as a predictor of prognosis
in patients with resectable CRLM has been previously
reported, and a TTV of 100 cm® has been reported to be a
significant cut-off value for predicting OS in patients requir-
ing hepatic resection.'® The significance of TTV for chemo-
therapy treatment of patients with CRLM, however, remains
unclear. The present study therefore aimed to investigate the
usefulness of TTV as a prognostic factor for patients who
underwent hepatic resection and chemotherapy and to deter-
mine the optimal treatment strategy for patients with CRLM.

PATIENTS AND METHODS
Patient Selection

This retrospective cohort study recruited consecutive
patients with CRLM who underwent hepatic resection (n =
98) or chemotherapy (n = 78) without extrahepatic metas-
tases as their initial treatment at Kobe University Hospital
between April 2008 and June 2019. However, seven patients
who underwent hepatic resection were excluded (details
shown in Fig. 1). Finally, a total of 171 patients, includ-
ing 93 patients with hepatic resection and 78 patients with
chemotherapy, participated in the present study.

The eligibility criteria for initial hepatic resection for
CRLM were (i) technically resectable tumors, which
involved no more than three hepatic segments; (ii) indo-
cyanine green retention rate at 15 min (ICGR15) < 25%;
(iii) residual functional volume of the liver > 30% of the
standard liver volume; (iv) no apparent main portal vein
trunk involvement, and (v) an Eastern Cooperative Oncol-
ogy Group performance status score of 0-2.'4

The eligibility criteria for initial chemotherapy treat-
ment were (1) technically unresectable intrahepatic tumors
(considering intrahepatic tumor number, maximal tumor
diameter, and timing of metastases) and (ii) respecting
individual patient’s choice of treatment. The regimens
of first-line treatment included oxaliplatin or irinotecan
(modified FOLFOX/XELOX/FOLFILI/FOLFOXILI) and
fluoropyrimidines (5-FU/capecitabine). In addition, bio-
logical agents (such as panitumumab and bevacizumab)
could be added to chemotherapy according to tumor (RAS
mutational status, sidedness) and patient characteristics.

Exclusion criteria for patients who underwent hepatic
resection were (i) patients who did not undergo initial
hepatic resection; (ii) incomplete resection (gross resid-
ual tumor); (iii) two-stage hepatectomy; and (iv) hepatic
resection after liver transplantation. An exclusion criterion
for patients who underwent chemotherapy was a history of
hepatic resection before chemotherapy treatment.

Informed consent was obtained using an opt-out form.
This study complied with the standards of the Declaration
of Helsinki and was approved by the institutional ethics
board of Kobe University Hospital in 2021 (approval num-
ber B210197).

FIG. 1 Flowchart showing
patient selection criteria. *Three
patients met two exclusion
criteria. CRLM, colorectal liver

Patients with CRLM who underwent hepatic resection (98 patients) or chemotherapy (78 patients)

without extrahepatic metastases as their initial treatment
between April 2008 and June 2019 at Kobe University Hospital
n=176
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Assessment and Study Design

The value of the TTV to predict prognosis was estimated
by OS after initial hepatic resection or chemotherapy.
Patients who were lost to follow-up were censored on the
date of the last contact. OS was calculated from the date
of the therapeutic intervention (initial hepatic resection or
chemotherapy commencement) to the date of death. Patients
were followed up until death or June 2022.

TTV was measured in all patients with Ziostation2®
(Ziosoft, Tokyo, Japan) software as previously described,
using 3D images constructed from the original preoperative
dynamic contrast-enhanced CT scan.

Statistical Analyses

All statistical analyses were two-tailed, and the thresh-
old for significance was p < 0.05. Descriptive data were
presented with medians, ranges, number, and percentages.
Categorical variables were compared using the chi-squared
test, and continuous variables were compared using the Stu-
dent’s r-test or the Mann—Whitney U-test. The TTV cut-off
value that would best predict OS and RFS were determined
using receiver operating characteristic (ROC) curve anal-
ysis, and cut-off values for OS and RFS were defined as
100 cm? and 10 cm?, respectively, based on our previous
study.'® Survival data for the treatment groups were ana-
lyzed with Kaplan—Meier plots, log-rank tests for equality
of survival curves, and Cox proportional hazards regression.

To identify the predictors of survival, univariable and multi-
variable analyses of prognostic factors were performed using
the Cox proportional hazards model. All statistical analy-
ses were conducted using IMP®14 software (SAS Institute,
Cary, North Carolina, USA).

RESULTS
Patient Characteristics

In total, 171 patients were enrolled in the present study,
and their characteristics are presented in Table 1. Compari-
sons between both groups for patient characteristics showed
that the group that underwent initial chemotherapy had a
higher proportion of female patients, intrahepatic tumor
number > 5, bilobar tumor distribution, CEA levels, car-
bohydrate antigen (CA)19-9 level, and albumin-bilirubin
(ALBI) score. The mean age, location of the primary site,
maximal tumor diameter, and proportion of metachronous
metastases were similar for the two groups without any sig-
nificant differences. Preoperative chemotherapy was admin-
istered to six patients who underwent hepatic resection.

Determination of Total Tumor Volume Cut-off Values

ROC curve analysis was used to investigate the associa-
tion between TTV and OS in the hepatic resection group.
It showed that the TTV cut-off value for OS was defined
as 100 cm? [area under the ROC curve (AUC): 0.762 for

TABLE 1 Patient characteristics with colorectal liver metastases who underwent hepatic resection or chemotherapy

Patient characteristics Overall (n = 171) Hepatic resection (n = 93) Chemotherapy (n = 78) p-Value§
Age (years)* 67 (29-86) 67 (29-86) 67 (33-85) 0.129q
Gender (male) 107 (63) 65 (70) 32 (41) < 0.001
CEA* 21.25 (0.9-21800) 13.15 (0.9-21415) 20.5 (0.9-21800) < 0.0019
CA19-9%* 59 (1-48801) 29 (1-48801) 126 (2.5-20068) < 0.0019
ALBI score* —2.64 (- 3.67 to — 1.40) —2.69(—3.67to—1.74) —2.45(—3.41to - 1.40) < 0.0019
Primary site
Location (right) 44 (26) 24 (26) 22 (28) 0.172
Lymphatic invasion (+) 81 (47) 44 (47) 35 (45) 0.040
Vessel invasion (+) 91 (53.2) 57 (61) 34 (44) 0.049
Lymph node metastasis (+) 93 (54) 55 (59) 42 (54) 0.054
Intra hepatic tumor
Maximal tumor diameter (cm)* 3.4 (0.9-17) 5.5 (0.9-16) 3.2 (0.6-17) 0.157q
Tumor number (> 5) 54 (32) 13 (14) 41 (53) < 0.001
Metachronous metastases 79 (46) 48 (52) 31 (40) 0.120
Total tumor volume (cm®)* 20 (1-1529) 17 (1-1529) 45 (1-1092) 0.004q
Tumor distribution (bilobar) 71 (42) 25 (27) 50 (64) < 0.001

Values in parentheses are percentages unless indicated otherwise; *values are median (range). §Chi-squared test, except £Student’s t-test and

JMann—Whitney U-test

CEA carcinoembryonic antigen, CA19-9 carbohydrate antigen 19-9, ALBI albumin-bilirubin
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OS; sensitivity 89%, specificity 66%] and that of RFS was
defined as 10 cm? (AUC: 0.682 for RFS; sensitivity 71%,
specificity 67%). Based on these results and those of our
previous study,'? the cut-off values of 100 cm?® for OS and
10 cm? for RES were also applied in this study.

Identification of Predictive Factors for Overall Survival

The association of several variables with OS after hepatic
resection for CRLM was investigated. In univariable analy-
sis, primary lymph node metastasis, primary tumor loca-
tion in the right colon, bilobar tumor distribution, and TTV
> 100 cm?® were associated with shorter OS. Multivariable
analyses indicated that TTV > 100 cm® was independently
associated with poorer OS [hazard ratio (HR) 5.26; 95%
confidence interval (CI) 0.94-13.2; p < 0.001].

Overall Survival of the Entire Cohort according to Total
Tumor Volume

All patients including those who underwent initial hepatic
resection or chemotherapy (n = 171) were divided into
three groups according to TTV cut-off values: TTV < 10
cm? (57 patients), 10 cm® < TTV < 100 em?® (71 patients),
and TTV > 100 cm® (43 patients). Figure 2A shows that
OS among patients with TTV > 100 cm?® [median survival
time (MST): 28 months, 3 year OS: 34%] was significantly

reduced compared with that among patients with TTV < 10
cm® (MST: 86.5 months, 3 year OS: 76%, p < 0.001) or 10
cm® < TTV < 100 cm?® (MST: 58 months, 3 year OS: 63%,
p = 0.004) (patient characteristics are presented in Supple-
mentary Table 1).

Overall Survival of Patients Undergoing Hepatic Resection
according to Total Tumor Volume

Patients initially treated with hepatic resection (n = 93)
were divided into three groups: TTV < 10 cm? (34 patients),
10 cm® < TTV < 100 cm? (43 patients), and TTV > 100
cm? (16 patients). Figure 2B shows that OS among patients
with TTV > 100 cm? (MST: 37 months, 3 year OS: 53%)
was significantly reduced compared with that of TTV < 10
cm’ (MST: 112 months, 3 year OS: 56%, p = 0.018) or 10
cm® < TTV < 100 cm?® (MST: 114 months, 3 year OS: 72%,
p = 0.048) (patient characteristics are presented in Supple-
mentary Table 2).

Overall Survival of Patients Undergoing Chemotherapy
according to Total Tumor Volume

Patients who underwent initial treatment by chemother-
apy (n = 78) were divided into three groups: TTV < 10 cm®
(23 patients), 10 cm® < TTV < 100 cm?® (28 patients), and
TTV > 100 cm?® (27 patients). Figure 2C shows that there
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FIG. 2 Kaplan—Meier analyses of overall survival after therapeu-
tic intervention according to TTV. Patients were divided into three
groups based on TTV cut-off values of 10 cm® and 100 cm® TTV
< 10 cm® (lowest volume), 10 cm® < TTV < 100 cm?® (mid volume),
and TTV > 100 cm’ (highest volume). A Entire cohort: p = 0.417
(lowest versus mid volume), p = 0.004 (mid versus highest volume),
p < 0.001 (lowest versus highest volume). B The group of patients
who underwent initial hepatic resection: p = 0.146 (lowest versus mid

volume), p = 0.048 (mid versus highest volume), p = 0.002 (lowest
versus mid volume). C The group of patients who underwent initial
chemotherapy. The patients with TTV < 10 cm® (lowest volume), 10
cm® < TTV < 100 ecm® (mid volume), and TTV > 100 cm? (highest
volume) had no significant difference: p = 0.971 (lowest versus mid
volume), p = 0.579 (mid versus highest volume), p = 0.271 (lowest
versus highest volume) (log-rank test). 7TV, total tumor volume
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were no significant differences in OS (MST: 23 versus 25
versus 28 months, 3 year OS: 43% versus 43% versus 15%)
among these three groups (patient characteristics are pre-
sented in Supplementary Table 3).

Overall Survival Based on Total Tumor Volume

To identify the appropriate treatment for patients with
CRLM, OS was compared between patients who under-
went initial hepatic resection or chemotherapy, according
to TTV. For patients with TTV < 10 cm?®, the OS of the
hepatic resection group (n = 34) was significantly greater
than that of the chemotherapy group (n = 23) (MST: 112
versus 23 months, HR 0.05, 95% CI 0.02-0.21, p < 0.001)
(Fig. 3A) (patient characteristics are presented in Supple-
mentary Table 4).

Similarly, for patients with 10 cm® < TTV < 100 cm?,
the OS of those treated initially with hepatic resection (n =
43) was also significantly greater than that of those treated
initially with chemotherapy (n = 29) (MST: 114 versus 25
months, HR 0.21, 95% CI 0.08- 0.54, p = 0.007) (Fig. 3B)
(patient characteristics are presented in Supplementary
Table 5).

Meanwhile, for patients with TTV > 100 cm’, there was
no significant difference between the OS of those with initial
treatment by hepatic resection (n = 16) or chemotherapy
(n = 26) (MST: 37 versus 28 months, HR 0.54, 95% CI
0.22-1.30, p = 0.160) (Fig. 3C). Detailed characteristics of
patients with TTV > 100 cm? for both groups are presented
in Table 2. Compared with the patients who underwent

hepatic resection, the proportion of females, CEA level,
ALBI score, proportion with intrahepatic tumor number > 5,
synchronous metastases, and bilobar tumor distribution were
significantly higher for those who underwent chemotherapy.

In addition, the OS of patients who underwent initial
chemotherapy treatment tended to be higher than that for
those who underwent initial hepatic resection until 24
months; however, the OS reduced approximately 24 months
after therapeutic intervention (Fig. 3C), and the survival
difference between the hepatic resection and chemotherapy
became larger thereafter.

DISCUSSION

The present study demonstrated that patients with CRLM
and TTV > 100 cm® who underwent initial hepatic resection
had decreased survival compared with those with TTV <
100 cm®. This was also shown in our previous report.'* On
the other hand, for patients with CRLM who underwent ini-
tial chemotherapy treatment, TTV did not affect OS. Addi-
tionally, for patients with CRLM and TTV > 100 cm?, there
was no significant difference in OS between patients receiv-
ing initial hepatic resection or chemotherapy. This indicates
that in patients with CRLM with TTV > 100 cm?, indication
for surgical resection may be limited as the initial treatment.
To the best of our knowledge, this is the first study compar-
ing the OS of patients with CRLM who underwent initial
hepatic resection or chemotherapy, with a focus on the TTV.

Although hepatic resection is the only potentially curative
treatment for CRLM, >3 the recurrence rates are high16 and
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FIG.3 Comparison of survival after therapeutic intervention accord-
ing to TTV with different treatment methods. A In the patients with
TTV < 10 cm’, Kaplan-Meier estimate of overall survival after
hepatic resection versus chemotherapy showed a significant differ-
ence (p < 0.001). B In the patients with 10 cm?® < TTV < 100 cm3,

similarly, Kaplan—-Meier estimate showed a significant difference
(p = 0.007). C Contrastingly, in the patients with TTV > 100 cm?,
Kaplan—Meier estimate showed no significant difference (p = 0.160)
(log-rank test). 7TV, total tumor volume
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TABLE 2 Patient characteristics with TTV > 100 cm® in colorectal liver metastases

Patient characteristics Overall (n = 42) Hepatic resection (n = 16) Chemotherapy (n = 26) p value§
Age (years)* 69 (33-85) 68 (45-81) 69 (33-85) 0.917q
Gender (male) 18 (43) 13 (81) 5(19) < 0.001
CEA* 262.9 (4.4-21800) 78 (22.9-2599.9) 362.75 (4.4-21800) 0.0209
CA19-9% 686 (7-48801) 211 (8-48801) 971.5 (7-13611) 0.268q
ALBI score* —2.22 (—299 to — 1.40) —2.53(=3.07t0 — 1.82) —2.17 (- 2.99 to — 1.40) 0.028q
Primary site
Location (right) 11 (26) 6 (38) 5(19) 0.191
Lymphatic invasion (+) 13 (31) 5@31) 8(31) 0.547
Vessel invasion (+) 17 (40) 8 (50) 9 (35) 0.722
Lymph node metastasis (+) 21 (50) 11 (69) 10 (38) 0.690
Intra hepatic tumor
Maximal tumor diameter (cm)* 7.15 (3.5-17) 7.8 (5.6-16) 6.7 (3.5-17) 0.1009
Tumor number (> 5) 18 (43) 2 (13) 16 (62) < 0.001
Metachronous metastases 12 (29) 8 (50) 4 (15) 0.017
Total tumor volume (cm?)* 230 (100-1529) 141 (100-1529) 312 (101-1092) 0.166q
Tumor distribution (bilobar) 24 (57) 5@31) 19 (73) 0.003

Values in parentheses are percentages unless indicated otherwise; *Values are median (range). §chi-squared test, except £Student’s -test and

{Mann-Whitney U-test

CEA carcinoembryonic antigen, CA19-9 carbohydrate antigen 19-9, TTV total tumor volume, ALBI albumin-bilirubin

several prognostic factors have been reported that affect the
OS after hepatic resection.**!"~! Above all, maximal tumor
diameter and intrahepatic tumor number are the two most
reported and well-known factors. When calculating TTV,
the maximal tumor diameter was the most important fac-
tor because TTV and maximal tumor diameter were strong
confounding factors. To avoid a confounding interaction, the
present study included only TTV in multivariable analyses.
When maximal tumor diameter was used instead of TTV >
100 cm? in the multivariable analysis, the hazard ratio was
lesser than that for TTV (3.83 vs. 5.26, respectively, data not
shown), indicating the significance of TTV rather than that
of maximal tumor diameter.

TTV may be more useful as a prognostic factor of OS
than maximal tumor diameter for the following reasons: An
accurate assessment of tumor burden with maximal tumor
diameter is difficult because we tend to assume that the
tumor is spherical, but not all malignant tumors are spheri-
cal. Additionally, TTV directly and precisely represents the
tumor burden of each patient, unlike the separate measure-
ments of the other factors, such as tumor diameter and tumor
number.

A recent study of patients with CRLM reported the poor
OS of patients with a high metabolically active tumor vol-
ume measured by fluorodeoxyglucose (FDG)-positron emis-
sion tomography (PET)-CT.?” However, we think the tumor
burden measurement of their study was underestimated
because the analysis relied only on the detection of FDG-
PET-positive lesions. Furthermore, measurement of TTV

using CT in our study has merit because it is easy to use at
any facility, unlike FDG-PET-CT. Therefore, TTV would be
a logical surrogate in the preoperative settings for CRLM.

Interestingly, the OS of patients who underwent chemo-
therapy had no significant differences according to TTV
(Fig. 2C), and the individual survival curves were simi-
lar in the present study. The advantage of chemotherapy
compared with hepatic resection may be its less invasive
nature, although there are few reports about risk stratifica-
tion with OS and chemotherapy for CRLM. The maximal
tumor diameter was previously reported to be useful in pre-
dicting prognosis for CRLM.2! Another report showed that
response evaluation criteria in solid tumors may be a poten-
tial biomarker for the early prediction of chemosensitivity
in CRLM.?* Accordingly, controversy remains regarding the
risk stratification of chemotherapy for CRLM, but the pre-
sent study suggests that tumor chemosensitivity may have a
stronger impact on OS, regardless of TTV in patients with
CRLM.

In the present study, survival curves were similar for
those with TTV > 100 cm?, regardless of initial treatment,
suggesting that surgical indication should be considered
cautiously for this patient population. Survival curves did
not show significant differences during the first 2 years
of therapeutic intervention. These results support our
hypothesis that chemotherapeutic intervention can be ben-
eficial for patients with TTV > 100 cm?, because hepatic
resection is highly invasive to the patients. Evidence
from recent studies has demonstrated that chemotherapy
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provided a high response rate for colorectal cancer, with
the reported objective response rate (ORR) between 57
and 95.5%, and disease control rate (DCR) between 84 and
96%.2*2" Neoadjuvant chemotherapy has recently become
the standard treatment for advanced pancreatic cancer,
with the reported ORR between 21 and 31.6%, and DCR
between 48 and 78%.2%73? Considering the significantly
higher ORR and DCR of CRLM compared with those of
pancreatic cancer, proceeding upfront with chemotherapy
for CRLM may be quite acceptable, and TTV > 100 cm?
can be used to function as a selection criterion for initial
chemotherapy treatment for CRLM patients.

There have been some reports that emphasize appro-
priate chemotherapy regimens that promote tumor down-
staging for patients with CRLM and subsequently render
unresectable tumors into resectable ones (i.e., conversion
chemotherapy).**~*> However, how long a patient should
stay on downstaging chemotherapy before hepatic resec-
tion remains undetermined. Some reports suggest that
hepatic resection should be carried out in patients as soon
as their disease becomes resectable,>® while others argue
that it is better to wait for maximal tumor shrinkage before
hepatic resection.>* Our research indicates that a factor of
TTV < 100 cm? could be a useful indicator for considera-
tion of hepatic resection after downstaging chemotherapy,
although the present hypothesis cannot be demonstrated
due to the small sample size in the present study. In addi-
tion, the prognosis of chemotherapy was worse than that of
hepatic resection after 2 years of therapeutic intervention.
Accordingly, it can be speculated that chemotherapy alone
may not provide long-term benefits for CRLM. Further
studies assessing the appropriate intervention timing of
hepatic resection will be required.

The limitations of this study included its retrospective
nature, single-center design, and selection bias regarding
treatment. Thus, a definitive conclusion cannot be drawn
from the present study, and caution will be mandatory
for interpreting these data. Nevertheless, despite these
limitations, considering that there are few facilities where
such tumors with TTV > 100 cm? can be resected safety,
this study is clinically significant as it provides evidence
supporting a potentially effective therapeutic option for
managing CRLM. Future prospective, multicenter clinical
studies will be necessary to elucidate the value of TTV in
patients with CRLM.

In conclusion, the present study showed TTV to be a
prognostic marker for patients undergoing initial hepatic
resection with CRLM, whereas the prognosis of patients
undergoing initial chemotherapy treatment was not
affected by TTV. Considering that the OS was similar for
patients with TTV > 100 cm® undergoing either initial
chemotherapy or hepatic resection, TTV > 100 cm® may

be a significant indicator of chemotherapeutic intervention
preceding hepatic resection in patients with CRLM.

SUPPLEMENTARY INFORMATION The online version con-
tains supplementary material available at https://doi.org/10.1245/
$10434-023-13746-3.
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