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ABSTRACT

Background:

Preoperative portal vein embolization (PVE) is widely used to increase the future remnant 
liver (FRL). Identification of non-responders to PVE is essential because these patients may 
benefit from associating liver partition and portal vein ligation for staged hepatectomy 
(ALPPS), which induces a more powerful hypertrophy response. 99mTc-mebrofenin hepato-
biliary scintigraphy (HBS) is a quantitative method for assessment of FRL function with a 
calculated cut-off value for the prediction of postoperative liver failure. The aim of this study 
was to analyze FRL function before PVE to predict sufficient functional hypertrophy response 
after PVE.

Methods:

Sixty-three patients who underwent preoperative PVE and computed tomography imag-
ing were included. HBS was performed to determine pre–PVE and post–PVE FRL function. 
Receiver operator characteristic (ROC) analysis of pre–PVE FRL function was performed to 
identify patients who would meet the post–PVE cut-off value for sufficient function (i.e., 
2.7%/min/m2).

Results:

Mean pre–PVE FRL function was 1.80% ± 0.45%/min/m2 and increased to 2.89% ± 0.97%/
min/m2 post–PVE. ROC analysis in 33 patients who did not receive chemotherapy revealed 
that a pre–PVE FRL function of ≥ 1.72%/min/m2 was able to identify patients who would 
meet the safe FRL function cut-off value 3 weeks after PVE (area under the curve = 0.820). 
The predictive value was less pronounced in 30 patients treated with neoadjuvant chemo-
therapy (area under the curve = 0.618). A total of 45 of 63 patients underwent liver resec-
tion, of whom 5 of 45 developed postoperative liver failure; 4 of 5 patients had a post–PVE 
FRL function below the cut-off value for safe resection.

Conclusion:

When selecting patients for PVE, FRL function assessed with HBS can be used as a predictor 
of insufficient functional hypertrophy after PVE, especially in non-chemotherapy patients. 
These patients are potential candidates for ALPPS.
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INTRODuCTION

The majority of patients with primary or secondary liver tumors are considered unresect-
able at the time of diagnosis because of (locally) advanced disease, severe comorbidities 
or due to insufficient future remnant liver (FRL). This concerns approximately 60-80% of 
patients diagnosed with colorectal liver metastases (CRLM)[1, 2] and 70-80% of patients 
with hepatocellular carcinoma (HCC).[1]

In case of insufficient FRL, patients are at risk of developing postoperative liver failure, a 
severe complication for which only supportive treatment options are currently available. 
Preoperative portal vein embolization (PVE) is a widely accepted technique to increase both 
FRL volume and function in patients with insufficient FRL.[3] First described by Kinoshita and 
colleagues in 1986,[4] PVE induces hypertrophy of the non-embolized liver segments and 
thereby increases resectability rates.

Nonetheless, approximately 20% of planned liver resections in patients who have under-
gone preoperative PVE will not be carried out, even though PVE was performed successfully.
[1] Although unresectability is mainly caused by progression of the disease, some patients 
are unresectable because of insufficient hypertrophy response. Several methods have 
been proposed in order to identify patients who will not benefit from PVE, for example, 
the recently introduced kinetic growth factor, which illustrates the degree of volumetric FRL 
hypertrophy per week.[5] The available methods, however, only enable identification of the 
non-responders after the embolization procedure has already been performed.

Avoiding unsuccessful PVE is desirable in view of PVE-related complications and possibly 
accelerated tumour growth[6-10] all of which can reduce the chance of curative treatment 
after PVE. Furthermore, predicting the non-responders to PVE is essential because these 
patients may now benefit from an alternative strategy to increase FRL, that is, ALPPS (As-
sociating Liver Partition and Portal vein Ligation for Staged hepatectomy) which has been 
shown to induce an accelerated hypertrophy response.[11, 12]

Although computed tomography (CT) is the conventional means of examining the hyper-
trophy response after PVE in terms of volume increase, several studies have pointed out 
that monitoring liver function outperforms volumetric measurements because the increase 
in FRL function proceeds faster than that of its volume.[13-16] Assessment of liver function 
may therefore shorten interval between PVE and resection. Additionally, functional mea-
surements take into account the quality of the liver parenchyma and consequently generate 
a more reliable preoperative risk assessment.[17, 18]

Hepatobiliary scintigraphy (HBS) with 99mTc-labeled iminodiacetic acid analogs (e.g. mebro-
fenin) is a method for the assessment of liver function that can be used during the preopera-
tive work-up of patients eligible for liver operation, as well as for the monitoring of increase 
of FRL function after PVE.[14, 17] This technique has the major advantage of allowing mea-
surement of both total and segmental liver function based on patient-specific characteristics 
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(body surface area). De Graaf et al. calculated a FRL-function cut-off value of 2.7%/min/m2 
which demonstrated a negative predictive value of 98% for postoperative liver failure after 
major liver resection.[17] We recently have updated our experience with preoperative use of 
HBS in a large series of patients.[19] Several centers around the world have now adopted the 
use of HBS in the preoperative work-up of patients undergoing major liver resection.[20, 21]

We hypothesize that in patients requiring PVE, the level of pre-PVE FRL function deter-
mines whether they will meet the cut-off value for safe resection after PVE. The aim of this 
study was therefore, to test FRL function measured before PVE as a predictor of sufficient 
functional hypertrophy response after PVE.

METHODS

Patients

Between November 2001 and December 2014, 105 patients underwent PVE in the Academic 
Medical Center, Amsterdam, The Netherlands. Of these, 63 (60%) underwent HBS and CT 
volumetry both prior and 3 to 4 weeks after PVE and could therefore be analyzed. HBS and 
CT volumetry after PVE were performed on the same day in 47 patients (74.6%). The study 
was approved by the institutional review board of the Academic Medical Center, and the 
need for written informed consent was waived.

Computer tomography volumetry

Multiphase contrast-enhanced CT scans were generated by a multislice helical CT scanner 
(MX-8000 or Brilliance, Philips, Eindhoven, the Netherlands). Three-dimensional reconstruc-
tions of the liver were created using reconstructed 5 mm thick axial slices from 2-3 mm 
original slices. The entire liver, FRL and tumor(s) were manually outlined using portal and 
hepatic veins as landmarks for segmental division. All delineations were performed by an ex-
perienced radiologist (K. P. vL). Integrated software (Mx-View 3.52; Philips Medical Systems) 
was used to calculate total liver volume, tumor volume and FRL volume. FRL volume was 
expressed as proportion of total liver volume using the following formula:

%FRL-volume =
FRL-volume

 × 100%
(Total liver volume − Tumor volume)

The kinetic growth rate (KGR) of the FRL, as proposed by Shindoh and colleagues, was calcu-
lated by dividing the % point difference between pre- and post-PVE %FRL-volume by weeks 
since PVE.[5]

Scintigraphic imaging and data acquisition

HBS was carried out using 99mTc-labeled (2,4,6 trimethyl-3-bromo) iminodiacetic acid (99mTc-
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mebrofenin, Bridatec; GE Healthcare, Eindhoven, The Netherlands) as described previously.
[22, 23] The procedure was performed after a 4-hour fast, because food consumption stimu-
lates hepatic function and bile flow, which might influence test results.

Patients were positioned supine under a large field-of-view (SPECT)/CT camera (Symbia 
T16; Siemens) located over the liver and heart area. The SPECT/CT camera was equipped 
with low-energy high-resolution collimators. After intravenous administration of 200 MBq 
freshly prepared 99mTc-mebrofenin, dynamic acquisition was obtained (36 frames of 10 s/
frame, 128 matrix), which was used to calculate the hepatic mebrofenin uptake rate cor-
rected for body surface area (cMUR).[24-26]

Subsequently, a fast SPECT acquisition was performed (60 projections of 8 s/projection, 
128 matrix), centred around the peak of the hepatic time–activity curve to allow for 3-di-
mensional assessment of liver function and functional liver volume. Directly after SPECT, 
a low-dose non–contrast-enhanced CT scan was acquired for attenuation correction and 
anatomic mapping.[27] Data were processed on a Hermes workstation (Hermes Medical 
Solutions, Stockholm, Sweden).

The HBS parameters related to cMUR in the total liver and cMUR in the FRL (i.e. FRL function) 
were calculated as described previously.[24, 25] The share of the FRL to the total hepatic uptake 
(%FRL-F) is expressed as a percentage. A cut-off value of 2.7%/min/m2 was used to discriminate 
normal from decreased FRL uptake rates, as was calculated in a previous study.[17]

Portal vein embolization

PVE was indicated when HBS demonstrated an FRL function below the validated cut-off value 
of 2.7%/min/m2. The %FRL-volume cut-off value for safe resection was set at ≥ 25% for patients 
with healthy liver parenchyma and ≥ 35% in case of suspected compromised parenchyma.

After ultrasonography-guided puncture of the anterior branch of the right portal vein, a 5 
French sheath was inserted and a reverse catheter was advanced into the main portal trunk. 
A portogram was performed to identify the individual branches. All branches of the right 
portal system were subsequently embolized using polyvinyl alcohol particles (300-500 nm; 
Cook, Bloomington, IN) and coils (Tornado Embolization Microcoil, Cook). At the end of the 
procedure, the portogram was repeated to confirm deprivation of portal flow in embolized 
segments and normal flow to the non-embolized liver segments. The puncture tract was 
closed with a gelfoam plug (Spongostan standard, Ferrosan A/S, Soeborg, Denmark).

Data collection

Demographic, clinical and intraoperative data were extracted from electronic patient re-
cords. Data concerning PVE, CT scans and HBS were collected from radiology and nuclear 
medicine reports. In case of inconsistencies regarding which liver segments were considered 
as the FRL, FRL function and/or volume were recalculated using reprocessed data, thereby 
ensuring comparability. Diagnoses were acquired from pathology reports.
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Study endpoints

The endpoint of this study was defined as a minimum FRL function before PVE that is re-
quired to reach the FRL function cut-off value for safe resection (i.e. 2.7%/min/m2) after PVE.

Statistical analysis

Statistical analysis was performed with Statistical Package for Social Sciences (SPSS 22.0; 
IBM Inc., Armonk (NY) USA). Normally distributed continuous data are expressed as mean ± 
standard deviation (SD), while non-normally distributed data are presented as median along 
with interquartile range (IQR). Univariate analysis was performed with the independent 
t-test (normally distributed data) or Mann-Whitney U test (non-normally distributed data) 
for continuous parameters and by the Chi-squared test or Fisher’s exact test for categorical 
data. Receiver operating characteristic (ROC) curve analysis was used to determine a cut-off 
value for FRL function prior to PVE in predicting the acquisition of 2.7%/min/m2 at post-PVE 
HBS. All statistical tests were two-tailed.

RESuLTS

Patients

Sixty-three patients were included in this study. The median age was 64.4 years (IQR 56.9-
70.1), and the majority of the patients were man (n = 41). CRLM (n = 38) and perihilar 
cholangiocarcinoma (PHC; n = 13) were the most frequent diagnoses. In 25 of 63 (39.7%) 
patients, liver parenchyma was compromised as confirmed by microscopic examination of 
a biopsy or the resection specimen by the pathologist. Thirty out of the 63 (47.6%) patients 
underwent chemotherapy before PVE.

All patients underwent PVE because of insufficient anticipated FRL function (<2.7%/
min/m2). In 59 of 63 (93.7%) patients, the percutaneous transhepatic ipsilateral approach 
was used. In the remaining 4 of 63 (6.3%) patients a transhepatic contralateral approach 
was employed. All patients underwent embolization of the right portal system. Additional 
embolization of segment IV was performed in 4 of 63 (6.3%) patients. The procedure was 
uncomplicated in 61 of 63 (96.8%) patients, while in 2 of 63 (3.2%) patients, adverse effects 
were reported, that is, partial portal vein thrombosis and severe allergic reaction.

In total 18 patients did not undergo resection: 1) In 4 (4/18) patients, insufficient hyper-
trophy response was the reason not to perform a resection. In 1 of these 4 patients, with 
a large single metastasis, radiofrequency ablation was performed instead of resection. In 
these patients, there was no progression of the disease. 2) Progression of the disease was 
seen in 12 (12/18) patients due to which resection could not be carried out. Of these 12 
patients, 4 were diagnosed with PHC. Among these 4 patients, a curative resection was no 
longer feasible in 3 patients because the tumor appeared to be locally more advanced at 
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exploration than was expected preoperatively, and in 1 patient, no resection was performed 
because distant lymph node metastases were found intraoperatively.

The remaining 8 patients with progression of the disease were all diagnosed with CRLM. 
The resection could not be carried out due to new lesions in the FRL and/or increase of 
tumor in the embolized lobe, apparent on the follow-up CT after PVE or during laparotomy. 
It is important to note that in 2 of the latter patients, we already doubted that the resection 
would be possible during the preoperative work-up. 3) Resection appeared technically not 
feasible because of local vascular anatomy in one (1/18) patient diagnosed with PHC even 
though there was a locally resectable tumor without distant metastases. 4) One (1/18) pa-
tient suspected of intrahepatic cholangiocarcinoma or hepatocellular carcinoma died before 
resection could take place.

Three of 45 (6.7%) patients who underwent liver resection developed postoperative liver 
failure, which eventually led to death, while 2 other patients (4.4%) developed transient 
hepatic failure. Four of the 5 patients with postoperative liver failure had a post-PVE FRL 
function below the cut-off value for safe resection. Patient characteristics are shown in 
Table 1.

Table 1 Baseline characteristics of the 63 patients who underwent PVE together with HBS and CT-imaging 
before and after PVE procedure

Male: female, n 41:22

Age in years, median (IQR) 64.4 (56.9-70.1)

BMI in kg/m2, mean ± SD 25.6 ± 4.1

Diagnosis, n (%)

Colorectal liver metastases 38 (60.3)

Hilar cholangiocarcinoma 13 (20.6)

Hepatocellular carcinoma 4 (6.3)

Hepatocellular adenoma 3 (4.8)

Other 5 (7.9)

Compromised liver parenchyma, n (%)

Steatosis 11 (17.5)

Cholestasis 6 (9.5)

Fibrosis 5 (7.9)

Combined disease 3 (4.8)

None 31 (49.2)

Unknown 7 (11.1)

Neoadjuvant chemotherapy prior to PVE, n (%) 30 (47.6)

Type of resection, n (%) *

Right hemihepatectomy 27 (60.0)

Extended right hemihepatectomy 15 (33.3)

Other 3 (6.7)
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Changes in liver volume

The mean time interval between pre-PVE CT imaging and PVE was 40 ±29 days, while the 
median interval between PVE and post-PVE CT scanning was 22 (IQR 21-24) days. Total liver 
volume did not differ significantly between pre- and post-PVE volumetric measurements. 
FRL volume increased from 409 ml (IQR 306-534) before PVE to 534 ml (IQR 418-708) 
post-PVE, corresponding to a significant median increase of 137 ml (IQR 94-207, P < 0.001). 
The %FRL-volume increased from 24.7 ± 7.3% pre-PVE to 34.1 ± 8.7% post-PVE (P < 0.001), 
corresponding to a mean KGR of 2.86%/wk (IQR 1.78–4.09). Volumetric measurements are 
presented in Table 2.

Table 1 Baseline characteristics of the 63 patients who underwent PVE together with HBS and CT-imaging 
before and after PVE procedure (continued)

Postoperative liver failure, n (%)

Fatal 3 (6.7)

Transient 2 (4.4)

PVE, portal vein embolization; HBS, hepatobiliary scintigraphy; BMI, body mass index; IQR, interquartile 
range; SD, standard deviation; * presented for the 45 patients who underwent hepatic resection after PVE.

Table 2 PVE-, CT- and HBS related parameters in all 63 patients who were included in this study, patients who 
were and were not treated with chemotherapy prior to PVE

All patients, n=63 No chemotherapy 
patients, n=33

Chemotherapy 
patients, n=30

P value

Time intervals in days

CT - PVE, ± SD 40 ± 29 45 ± 31 35 ± 25 0.149¶

PVE - CT, (IQR) 22 (21-24) 21 (21-25) 22 (21-24) 0.675*

HBS - PVE, (IQR) 6 (2-27) 19 (3-33) 5 (2-16) 0.019*

PVE - HBS, (IQR) 21 (21-23) 22 (21-25) 21 (20-23) 0.387*

PVE approach, n (%) 0.614Ʊ

Transcutaneous ipsilateral 59 (93.7) 30 (90.9) 29 (96.7)

Transcutaneous contralateral 4 (6.3) 3 (9.1) 1 (3.3)

PVE complications, n (%) 0.493Ʊ

Partial portal vein thrombosis 1 (1.6) 1 (3.0) 0

Allergic reaction 1 (1.6) 1 (3.0) 0

Function before PVE

Total liver function, %/min/m2, ±SD 13.94 ± 3.98 13.39 ± 3.99 14.55 ± 3.95 0.250¶

%FRL-function, %, ± SD 24.2 ± 7.6 24.9 ± 8.9 23.5 ± 5.8 0.468¶

FRL function, %/min/m2, ± SD 1.80 ± 0.45 1.76 ± 0.48 1.84 ± 0.43 0.481¶

Function after PVE

Total liver function, %/min/m2, ±SD 13.34 ± 3.14 12.92 ± 3.35 13.79 ± 2.89 0.274¶

%FRL-function, %, (IQR) 36.1 (30.6 - 46.0) 37.0 (30.4 - 46.8) 35.5 (30.6 - 44.3) 0.788*



77

Future remnant liver function as predictive factor for the hypertrophy response after portal vein embolization

4

Changes in liver function

The median interval between pre-PVE HBS and PVE was 6 days (IQR 2-27), and the median 
interval between PVE and post-PVE HBS was 21 days (IQR 21-23). No significant difference in 
total liver function was found between pre- and post-PVE measurements (13.94 ± 3.98 and 
13.34 ± 3.14%/min/m2, respectively; P = 0.087). %FRL-F increased from 24.2 ± 7.6% pre-PVE 
to 36.1% (IQR 30.60-46.00) after the embolization (P < 0.001). Mean FRL function prior to 
PVE was 1.80 ±0.45%/min/m2 while post-PVE FRL function was 2.89 ±0.97%/min/m2. This 
corresponds to a median increase in the FRL function of 1.00%/min/m2 (IQR 0.60-1.56, P 

Table 2 PVE-, CT- and HBS related parameters in all 63 patients who were included in this study, patients who 
were and were not treated with chemotherapy prior to PVE (continued)

All patients, n=63 No chemotherapy 
patients, n=33

Chemotherapy 
patients, n=30

P value

FRL function, %/min/m2, ± SD 2.89 ± 0.97 2.78 ± 0.97 3.01 ± 0.97 0.338¶

Volume before PVE

Total liver volume, mL, (IQR) 1845 (1497 - 2346) 2063 (1735 - 2532) 1601 (1388 - 2011) 0.005*

Tumor volume, mL, (IQR) 30 (0 - 161) 7 (0 - 287) 50 (6 - 154) 0.191*

FRL volume, mL, (IQR) 409 (306 - 534) 443 (304 - 583) 374 (306 - 474) 0.122*

%FRL-volume, %, ± SD 24.7 ± 7.3 24.3 ± 7.4 25.0 ± 7.2 0.697¶

Volume after PVE

Total liver volume, mL, (IQR) 1861(1523 - 2341) 2038 (1694 - 2553) 1656 (1448 - 1936) 0.004*

Tumor volume, mL, (IQR) 38 (0 - 177) 11 (0 - 213) 66 (2 - 193) 0.232*

FRL volume, mL, (IQR) 534 (418 - 708) 622 (472 - 804) 502 (414 - 670) 0.104*

%FRL-volume, %, ± SD 34.1 ± 8.7 33.4 ± 8.1 34.9 ± 9.3 0.505¶

Increase in function and volume after PVE

Total liver function, %/min/m2, ± SD -0.61 ± 2.78 -0.47 ± 2.83 -0.76 ± 2.76 0.683¶

%FRL-function, %, (IQR) 54.5 (30.0 - 85.5) 51.5 (30.5 - 87.2) 64.0 (29.4 - 87.1) 0.650*

FRL function, %/min/m2, (IQR) 1.00 (0.60 - 1.56) 0.97 (0.51 - 1.33) 1.17 (0.58 - 1.65) 0.397*

FRL function increase / week, %/
min/m2, (IQR)

0.32 (0.16 - 0.48) 0.25 (0.14 - 0.43) 0.38 (0.17 - 0.53) 0.375*

Total liver volume, mL, ± SD 32 ± 302 51 ± 367 11 ± 214 0.602¶

FRL volume, mL, (IQR) 137 (94 - 207) 172 (101 - 215) 130 (93 - 188) 0.177*

%FRL-volume, %, (IQR) 36.1 (25.5 - 53.0) 39.1 (25.5 - 56.5) 33.1 (24.8 - 53.2) 0.660*

KGR, %/week, (IQR) 2.86 (1.78 - 4.09) 2.90 (1.72 - 3.85) 2.78 (1.91 - 4.20) 0.620*

FRL volume increase / week, mL, 
(IQR)

41 (28 - 64) 43 (27 - 67) 40 (27 - 59) 0.364*

PVE, portal vein embolization; HBS, hepatobiliary scintigraphy; CT, Computed Tomography imaging; FRL, fu-
ture remnant liver; %FRL-function, FRL function percent of total liver function; %FRL-volume, FRL volume 
percent of non-tumorous total liver volume; KGR, kinetic growth rate, % point difference between pre- and 
post-PVE %FRL-volume divided by weeks since PVE; IQR, interquartile range reported in case of median val-
ues; SD, standard deviation reported in case of mean values; * Mann-Whitney U test; ¶ independent samples 
t-test; Ʊ Fisher’s exact test.
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< 0.001). Figure 1 illustrates the differences in the FRL mebrofenin uptake rate before and 
after PVE. The FRL function increase per week was 0.32%/min/m2 (IQR 0.16-0.48, Table 2).

Post-PVE outcome

Presence of hepatic comorbidity did not substantially influence the increase in FRL function 
or FRL volume (P = 0.635 and p = 0.336, respectively). The same accounts for the increase 
in FRL function per week, FRL volume per week, and KGR, as they were not affected by the 
presence of hepatic comorbidity either (P = 0.721, P = 0.322 and P = 0.216, respectively). 
Moreover, there was no correlation between the increase in FRL volume and the increase 
in FRL function in patients with healthy liver parenchyma according to Pearson’s correla-
tion coefficient (r = -0.195, P = 0.294). Likewise, we found no correlation between these 2 
parameters in patients with compromised liver parenchyma (r = 0.228 with P = 0.499 for 
steatosis; r = 0.350 with P = 0.496 for cholestasis and r = -0.106 with P = 0.865 for fibrosis).

Similarly, neoadjuvant chemotherapy treatment prior to PVE did not significantly influ-
ence the increase in FRL function (P = 0.397) or FRL volume (P = 0.177) after PVE (Table 
2 and Figure 2). Functional and volumetric FRL increase per week also were not impaired 
substantially by the administration of chemotherapy (P = 0.375 and P = 0.364, respectively), 
nor was KGR (P = 0.620).

Figure 1. FRL uptake of mebrofenin before (A, C) and after (B, D) embolization of the right branches of the 
portal vein in a patient with colorectal liver metastases. (A) and (B), Summed geometric mean dynamic data-
set (150–350 sec after injection of 99mTc-mebrofenin, white line indicates the FRL, red line the total liver); (C) 
and (D), combined 99mTc-mebrofenin SPECT and low dose CT-images before and after the procedure. Three 
weeks after PVE, both FRL-volume and FRL-function had increased after which right hemihepatectomy was 
performed.
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Prediction of post-PVE outcome

Results of ROC analysis of pre-PVE FRL function for the prediction of whether the cut-off 
value of 2.7%/min/m2 for safe resection would be met after PVE are shown in Table 3.

Table 3 Results of ROC-curve analysis of FRL function before PVE for the prediction of sufficient hypertrophy 
response in the entire cohort, patients who were and were not treated with chemotherapy and patients 
diagnosed with PHC

AuC 95% CI FRL,
%/min/m2

Sens,
%

Spec,
%

PPV,
%

NPV,
%

Entire cohort, n=63 0.721 0.593 - 0.848 1.72 78.1 61.3 66.2 74.3

No chemotherapy, n=33 0.820 0.671 - 0.968 1.72 81.3 82.4 83.1 80.6

Chemotherapy, n=30 0.618 0.409 - 0.827 1.92 62.5 71.4 65.7 68.5

PHC, n=13 0.952 0.839 - 1.000 1.71 85.7 100.0 100.0 89.1

ROC, receiver operator characteristic; PVE, portal vein embolization; AUC, area under the curve; CI, confi-
dence interval; FRL, future remnant liver; Sens, sensitivity; Spec, specificity; PPV, positive predictive value; 
NPV, negative predictive value; PHC, perihilar cholangiocarcinoma.

Prediction of post-PVE outcome in non-chemotherapy patients

Of the 33 (52.4%) patients who did not receive chemotherapy prior to PVE, 16 (48.5%) 
patients reached the cut-off value for sufficient FRL function. Their FRL function before PVE 
and absolute increase in FRL function after PVE were significantly higher than in patients 

Figure 2. A comparison of the mean increase in FRL-function between patients who were treated with chemo-
therapy prior to PVE and non-chemotherapy patients during 3 weeks after PVE (p = 0.397).
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who did not reach this value (P = 0.001 and P = 0.014, respectively). The same accounts for 
the functional increase rate per week which was greater in those patients that reached the 
cut-off value, as shown in Table 4. The %FRL-volume and KGR also were significantly greater 
in patients who reached the cut-off value (P = 0.023 for both).

In these 33 patients, the ROC analysis revealed that a pre-PVE FRL function of 1.72%/min/
m2 was able to identify patients who did not meet the FRL function cut-off value of 2.7%/min/
m2 after PVE, with a sensitivity of 81.3% and a specificity of 82.4% (Figure 3). When the same 

Table 4 Comparison of patients who did or did not meet the post-PVE FRL function cut-off value of 2.7 %/
min/m2

Patients without chemotherapy, n=33 Patients with chemotherapy, n=30

Post-PVE FRL function Post-PVE FRL function

≥ 2.7 %/min/
m2, n=16

≤ 2.7 %/min/
m2, n=17

P value ≥ 2.7 %/min/
m2, n=16

≤ 2.7 %/min/
m2, n=14

P value

Male/female, n 12/4 12/5 0.776¥ 9/7 8/6 0.961¥

Age, years (IQR) 65.7 (56.3 - 
71.8)

60.2 (48.9 - 
67.1)

0.105* 65.1 (60.8 - 
70.1)

67.4 (58.1 - 
70.7)

0.967*

BMI, kg/m2 (IQR) 25.7 (22.5 - 
28.0)

25.1 (23.6 - 
27.7)

0.914* 24.9 (22.2 - 
26.8)

26.2 (22.0 - 
29.2)

0.418*

Hepatic comorbidity, n (%) 6 (37.5) 10 (58.8) 0.119¥ 4 (25.0) 5 (35.7) 0.491¥

HBS parameters

FRL function pre-PVE, %/min/
m2, ± SD

2.02 ± 0.37 1.51 ± 0.44 0.001¶ 1.91 ± 0.39 1.76 ± 0.47 0.349¶

FRL function increase, %/min/
m2, (IQR)

1.04 (0.88 - 
1.59)

0.70 (0.00 - 
1.07)

0.014* 1.61 (1.40 - 
1.76)

0.60 (0.19 - 
0.70)

<0.001*

%FRL-function increase, %, (IQR) 52.9 (36.8 - 
98.7)

48.8 (0.0 - 
82.4)

0.249* 82.9 (69.1- 
113.9)

31.7 (8.5 - 
45.7)

<0.001*

FRL function increase / week, %/
min/m2, (IQR)

0.37 (0.24 - 
0.50)

0.18 (0.00 - 
0.38)

0.017* 0.51 (0.43 - 
0.60)

0.17 (0.07 - 
0.23)

<0.001*

Volumetric parameters

FRL volume pre-PVE, ml, ± SD 525 ± 227 444 ± 219 0.302¶ 411 ± 120 371 ± 118 0.370¶

FRL volume increase, ml, (IQR) 157 (80 - 224) 171 (122 - 
210)

0.746* 140 (95 - 
213)

125 (80 - 
141)

0.198*

%FRL-volume increase, %, (IQR) 30.3 (16.3 - 
42.5)

53.0 (36.2 - 
66.3)

0.002* 39.1 (27.3 - 
74.0)

29.4 (22.4 - 
44.0)

0.170*

KGR, %/week, (IQR) 2.19 (1.48 - 
3.10)

3.48 (2.06 - 
4.21)

0.023* 3.10 (2.08 - 
4.71)

2.49 (1.67 – 
3.83)

0.170*

FRL volume increase / week, 
ml, (IQR)

41 (26 - 71) 51 (33 - 66) 0.719* 43 (29 - 69) 38 (23 - 48) 0.339*

PVE, portal vein embolization; HBS, hepatobiliary scintigraphy; CT, Computed Tomography imaging; FRL, fu-
ture remnant liver; %FRL-function, FRL function percent of total liver function; %FRL-volume, FRL volume 
percent of non-tumorous total liver volume; KGR, kinetic growth rate, % point difference between pre- and 
post-PVE %FRL-volume divided by weeks since PVE; IQR, interquartile range reported in case of median val-
ues; SD, standard deviation reported in case of mean values; * Mann-Whitney U test; ¶ independent samples 
t-test; ¥ Chi-square test.
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analysis was performed for patients with perihilar cholangiocarcinoma (n = 13), a pre-PVE FRL 
function of 1.71%/min/m2 was found with a sensitivity of 85.7% and a specificity of 100%.

Figure 3. Receiver operator characteristic (ROC) curve analysis of pre-PVE FRL-function for the prediction of 
post-PVE FRL-function in non-chemotherapy patients (n = 33). Pre-PVE FRL-function of at least 1.72%/min/
m2 was able to identify patients who would meet the validated cut-off value for safe resection (2.7%/min/m2) 
after PVE with a sensitivity of 81.3% and specificity of 82.4% (area under the curve = 0.820, 95% confidence 
interval [CI] 0.671-0.968)

Prediction of post-PVE outcome in chemotherapy patients

Thirty (47.6%) patients had received chemotherapy prior to PVE. ROC analysis showed that 
for these patients, a pre-PVE FRL function of 1.92%/min/m2 was able to distinguish respond-
ers from non-responders to PVE with a sensitivity and specificity of 62.5% and 71.4%, 
respectively.

No significant differences in any volumetric or functional hypertrophic parameters were 
found between patients who received neoadjuvant chemotherapy with platinum agents (n 
= 22) and those who did not (n = 41). When comparing patients who received neoadjuvant 
chemotherapy with or without (n = 8) platinum agents, no statistically significant differences 
in volumetric or functional hypertrophic parameters could be demonstrated either.

DISCuSSION

The aim of this study was to examine if patients who did not reach a 99mTc-mebrofenin FRL 
cut-off value of 2.7 %/min/m2 for sufficient function after PVE, could be identified on the ba-
sis of their FRL function prior to PVE. Several factors have been studied in relation to clinical 
outcomes after PVE, such as preceding chemotherapy, hepatic comorbidity and the influence 
of different embolization materials. This is the first study to show the possibility of predicting 
the outcome of PVE using quantitative, scintigraphic FRL function assessment using HBS.
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Subgroup analysis in patients who were not treated with chemotherapy revealed a good 
predictive value of FRL function prior to PVE, showing that an FRL uptake rate of at least 1.72%/
min/m2 is required in order to reach sufficient FRL function of 2.7%/min/m2 or greater dur-
ing the first 3 weeks after PVE. The predictive value of pre-PVE FRL function was even more 
pronounced in patients diagnosed with PHC. However, this subgroup analysis concerned only 
13 patients; therefore, conclusions based on such a small group should be interpreted with 
caution.

The predictive value of pre-PVE FRL function in the entire cohort was not accurate enough 
for the purpose of patient selection. We suspect that this was caused by the modest ability of 
pre-PVE FRL function to predict post-PVE outcome in patients who had undergone neoadjuvant 
chemotherapy. It is important to note is that pre-PVE FRL function, post-PVE FRL function and 
an increase in FRL function were comparable in patients who did or did not receive chemo-
therapy. In other words, our data suggests that the administration of chemotherapy prior to 
embolization does not substantially influence the FRL hypertrophy response after PVE.

This hypothesis was also proposed in a systematic review by van Lienden et al.[1] Baere and 
colleagues suggested that administration of platin agents especially impairs FRL volume regen-
eration.[28] Our data do not support this contention because no significant differences in FRL 
volume increase, %FRL-volume increase, KGR, FRL function increase or %FRL-function increase 
were found between patients who did or did not receive platin agents with their chemotherapy 
before PVE. Therefore, we presume that the low predictive value of pre-PVE FRL function in the 
chemotherapy group could be explained by the heterogeneity of the chemotherapy-related 
patient characteristics among these patients.

Temporary impairment of total liver function after administration of chemotherapy was 
recently demonstrated by Bednarsch et al.[29] The chemotherapy induced liver injury was 
however, followed by regeneration of liver function in several weeks. Discrepancies in the time 
intervals between PVE and last administration of chemotherapy and the wide range of applied 
cytostatic drugs may therefore have led to varying degrees of temporary impairment FRL func-
tion in this series.

The relation between hepatic comorbidity and FRL hypertrophy response after PVE has been 
reported extensively in the literature. We were not able to demonstrate a significant influ-
ence of hepatic comorbidity on the regenerative response of the FRL after PVE. This finding is 
consistent with several other studies that investigated the influence of parenchymal disease on 
the hypertrophy response after PVE.[1, 30, 31] In the present study, the correlation between 
increase in FRL volume and increase in FRL function was not significant, regardless of the qual-
ity of the liver parenchyma. This finding emphasizes that functional assessment of the FRL 
provides a more reliable risk analysis for postoperative liver failure than volumetric parameters 
only, as previously reported.[17, 18]

Curative treatment of patients with extensive hepatic tumors and concurrent insufficient FRL 
is an increasing challenge in liver operations. On the one hand, avoiding futile PVE is of interest 
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in the context of procedure related complications and because of accelerated tumor growth 
due to the hypertrophy response. On the other hand, patients with insufficient FRL are at risk of 
developing postoperative liver failure with a high postoperative mortality rate (up to 80%).[32]

Recently, an alternative surgical treatment was introduced for patients with insufficient FRL, 
i.e. ALPPS (Associating Liver Partition and Portal vein Ligation for Staged hepatectomy).[11] 
ALPPS is a 2-stage procedure in which accelerated hypertrophy of the FRL is induced in the 
first stage by in situ splitting of the liver parenchyma and concomitant portal vein ligation. The 
resection is completed in 1-2 weeks after the first stage by removal of the deportalized liver.[11] 
The hypertrophy response seen in ALPPS greatly surpasses the FRL hypertrophy reported in 3 
to 4 weeks after PVE. Nearly 100% of patients treated with ALPPS show sufficient hypertrophy 
response in order to undergo the second stage of the procedure.[12]

Although the rates of postoperative morbidity and mortality until now exceed those seen in 
patients who underwent PVE followed by resection or a conventional 2-stage resection, ALPPS 
offers a modality to increase the hypertrophy response in patients who will not show sufficient 
response after PVE. HBS can be used in order to identify these patients, and additionally, to 
further monitor functional increase of the FRL after the first stage of ALPPS.[21, 33]

Four of the 5 patients who developed postoperative liver failure had a post-PVE FRL function 
at or below the cut-off value of 2.7%/min/m2. The fifth patient in which postoperative liver 
insufficiency occurred had a post-PVE FRL function well above the cut-off value (3.73%/min/
m2), but died from multi-organ dysfunction in the setting of acute liver ischemia due to partial 
portal vein thrombosis and ensuing liver failure.

Several authors have studied the relationship between the degree of FRL volume hypertro-
phy after PVE and the occurrence of postoperative liver failure. Leung et al. described that 
patients who did not develop hepatic failure after surgery had shown significantly higher 
degrees of FRL hypertrophy and KGR.[34] Shindoh et al. found that KGR was a reliable predictor 
of postoperative liver failure (AUC 0.830), with no postoperative hepatic insufficiency occurring 
in patients with a KGR of ≥2%/wk.[5] According to our data, the 5 patients who developed 
postoperative hepatic failure did not show a significantly lower KGR (P = 0.671), with 2 of the 5 
patients showing a KGR of >2%/week.

In view of the available literature and findings of this study, we believe functional evaluation 
of the future remnant liver is superior to volumetric monitoring in the preoperative setting. In 
this study we presented a new potential application of HBS for patients with insufficient FRL.

CONCLuSION

When selecting patients for PVE, FRL function determined prior to PVE may be used as a 
predictor of insufficient hypertrophy response after PVE, especially in non-chemotherapy 
patients. These patients are potential candidates for ALPPS.
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