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Abstract
Purpose Volumetric and health assessment of the liver is crucial to avoid poor post-operative outcomes following liver 
resection surgery. No current methods allow for concurrent and accurate measurement of both Couinaud segmental volumes 
for future liver remnant estimation and liver health using non-invasive imaging. In this study, we demonstrate the accuracy 
and precision of segmental volume measurements using new medical software, Hepatica™.
Methods MRI scans from 48 volunteers from three previous studies were used in this analysis. Measurements obtained from 
Hepatica™ were compared with OsiriX. Time required per case with each software was also compared. The performance of 
technicians and experienced radiologists as well as the repeatability and reproducibility were compared using Bland–Altman 
plots and limits of agreement.
Results High levels of agreement and lower inter-operator variability for liver volume measurements were shown between 
Hepatica™ and existing methods for liver volumetry (mean Dice score 0.947 ± 0.010). A high consistency between techni-
cians and experienced radiologists using the device for volumetry was shown (± 3.5% of total liver volume) as well as low 
inter-observer and intra-observer variability. Tight limits of agreement were shown between repeated Couinaud segment 
volume (+ 3.4% of whole liver), segmental liver fibroinflammation and segmental liver fat measurements in the same partici-
pant on the same scanner and between different scanners. An underestimation of whole-liver volume was observed between 
three non-reference scanners.
Conclusion Hepatica™ produces accurate and precise whole-liver and Couinaud segment volume and liver tissue charac-
teristic measurements. Measurements are consistent between trained technicians and experienced radiologists.
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Graphic abstract

Hepa�ca™ produces accurate and precise whole liver and Couinaud 
segment volume and liver �ssue characteris�c measurements 

Mojtahed et al; 2021

• Liver volume automa�cally and 
accurately delineated

• Fibroinflamma�on and liver fat 
can be quan�fied prior to 
surgery

• Couinaud segments defined for 
future liver remnant es�ma�on
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Introduction

Hepatocellular carcinoma is the fastest growing cause of 
cancer-related deaths in the USA [1], with 18,000 men 
and 9000 women dying each year. Metastasis to the liver 
remains a substantial problem [2] with 50,000 deaths each 
year [3, 4]. Guidelines from AASLD [5], EASL [6] and 
APASL [7] for management of primary liver cancer are 
generally congruous and patient outcomes are consistently 
most favourable when early-stage tumours are treated with 
surgical resection. Similarly for secondary liver cancer, 
surgical resection [8] currently represents the main cura-
tive therapy, often preceded by neoadjuvant chemotherapy 
or regional radiotherapy in order to suppress the spread 
and growth of the tumour. However, chemotherapy-asso-
ciated steatohepatitis has implications for the functional 
reserve of the liver in patients undergoing surgery [9].

It is widely understood that the estimation of the vol-
ume and health of remnant liver parenchyma [10, 11] is a 
key parameter in assessing a resection plan. Underestima-
tion of these factors can lead to post-operative liver failure 
[12–15]. As such, consensus opinion amongst surgeons 
is converging on agreement that a safe lower limit for the 
future liver remnant (FLR) should be 20% for a patient 
with a normal healthy liver parenchyma, 30% those with 
steatosis and 40% when liver has fibrosis or cirrhosis [16]. 
There is a lack of clear evidence guiding the modulation of 
safe lower FLR limits for an individual patient, often due 
to the failure to detect parenchymal liver disease prior to 

surgery. Interpreting liver function tests can be complex 
[17] and biopsy-derived pathology scores are associated 
with risk of haemorrhage and prone to sampling bias [18].

Formal anatomical resection techniques are widely 
applied to patients with multiple, or deep-lying, lesions 
such as the extended right hepatectomy where Couin-
aud segments 1, 4, 5, 6, 7 and 8 are removed. This often 
results in an FLR of 25–30%, indicating an unsuitability 
for patients with an inflamed or cirrhotic liver [19]. In such 
cases, alternative treatment management steps may be con-
sidered including two-stage processes such as pre-opera-
tive portal vein embolization or associating liver partition 
and portal vein ligation for staged hepatectomy (ALPPS), 
where hypertrophy of the FLR is encouraged and has been 
shown to improve safety of major hepatectomy procedures 
[20–25]. These complex strategies are being adopted more 
widely to reduce the risk of post-operative morbidity and 
long hospital stays [26].

Liver volume measurements and subsequent FLR estima-
tions are typically performed by the radiologist using time-
consuming manual techniques (up to 40 min/case [27, 28]) 
with associated intra-operator variability [28, 29]. In this 
study, we evaluate and assess performance of new medical 
software (Hepatica™), a medical device which performs 
automatic liver volumetry followed by semi-automatic 
delineation of the Couinaud segments, in comparison to 
clinical gold standard of experienced radiologists with a 
specialty in hepatic imaging. In addition to volumetry, the 
software tool reports validated biomarkers of liver health 
corrected T1 (cT1) and proton-density fat fraction (PDFF) 
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[30], increasing the available information in pre-operative 
liver assessment to improve surgical decision-making.

Methods

Patients

Participants were selected amongst volunteers who had 
taken part in two previous ethically approved studies with 
informed consent. Liver MRI data of 48 volunteers from 2 
different studies were used in evaluating the performance of 
the device. 18 participants (Group A) were used to verify the 
volumetry accuracy. 30 healthy volunteers (Group B) were 
used to evaluate the repeatability, reproducibility and intra- 
and inter-operator variability (See Supplementary Material 
for further details). These studies were approved by their 
respective ethics committee (IRAS IDs 241312 and 226607). 
Subject demographics are shown in Table 1. Data used in 
this analysis had not previously been used as training/test 
data for algorithmic validation or any other development 
of the device.

Image acquisition

Multiple scanners were used in this study in order to evalu-
ate the reproducibility (same participant, different scan-
ner) and repeatability (same participant, same scanner) of 
the new device. These scanners were Siemens Prisma 3T, 
Siemens Avanto fit 1.5T, GE Discovery MR750 3T, GE 
Optima MR450w 1.5T, Philips Achieva dStream 3T and 
Philips Ingenia 1.5T. Fat-saturated T1-weighted gradient 
recalled echo (GRE) images without contrast-agent were 
used for volumetric analysis. cT1, PDFF and T2* maps were 
acquired as previously described using multislice shortened 
MOLLI and IDEAL sequences [31, 32] with extensive vali-
dation. Imaging data as DICOM files are transferred using 
a secure online portal for analysis by an operator. Summary 

results are then reviewed and returned to the referring clini-
cian as a report.

Liver volume delineation

Hepatica™ delineates the liver from a 3D T1-weighted MR 
image. The volume corresponding to the liver is segmented 
using a convolutional neural network (CNN) that automati-
cally delineates the liver including the caudate. A technician 
can then refine the volumes obtained from the CNN with 
manual edits using paintbrush tools and liver lesions are 
excluded from the segmentation and quantifications. Liver 
volume data were also analysed by two trained radiologists 
(9 and 12 years training) using OsiriX software.

Couinaud segmentation

Couinaud classification of liver anatomy divides the organ 
into nine segments, based on the vasculature [33]. In the new 
device, a technician positions the following eight landmark 
points in an interactive 3D visualisation: inferior vena cava 
(superior zone), inferior vena cava (inferior zone), middle 
hepatic vein, gallbladder fossa, right hepatic vein, umbili-
cal fissure, right portal vein and left portal vein (Fig. 1). 
Combinations of these landmarks are then used by Hepat-
ica™ to define the planes that divide the liver into Couinaud 
segments.

Quantitative liver tissue characteristics: cT1 
and PDFF

Multislice cT1 extracted from LiverMultiScan™ (Perspec-
tum Ltd., UK) has been demonstrated to be an accurate bio-
marker of hepatic fibroinflammation [34] in MR imaging 
and its combination with PDFF allows objective evaluation 
of future liver health. The multislice PDFF and cT1 data are 
then aligned with the volumetric MRI data to report the liver 
tissue characteristics within the volume of each individual 
Couinaud segment.

Imaging parameters

cT1 maps are generated from 5 axial slices of T1 maps 
(shMOLLI) 8 mm thick with 12 mm gap, corrected for the 
presence of hepatic iron from a T2* map (DIXON) [35]. 
PDFF is measured from 5 × 20-mm-thick slices from IDEAL 
acquisition [32]. 3D T1-weighted images use vendor stand-
ard sequences within a single expiratory breath-hold, typi-
cally with a reconstructed resolution of 1.2 × 1.2 × 3.0 mm.

Table 1  Participant demographics of datasets used in Hepatica™ per-
formance testing

PSC primary sclerosing cholangitis, AIH autoimmune hepatitis, PBC 
primary biliary cirrhosis

Group A Group B All groups

n 18 30 48
Sex (male:female) 11:07 11:19 22:26
Age (mean (min–max)) 35 (24–64) 37 (18–60) 36 (18–64)
Reported healthy 13 20 33
AIH, PBC, PSC 5 4 9
Fatty liver 0 6 6
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Repeatability, reproducibility and intra/
inter‑operator variability

Comparisons between pairs of measurements were 
assessed using Bland–Altman plots, and 95% limits 
of agreement (LOA) were calculated. The accuracy of 
Hepatica™ reporting whole-liver volumetry was evalu-
ated in comparison with OsiriX, both operated by two 
trained radiologists. Additionally, the accuracy of a 
trained technician reporting whole-liver and Couinaud 
segment volumetry, PDFF and cT1 was evaluated by 
comparing results of a technician with the average of two 
experienced radiologists. Time spent per case by users in 
both devices was also measured.

Precision is defined in terms of repeatability and repro-
ducibility. Reproducibility is the difference of metrics 
of the same patient between the reference scanner (Sie-
mens 3T Prisma scanner, selected as de facto reference 
scanner owing to availability) and non-reference scan-
ners (Siemens Avanto fit 1.5T, GE Discovery MR750 
3T, GE Optima MR450w 1.5T, Philips Achieva dStream 
3T and Philips Ingenia 1.5T). Repeatability, performed 
on each of the six scanners, was measured as the differ-
ence between two acquisitions of the same patient under 
the same scanner, roughly 10 min apart. The patient was 
scanned, removed from the scanner, then returned and 
rescanned in order to induce realistic positional variation.

Intra- and inter-operator variability was assessed by 
one technician examining the same dataset twice and two 
technicians examining the same dataset.

Results

Accuracy of device compared to current gold 
standard

The similarity of whole-liver segmentations from two 
experienced radiologists using Hepatica™ and OsiriX 
was very high (n = 36 cases, 18 patients analysed sepa-
rately by each radiologist, mean Dice score 0.947 ± 0.010), 
with resultant volume measurements from the two devices 
in strong agreement (Fig. 2a) across a range of typical 
liver volumes with very narrow upper and lower limits 
of agreement (LOA(%) = [− 3,6, 8.8]) of total liver vol-
ume. Hepatica™ showed higher agreement between two 
radiologists (LOA(%) = [− 1.7, 2.2]) compared to OsiriX 
(LOA(%) = [− 0.5, 8.8]) (Fig. 2b, c). The time spent to 
generate the whole-liver segmentation masks is signifi-
cantly shorter whilst using Hepatica™ (median of 17 min 
per case) compared to OsiriX (median of 34 min per case) 
(n = 7 matched cases, **p = 0.0033 Wilcoxon test, Fig. 3).

Trained technicians using the new medical device dem-
onstrated consistently high agreement when compared 
directly with experienced radiologists, with an average 
segment variability of ± 3.5% and whole-liver volume 
LOA = [− 4.2%, 0.5%] (Table 2). Segmental cT1 and seg-
mental PDFF were in high agreement between technician 
and radiologists (Table 3), with average segment volume 
LOA of ± 1.1% and ± 0.2%, respectively.

Fig. 1  Anatomical landmarks used to delineate Couinaud segments: a Inferior vena cava (superior), b inferior vena cava (inferior), c middle 
hepatic vein, d gallbladder fossa, e right hepatic vein, f umbilical fissure, g right portal vein, h left portal vein
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Repeatability

The consistency of volumetric measurement results from 
the device on each of the six different scanners was eval-
uated with repeat scans of ten participants scanned on/

off/on, simulating a follow-up visit with no volumetric 
change. High repeatability was observed on each scanner 
used, where the broadest LOA appeared in Philips 1.5T for 
whole-liver volumetry, equal to [− 7.9%, 4.8%] (Table 4). 
The average liver segment volume LOA was equal or 
within ± 3.4% for all the scanners.

Reproducibility

Volumetric measurements from a Siemens 3T scanner 
were compared against five other major scanner models 
and field strengths to measure variability amongst MRI 
scanner type (Table 5). No significant bias or variation 
was observed in any Couinaud segment relative volume 
between the reference scanner and five non-reference 
scanners. However, in GE Discovery MR750 3T, Philips 
Achieva dStream 3T and Philips Ingenia 1.5T, a whole-
liver volume underestimation bias (LOA(%) = [− 14.0, 
5.7], [− 22.9, 2.2] and [− 19.2, 6.2], respectively). Whole-
liver volume measurements from Siemens Avanto fit 1.5T 
and GE Optima MR450w 1.5T had tighter LOAs(%) when 
compared to the reference scanner [− 7.2, 6.5] and [− 9.8, 
4.2], respectively. All the scanners had an average segment 
volume LOA equal to or within ± 3.8%

Fig. 2  Comparison of volumetry between Hepatica™ and OsiriX. 
a Bland–Altman plot demonstrating agreement between volume-
try by Hepatica™ and volumetry by OsiriX differentiating the two 
radiologists. Bias (dashed line) = 2.6%, LOA (black dotted line) 
[− 3.6%, 8.8%]. b Bland–Altman plot of variability between radi-
ologists in volumetry using OsiriX, Bias (dashed line) = 4.2%, LOA 
(black dotted line) [− 0.5%, 8.9%]. c Bland–Altman plot of variabil-
ity between radiologists in volumetry using Hepatica™, Bias (dashed 
line) = 0.2%, LOA (black dotted line) [− 1.7%, 2.2%]. Green dotted 
line = [− 10%, 10%]

Fig. 3  Time spent by one radiologist using software tools for whole-
liver volumetry. n = 7 **p = 0.0033 Wilcoxon test
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Intra‑ and inter‑operator variability

Inter-operator, intra-operator 1 and intra-operator 2 whole-
liver volumetry LOA were [− 0.8%, 0.9%], [− 4.1%, 3%] 
and [− 5.5%, 2.7%], respectively, and the average segment 
volume LOA was equal to or within ± 3.7% for all of them.

Discussion

The aim of this study was to evaluate the accuracy, reproduc-
ibility, repeatability, intra- and inter-observer variability and 
time saving resulting from using Hepatica™ in relation to 
currently available software. Results indicate that the new 
medical device is capable of delineating livers accurately 
and of dividing the volume into Couinaud segments based 

Table 2  Operator variability 
assessment (trained technician)

Limits of agreement (%) of whole-liver and Couinaud segment volume

Metric Operator vs radiologist Operator 1 Operator 2 Inter-
operator 
variability

Intra-variability Intra-variability

n 18 10 10 10
Whole liver (%LOA) [− 4.2, 0.5] [− 0.8, 0.9] [− 4.1, 3.0] [− 5.5, 2.7]
Segment 1 (%LOA) [− 0.5, 1.0] [− 0.4, 0.2] [− 0.2, 0.1] [− 0.2, 0.2]
Segment 2 (%LOA) [− 3.1, 5.1] [− 1.5, 3.0] [− 2.1, 2.0] [− 2.3, 3.5]
Segment 3 (%LOA) [− 5.0, 3.9] [− 2.5, 1.6] [− 1.9, 2.2] [− 2.3, 1.9]
Segment 4a (%LOA) [− 4.6, 4.3] [− 1.0, 2.0] [− 1.8, 1.4] [− 1.9, 2.0]
Segment 4b (%LOA) [− 5.5, 2.6] [− 1.8, 1.7] [− 1.1, 1.1] [− 2.1, 1.3]
Segment 5 (%LOA) [− 1.5, 3.4] [− 5.8, 6.6] [− 2.6, 6.9] [− 4.6, 3.7]
Segment 6 (%LOA) [− 4.3, 4.3] [− 4.9, 4.6] [− 6.6, 8.2] [− 6.7, 5.3]
Segment 7 (%LOA) [− 3.3, 1.8] [− 6.2, 5.5] [− 7.7, 3.5] [− 3.5, 3.9]
Segment 8 (%LOA) [− 3.9, 5.5] [− 6.2, 5.2] [− 9.7, 8.1] [− 4.5, 6.3]
Average of all segments  ± 3.5  ± 3.4  ± 3.7  ± 3.1

Table 3  Limit of agreement (%) of whole-liver and Couinaud seg-
ment median cT1 and median PDFF

Metric cT1 PDFF

n 10 10
Whole liver [0.0, 0.0] [0.0, 0.0]
Segment 1 (%LOA) [− 1.1, 0.6] [− 0.3, 0.2]
Segment 2 (%LOA) [− 2.4, 1.6] [− 0.3, 0.4]
Segment 3 (%LOA) [− 1.5, 1.3] [− 0.2, 0.2]
Segment 4a (%LOA) [− 0.8, 1.1] [− 0.3, 0.2]
Segment 4b (%LOA) [− 1.3, 1.1] [− 0.2, 0.1]
Segment 5 (%LOA) [− 1.1, 0.9] [− 0.2, 0.2]
Segment 6 (%LOA) [− 1.0, 0.8] [− 0.2, 0.3]
Segment 7 (%LOA) [− 0.9, 0.6] [− 0.1, 0.2]
Segment 8 (%LOA) [− 0.9, 1.1] [− 0.2, 0.3]
Average of all segments  ± 1.1  ± 0.2

Table 4  Within participant 
repeatability analysis

Upper and lower limits of agreement (%) of whole-liver and Couinaud segment volume

Scanner Siemens 3T Siemens 1.5T GE 3T GE 1.5T Philips 3T Philips 1.5T

n 10 10 10 10 10 10
Whole liver [− 4.3, 1.4] [− 7.0, 5.0] [− 6.0, 5.0] [− 4.5, 2.4] [− 7.1, 4.0] [− 7.9, 4.8]
Segment 1 (%LOA) [− 0.2, 0.2] [− 0.3, 0.3] [− 1.1, 0.9] [− 0.2, 0.4] [− 0.8, 0.8] [− 1.2, 0.8]
Segment 2 (%LOA) [− 1.9, 2.1] [− 2.0, 2.8] [− 5.1, 3.9] [− 3.5, 5.1] [− 2.3, 2.1] [− 2.9, 2.9]
Segment 3 (%LOA) [− 2.3, 2.4] [− 2.8, 2.0] [− 2.2, 4.5] [− 4.1, 3.1] [− 1.2, 2.4] [− 2.5, 3.5]
Segment 4a (%LOA) [− 3.2, 4.4] [− 1.4, 1.6] [− 3.0, 1.6] [− 2.4, 2.7] [− 1.6, 1.5] [− 2.6, 2.2]
Segment 4b (%LOA) [− 1.4, 2.0] [− 1.0, 0.7] [− 1.4, 2.5] [− 3.1, 2.7] [− 1.0, 1.1] [− 2.4, 2.1]
Segment 5 (%LOA) [− 5.6, 7.8] [− 3.2, 5.7] [− 4.6, 4.0] [− 3.0, 2.1] [− 4.4, 1.4] [− 3.2, 3.2]
Segment 6 (%LOA) [− 5.8, 2.7] [− 4.3, 3.5] [− 1.6, 4.2] [− 1.7, 2.1] [− 2.3, 5.3] [− 2.9, 3.6]
Segment 7 (%LOA) [− 5.0, 2.7] [− 3.9, 2.9] [− 3.1, 3.1] [− 2.3, 3.4] [− 2.1, 4.2] [− 2.3, 2.4]
Segment 8 (%LOA) [− 5.8, 7.0] [− 4.8, 4.4] [− 4.2, 1.5] [− 2.8, 1.5] [− 6.2, 3.1] [− 4.5, 3.8]
Average of all segments  ± 3.4  ± 2.6  ± 2.9  ± 2.6  ± 2.4  ± 2.7
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on anatomical landmarks. This is performed with a sub-
stantial reduction in time compared with the current gold 
standard, which uses manual segmentation by an experi-
enced radiologist. The automation of several steps results in 
reduced subjectivity and increased robustness of volumetry 
as shown by the reduction in variability of liver volumetry.

Robustness of this medical software was demonstrated in 
three aspects: Firstly, within the repeatability study, where 
despite the participant exiting the scanner and returning 
for a second scan, volumetric measurements were remark-
ably consistent, as demonstrated on six major MRI scanner 

models. Secondly, Couinaud segment volume measurements 
were also demonstrated to be highly reproducible when the 
same participant was subsequently scanned on separate 
scanner models. Finally, inter- and intra-operator variability 
was demonstrated to be low indicating that results are not 
impacted by subjective bias. Liver volumetry has previously 
been extensively examined in the context of liver resection 
surgery, transplant surgery and image analysis techniques; 
this is the first report of a highly robust deep-learning-based 
methodology that could be widely deployed using less expe-
rienced professionals to obtain accurate outputs.

Table 5  Between scanner reproducibility analysis

Upper and lower limits of agreement (%) of whole-liver and Couinaud segment volume

Reference scanner vs scanner Siemens 3T vs 
Siemens 1.5T

Siemens 3T vs GE 3T Siemens 3T vs 
GE 1.5T

Siemens 3T vs 
Philips 3T

Siemens 3T 
vs Philips 
1.5T

n 10 10 10 10 10
Whole liver [− 7.2, 6.5] [− 14.0, 5.7] [− 9.8, 4.2] [− 22.9, 2.2] [− 19.2, 6.2]
Segment 1 (%LOA) [− 0.3, 0.3] [− 1.0, 0.9] [− 0.3, 0.3] [− 2.1, 0.8] [− 2.0, 1.1]
Segment 2 (%LOA) [− 0.9, 2.4] [− 1.9, 3.1] [− 2.8, 3.9] [− 4.3, 2.6] [− 3.9, 2.0]
Segment 3 (%LOA) [− 2.2, 1.4] [− 2.9, 2.2] [− 2.1, 1.1] [− 2.8, 2.5] [− 1.5, 2.7]
Segment 4a (%LOA) [− 2.5, 2.3] [− 2.8, 2.3] [− 1.9, 2.0] [− 3.7, 4.0] [− 1.8, 2.2]
Segment 4b (%LOA) [− 1.5, 1.4] [− 1.9, 1.7] [− 2.0, 2.1] [− 1.5, 1.5] [− 1.8, 2.2]
Segment 5 (%LOA) [− 5.5, 8.0] [− 4.8, 4.2] [− 6.1, 7.5] [− 5.8, 5.1] [− 2.1, 4.4]
Segment 6 (%LOA) [− 3.6, 6.1] [− 1.2, 3.9] [− 5.0, 6.6] [− 3.9, 6.4] [− 3.9, 2.9]
Segment 7 (%LOA) [− 5.8, 3.9] [− 3.1, 2.9] [− 4.7, 3.6] [− 4.3, 5.2] [− 3.8, 1.9]
Segment 8 (%LOA) [− 8.3, 4.8] [− 2.7, 1.2] [− 9.4, 7.1] [− 5.5, 5.5] [− 2.8, 4.3]
Average of all segments  ± 3.4  ± 2.5  ± 3.8  ± 3.7  ± 2.6

Fig. 4  Example of Couinaud 
segment delineations from 
Hepatica™ on non-contrast-
enhanced T1-weighted MR and 
cT1 images



150 Abdominal Radiology (2022) 47:143–151

1 3

Reproducibility tests for GE Discovery MR750 3T, 
Philips Achieva dStream 3T and Philips Ingenia 1.5T 
showed a higher disagreement compared to the reference 
scanner. These disagreements may stem from differences in 
contrast generated by different scanner models at the bound-
ary of the liver. This effect may be consistent with any cur-
rently available volumetry software, but we are currently 
unaware of any between-scanner reproducibility studies in 
liver volumetry imaging.

The clinical utility of this medical software for preopera-
tive planning is further demonstrated beyond saving time, 
as it quantifies liver health using cT1 and PDFF within the 
whole liver as well as within the remaining segments of the 
future liver remnant (FLR). Additionally, when the FLR of 
a particular operation is requested, radiologists must typi-
cally delineate each surgical option manually; in the device 
examined here, the volume of each Couinaud segment is 
generated (Fig. 4); thus, the FLR of each possible surgi-
cal option can be quickly measured (e.g. right hepatectomy 
versus segmentectomy of segment 5 and 8). Study limita-
tions include the relatively small sample size (n = 48) and 
the associated low number of cases with underlying liver 
disease (n = 15). With the continued use of this device in 
more patients being considered for liver surgery, we intend 
to surveil the accuracy of liver tissue characterisation.

In conclusion, Hepatica™ is a new medical device that 
provides robust whole-liver and Couinaud segment volume 
and liver tissue characteristic measurements to support the 
treatment decision-making process. This enables surgeons 
to make individual assessments of a patient based on the 
volume and health of remnant livers prior to resection for 
liver cancer.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00261- 021- 03262-x.

Declarations 

Conflict of interest Perspectum Ltd. is a privately funded commer-
cial enterprise that develops medical devices to address unmet clini-
cal needs, including Hepatica®. RB is the CEO and founder of Per-
spectum. LN, JC, AF, RN, AB, MM, AP, ZA, CF, MK and JMB are 
employees of Perspectum. The remaining authors declare that the re-
search was conducted in the absence of any commercial or financial 
relationships that could be construed as a potential conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. A. B. Ryerson et al., ‘Annual Report to the Nation on the Status 
of Cancer, 1975–2012, featuring the increasing incidence of 
liver cancer’, Cancer, vol. 122, no. 9, pp. 1312–1337, 01 2016, 
https:// doi. org/ 10. 1002/ cncr. 29936.

 2. S. Manfredi, C. Lepage, C. Hatem, O. Coatmeur, J. Faivre, 
and A.-M. Bouvier, ‘Epidemiology and Management of Liver 
Metastases From Colorectal Cancer’, Annals of Surgery, vol. 
244, no. 2, pp. 254–259, Aug. 2006, https:// doi. org/ 10. 1097/ 
01. sla. 00002 17629. 94941. cf.

 3. R. Siegel, C. DeSantis, and A. Jemal, ‘Colorectal cancer statis-
tics, 2014’, CA: A Cancer Journal for Clinicians, vol. 64, no. 
2, pp. 104–117, 2014, https:// doi. org/ 10. 3322/ caac. 21220.

 4. S. Mocellin, P. Pilati, M. Lise, and D. Nitti, ‘Meta-Analysis 
of Hepatic Arterial Infusion for Unresectable Liver Metastases 
From Colorectal Cancer: The End of an Era?’, Journal of Clini-
cal Oncology, Sep. 2016, https:// doi. org/ 10. 1200/ JCO. 2007. 12. 
1764.

 5. J. K. Heimbach et al., ‘AASLD guidelines for the treatment 
of hepatocellular carcinoma’, Hepatology, vol. 67, no. 1, pp. 
358–380, 2018, https:// doi. org/ 10. 1002/ hep. 29086.

 6. European Association for the Study of the Liver. Electronic 
address: easloffice@easloffice.eu and European Association for 
the Study of the Liver, ‘EASL Clinical Practice Guidelines: 
Management of hepatocellular carcinoma’, J. Hepatol., vol. 69, 
no. 1, pp. 182–236, 2018, https:// doi. org/ 10. 1016/j. jhep. 2018. 
03. 019.

 7. M. Omata et al., ‘Asia-Pacific clinical practice guidelines on the 
management of hepatocellular carcinoma: a 2017 update’, Hepatol 
Int, vol. 11, no. 4, pp. 317–370, Jul. 2017, https:// doi. org/ 10. 1007/ 
s12072- 017- 9799-9.

 8. O. J. Garden et al., ‘Guidelines for resection of colorectal cancer 
liver metastases’, Gut, vol. 55, no. Suppl 3, pp. iii1–iii8, Aug. 
2006, https:// doi. org/ 10. 1136/ gut. 2006. 098053.

 9. S. M. Robinson, C. H. Wilson, A. D. Burt, D. M. Manas, and S. 
A. White, ‘Chemotherapy-Associated Liver Injury in Patients with 
Colorectal Liver Metastases: A Systematic Review and Meta-anal-
ysis’, Ann Surg Oncol, vol. 19, no. 13, pp. 4287–4299, Dec. 2012, 
https:// doi. org/ 10. 1245/ s10434- 012- 2438-8.

 10. E. Blüthner et al., ‘The predictive value of future liver remnant 
function after liver resection for HCC in noncirrhotic and cirrhotic 
patients’, HPB, vol. 21, no. 7, pp. 912–922, Jul. 2019, https:// doi. 
org/ 10. 1016/j. hpb. 2018. 11. 012.

 11. Y. S. Chun et al., ‘Comparison of Two Methods of Future 
Liver Remnant Volume Measurement’, J Gastrointest Surg, 
vol. 12, no. 1, pp. 123–128, Jan. 2008, https:// doi. org/ 10. 1007/ 
s11605- 007- 0323-8.

 12. S. Balzan et al., ‘The “50-50 criteria” on postoperative day 5: an 
accurate predictor of liver failure and death after hepatectomy’, 
Ann. Surg., vol. 242, no. 6, pp. 824–828, discussion 828-829, Dec. 
2005, https:// doi. org/ 10. 1097/ 01. sla. 00001 89131. 90876. 9e.

 13. M. J. Schindl, D. N. Redhead, K. C. H. Fearon, O. J. Garden, S. 
J. Wigmore, and Edinburgh Liver Surgery and Transplantation 
Experimental Research Group (eLISTER), ‘The value of residual 
liver volume as a predictor of hepatic dysfunction and infection 
after major liver resection’, Gut, vol. 54, no. 2, pp. 289–296, Feb. 
2005, https:// doi. org/ 10. 1136/ gut. 2004. 046524.

 14. N. N. Rahbari et al., ‘Posthepatectomy liver failure: a definition 
and grading by the International Study Group of Liver Surgery 

https://doi.org/10.1007/s00261-021-03262-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/cncr.29936
https://doi.org/10.1097/01.sla.0000217629.94941.cf
https://doi.org/10.1097/01.sla.0000217629.94941.cf
https://doi.org/10.3322/caac.21220
https://doi.org/10.1200/JCO.2007.12.1764
https://doi.org/10.1200/JCO.2007.12.1764
https://doi.org/10.1002/hep.29086
https://doi.org/10.1016/j.jhep.2018.03.019
https://doi.org/10.1016/j.jhep.2018.03.019
https://doi.org/10.1007/s12072-017-9799-9
https://doi.org/10.1007/s12072-017-9799-9
https://doi.org/10.1136/gut.2006.098053
https://doi.org/10.1245/s10434-012-2438-8
https://doi.org/10.1016/j.hpb.2018.11.012
https://doi.org/10.1016/j.hpb.2018.11.012
https://doi.org/10.1007/s11605-007-0323-8
https://doi.org/10.1007/s11605-007-0323-8
https://doi.org/10.1097/01.sla.0000189131.90876.9e
https://doi.org/10.1136/gut.2004.046524


151Abdominal Radiology (2022) 47:143–151 

1 3

(ISGLS)’, Surgery, vol. 149, no. 5, pp. 713–724, May 2011, 
https:// doi. org/ 10. 1016/j. surg. 2010. 10. 001.

 15. J. T. Mullen et al., ‘Hepatic insufficiency and mortality in 1,059 
noncirrhotic patients undergoing major hepatectomy’, J. Am. 
Coll. Surg., vol. 204, no. 5, pp. 854–862; discussion 862-864, 
May 2007, https:// doi. org/ 10. 1016/j. jamco llsurg. 2006. 12. 032.

 16. A. Chan, A. Kow, T. Hibi, F. Di Benedetto, and A. Serrablo, ‘Liver 
resection in Cirrhotic liver: Are there any limits?’, International 
Journal of Surgery, vol. 82, pp. 109–114, Oct. 2020, https:// doi. 
org/ 10. 1016/j. ijsu. 2020. 06. 050.

 17. P. Hall and J. Cash, ‘What is the Real Function of the Liver “Func-
tion” Tests?’, Ulster Med J, vol. 81, no. 1, pp. 30–36, Jan. 2012.

 18. H. B. Thomaides-Brears et al., ‘Incidence of Complications from 
Percutaneous Biopsy in Chronic Liver Disease: A Systematic 
Review and Meta-Analysis’, Dig Dis Sci, Jun. 2021, https:// doi. 
org/ 10. 1007/ s10620- 021- 07089-w.

 19. J. N. Vauthey et al., ‘Standardized measurement of the future liver 
remnant prior to extended liver resection: methodology and clini-
cal associations’, Surgery, vol. 127, no. 5, pp. 512–519, May 2000, 
https:// doi. org/ 10. 1067/ msy. 2000. 105294.

 20. J. Shindoh, C.-W. D Tzeng, and J.-N. Vauthey, ‘Portal vein embo-
lization for hepatocellular carcinoma’, Liver Cancer, vol. 1, no. 
3–4, pp. 159–167, Nov. 2012, https:// doi. org/ 10. 1159/ 00034 3829.

 21. S. Ogata, J. Belghiti, O. Farges, D. Varma, A. Sibert, and V. Vil-
grain, ‘Sequential arterial and portal vein embolizations before 
right hepatectomy in patients with cirrhosis and hepatocellular 
carcinoma’, Br J Surg, vol. 93, no. 9, pp. 1091–1098, Sep. 2006, 
https:// doi. org/ 10. 1002/ bjs. 5341.

 22. D. Azoulay et al., ‘Percutaneous portal vein embolization 
increases the feasibility and safety of major liver resection for 
hepatocellular carcinoma in injured liver’, Ann. Surg., vol. 232, 
no. 5, pp. 665–672, Nov. 2000, https:// doi. org/ 10. 1097/ 00000 658- 
20001 1000- 00008.

 23. D. Azoulay et al., ‘Resection of Nonresectable Liver Metastases 
From Colorectal Cancer After Percutaneous Portal Vein Emboli-
zation’, Ann Surg, vol. 231, no. 4, pp. 480–486, Apr. 2000.

 24. H. Tanaka, K. Hirohashi, S. Kubo, T. Shuto, I. Higaki, and H. 
Kinoshita, ‘Preoperative portal vein embolization improves 
prognosis after right hepatectomy for hepatocellular carcinoma 
in patients with impaired hepatic function’, Br J Surg, vol. 87, no. 
7, pp. 879–882, Jul. 2000, https:// doi. org/ 10. 1046/j. 1365- 2168. 
2000. 01438.x.

 25. H. Wakabayashi et al., ‘Is preoperative portal vein embolization 
effective in improving prognosis after major hepatic resection in 
patients with advanced-stage hepatocellular carcinoma?’, Cancer, 
vol. 92, no. 9, pp. 2384–2390, 2001, https:// doi. org/ 10. 1002/ 1097- 
0142(20011 101) 92: 9< 2384:: AID- CNCR1 586>3. 0. CO;2-H.

 26. P. Sandström et al., ‘ALPPS Improves Resectability Compared 
With Conventional Two-stage Hepatectomy in Patients With 

Advanced Colorectal Liver Metastasis: Results From a Scandi-
navian Multicenter Randomized Controlled Trial (LIGRO Trial)’, 
Annals of Surgery, vol. 267, no. 5, pp. 833–840, May 2018, 
https:// doi. org/ 10. 1097/ SLA. 00000 00000 002511.

 27. Y. Nakayama et al., ‘Automated hepatic volumetry for living 
related liver transplantation at multisection CT’, Radiology, vol. 
240, no. 3, pp. 743–748, Sep. 2006, https:// doi. org/ 10. 1148/ radiol. 
24030 50850.

 28. K. Suzuki et al., ‘Quantitative Radiology: Automated CT Liver 
Volumetry Compared With Interactive Volumetry and Manual 
Volumetry’, AJR Am J Roentgenol, vol. 197, no. 4, pp. W706–
W712, Oct. 2011, https:// doi. org/ 10. 2214/ AJR. 10. 5958.

 29. M. D’Onofrio, R. De Robertis, E. Demozzi, S. Crosara, S. Can-
estrini, and R. Pozzi Mucelli, ‘Liver volumetry: Is imaging reli-
able? Personal experience and review of the literature’, World J 
Radiol, vol. 6, no. 4, pp. 62–71, Apr. 2014, https:// doi. org/ 10. 
4329/ wjr. v6. i4. 62.

 30. V. Bachtiar et al., ‘Repeatability and reproducibility of multipara-
metric magnetic resonance imaging of the liver’, PLOS ONE, vol. 
14, no. 4, p. e0214921, Apr. 2019, https:// doi. org/ 10. 1371/ journ 
al. pone. 02149 21.

 31. A. Mojtahed et al., ‘Reference range of liver corrected T1 values 
in a population at low risk for fatty liver disease-a UK Biobank 
sub-study, with an appendix of interesting cases’, Abdom Radiol 
(NY), vol. 44, no. 1, pp. 72–84, 2019, https:// doi. org/ 10. 1007/ 
s00261- 018- 1701-2.

 32. C. Hutton, M. Gyngell, M. Milanesi, A. Bagur, and M. Brady, 
‘Validation of a standardized MRI method for liver fat and T2* 
quantification’, PLoS ONE, vol. 12, no. 9, p. e0204175, 2018.

 33. T. Germain, S. Favelier, J.-P. Cercueil, A. Denys, D. Krausé, and 
B. Guiu, ‘Liver segmentation: Practical tips’, Diagnostic and 
Interventional Imaging, vol. 95, no. 11, pp. 1003–1016, Nov. 
2014, https:// doi. org/ 10. 1016/j. diii. 2013. 11. 004.

 34. R. Banerjee et al., ‘Multiparametric magnetic resonance for the 
non-invasive diagnosis of liver disease’, J. Hepatol., vol. 60, no. 
1, pp. 69–77, Jan. 2014, https:// doi. org/ 10. 1016/j. jhep. 2013. 09. 
002.

 35. E. M. Tunnicliffe, R. Banerjee, M. Pavlides, S. Neubauer, and M. 
D. Robson, ‘A model for hepatic fibrosis: the competing effects of 
cell loss and iron on shortened modified Look-Locker inversion 
recovery T1 (shMOLLI-T1 ) in the liver’, J Magn Reson Imaging, 
vol. 45, no. 2, pp. 450–462, 2017, https:// doi. org/ 10. 1002/ jmri. 
25392.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.surg.2010.10.001
https://doi.org/10.1016/j.jamcollsurg.2006.12.032
https://doi.org/10.1016/j.ijsu.2020.06.050
https://doi.org/10.1016/j.ijsu.2020.06.050
https://doi.org/10.1007/s10620-021-07089-w
https://doi.org/10.1007/s10620-021-07089-w
https://doi.org/10.1067/msy.2000.105294
https://doi.org/10.1159/000343829
https://doi.org/10.1002/bjs.5341
https://doi.org/10.1097/00000658-200011000-00008
https://doi.org/10.1097/00000658-200011000-00008
https://doi.org/10.1046/j.1365-2168.2000.01438.x
https://doi.org/10.1046/j.1365-2168.2000.01438.x
https://doi.org/10.1002/1097-0142(20011101)92:9<2384::AID-CNCR1586>3.0.CO;2-H
https://doi.org/10.1002/1097-0142(20011101)92:9<2384::AID-CNCR1586>3.0.CO;2-H
https://doi.org/10.1097/SLA.0000000000002511
https://doi.org/10.1148/radiol.2403050850
https://doi.org/10.1148/radiol.2403050850
https://doi.org/10.2214/AJR.10.5958
https://doi.org/10.4329/wjr.v6.i4.62
https://doi.org/10.4329/wjr.v6.i4.62
https://doi.org/10.1371/journal.pone.0214921
https://doi.org/10.1371/journal.pone.0214921
https://doi.org/10.1007/s00261-018-1701-2
https://doi.org/10.1007/s00261-018-1701-2
https://doi.org/10.1016/j.diii.2013.11.004
https://doi.org/10.1016/j.jhep.2013.09.002
https://doi.org/10.1016/j.jhep.2013.09.002
https://doi.org/10.1002/jmri.25392
https://doi.org/10.1002/jmri.25392

	Repeatability and reproducibility of deep-learning-based liver volume and Couinaud segment volume measurement tool
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 
	Graphic abstract

	Introduction
	Methods
	Patients
	Image acquisition
	Liver volume delineation
	Couinaud segmentation
	Quantitative liver tissue characteristics: cT1 and PDFF
	Imaging parameters
	Repeatability, reproducibility and intrainter-operator variability

	Results
	Accuracy of device compared to current gold standard
	Repeatability
	Reproducibility
	Intra- and inter-operator variability

	Discussion
	References




