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Abstract
Purpose To evaluate the diagnostic performance of dynamic
perfusion CT (P-CT) for detection of hepatocellular carcino-
ma (HCC) in the cirrhotic liver.
Materials and methods Twenty-six cirrhotic patients (19men,
aged 69±10 years) with suspicion of HCC prospectively
underwent P-CT of the liver using the 4D spiral-mode (100/
80 kV; 150/175mAs/rot) of a dual-source system. Two readers
assessed: (1) arterial liver-perfusion (ALP), portal-venous liv-
er-perfusion (PLP) and hepatic perfusion-index (HPI) maps
alone; and (2) side-by-side with maximum-intensity-
projections of arterial time-points (art-MIP) for detection of
HCC using histopathology and imaging follow-up as standard
of reference. Another reader quantitatively assessed perfusion
maps of detected lesions.
Results A total of 48 HCCs in 21/26 (81 %) patients with a
mean size of 20±10 mm were detected by histopathology
(9/48, 19 %) or imaging follow-up (39/48, 81 %). Detection
rates (Reader1/Reader2) of HPI maps and side-by-side analy-
sis of HPI combined with arterial MIP were 92/88 % and 98/
96 %, respectively. Positive-predictive values were 63/63 %
and 68/71 %, respectively. A cut-off value of ≥85 % HPI and

≥99 % HPI yielded a sensitivity and specificity of 100 %,
respectively, for detection of HCC.
Conclusion P-CT shows a high sensitivity for detection of
HCC in the cirrhotic liver. Quantitative assessment has the
potential to reduce false-positive findings improving the spec-
ificity of HCC diagnosis.
Key points
• Visual analysis of perfusion maps shows good sensitivity for
detection of HCC.

• Additional assessment of anatomical arterial MIPs further
improves detection rates of HCC.

• Quantitative perfusion analysis has the potential to reduce
false-positive findings.

• In cirrhotic livers, a hepatic-perfusion-index≥9 9%might be
specific for HCC.

Keywords Liver cirrhosis . Hepatocellular carcinoma .
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Introduction

Hepatocellular carcinoma (HCC) is the most common primary
malignancy of the liver and one of the most common cancers
worldwide [1]. Liver cirrhosis is the major risk factor for de-
velopment of HCC, which is predominately caused by alcohol-
ism or chronic infectious disease such as hepatitis B or C [2].

To date, cross-sectional imaging modalities are important
clinical tools for establishing the diagnosis of HCC [3]. In
patients with liver cirrhosis and/or chronic hepatitis B/C, cur-
rent guidelines of the American and European Association for
the Study of Liver Disease (AASLD /EASLD) allow non-
invasively establishment of the diagnosis of HCC if a nodule
≥10 mm exhibits arterial contrast media (CM) uptake
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followed by CM washout in the venous/late phase [4, 5].
However, using multiphase computed tomography (CT), the
diagnostic performance of HCC is still reasonably lowwith an
overall sensitivity of 54–87 % [6–8] and a sensitivity of 48–
57 % for HCCs of ≤20 mm [9], indicating that changes to
tumour arterial blood supply in early HCC are subtle and
might be missed on standard imaging [10, 11]. Magnetic res-
onance imaging (MRI) with liver specific CM outperforms
CT regarding detection of small lesions <2 cm [12, 13], how-
ever, availability and applicability of MRI are limited.

Dynamic perfusion CT (P-CT) based on the analysis of
haemodynamic processes in the liver is increasingly applied
in cirrhotic patients for quantitative assessment of tumour
blood supply [14]. Evaluation of P-CT is generally based on
arterial liver perfusion (ALP) and portal-venous liver perfu-
sion (PLP) maps calculated from time attenuation curves after
injection of a highly concentrated contrast media bolus [15].
In contrast to dynamic contrast-enhanced MRI of the liver,
which is a technically challenging and still evolving tech-
nique, P-CT allows for reliable and absolute quantification
of perfusion characteristics [16]. The degree of arterialization
has previously been shown to be an important parameter of
carcinogenesis in HCC [17]. The arterialization can be visu-
alized in so-called hepatic index (HPI) maps, reflecting the
ratio of arterial versus total liver perfusion (ALP/(ALP+
PLP). At the same time P-CT allows reliable depiction of the
peak arterial enhancement of HCC, which varies considerably
in cirrhotic patients [18], by condensing all arterial time-points
to one single maximum-intensity-projection of the arterial
phase (art-MIP) [19]. This makes it possible to both qualita-
tively and quantitatively assess tumour arterialization, which
might improve detection of HCC.

Thus, the purpose of this study was to prospectively eval-
uate the diagnostic performance of P-CT for detection of HCC
and to assess perfusion characteristics of HCC in the cirrhotic
liver using imaging follow-up and histopathology as the stan-
dard of reference.

Materials and methods

Patients

This prospective study was approved by the local ethics com-
mittee and written informed consent was obtained from all
patients.

BetweenAugust 2012 and September 2013, 40 patients (30
men, ten women; mean age 69±10 years) with Child-Pugh
class A or B liver cirrhosis and suspicion of HCC due to
previous ultrasound (US) findings or history of HCC
underwent P-CT examination of the liver for screening of
HCC. Histopathological analysis and/or imaging follow-up
served as standard of reference.

Exclusion criteria were patient age <50 years; previous
treatment of more than two liver segments; Child-Pugh class
C liver cirrhosis; thrombosis in the main portal branches; as
well as contrast-enhanced CT-related contraindications (i.e.,
iodine hypersensitivity to iodinated contrast medium and ne-
phropathy with an estimated glomerular filtration rate of
≤30 mL/min).

From all patients undergoing P-CTof the liver, 8/40 (20 %)
patients were excluded as no follow-up examination could be
performed due to patient’s death (n=3) or as patients were lost
to follow-up examinations (n=5), while 5/40 (13 %) patients
were excluded due to advanced stage disease, including nodal
and/or distant metastases, thus resulting in systemic anti-
angiogenetic treatment (sorafenib). Finally, 1/40 (3 %) pa-
tients was excluded due to technical failure of the CM power
injector.

Thus, statistical analysis was conducted in 26 patients (19
men and seven women), with a mean age of 69±10 years;
range 50–88 years. Patient demographics are given in Table 1.

Lesion-based reference standard

In 6/26 (23 %) patients, histopathological analysis of resected
specimens (partial liver resection, n=3; transplantation; n=2)
and of fine-needle biopsy (FNB; n=1) served as standard of
reference. Specimens were routinely processed and stained
with haematoxylin-eosin. Diagnosis of HCC was made ac-
cording to the International Working Party criteria [20].

In 24/26 (92 %) patients imaging follow-up with multi-
phase CT served as standard of reference with a mean
follow-up time of 181±75 days (range, 79–310). Diagnostic
criteria for HCC were presence of HCC specific imaging

Table 1 Demographic and clinical data of study subjects (n=26)

Age, median (range), y 69 (50–88)

Gender male/female, number (%) 19/7 (73 /27)

Aetiology of liver cirrhosis

HBV positive, number (%) 2 (8)

HCV positive, number (%) 9 (34)

Alcoholic liver disease, number (%) 13 (50)

Non-alcoholic liver disease, number (%) 2 (8)

Barcelona Clinic Liver Cancer (BCLC) stage

Stage A, number (%) 8 (31)

Stage B, number (%) 18 (69)

No previous treatment 17 (65)

Previous treatment 9 (35)

Partial liver resection, number (%) 1 (11)

Transarterial chemo-embolization, number (%) 8 (90)

One segment, number (%) 4 (44)

Two segments, number (%) 4 (44)

HBV hepatitis B virus, HCV hepatitis C virus
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features according to the AASLD and/or EASLD including
arterial enhancement with subsequent washout in the portal or
late-venous phases [4, 5]. The criteria for benign lesions were
a lack of HCC-specific imaging criteria and (a) the lesion
decreased in size during imaging follow-up at any time or
(b) the lesion remained unchanged in size during follow-up
of at least 180 days.

Perfusion CT imaging

All patients were examined with a second-generation 64-slice
dual-source CT system (Somatom Definition Flash, Siemens
Healthcare, Forchheim, Germany) using the previously de-
scribed 4D dynamic-spiral-scan mode with variable pitch
[15].

The scan volumewas individually defined by a supervising
radiologist on the topogram in order to cover the entire liver.
Scanning was initiated 8 s after contrast media application
(Iomeron®, 400 mg iodine/ml; Bracco Diagnostics Inc.,
Princeton, NJ, USA) to allow acquisition of baseline non-
enhanced images. Each examination was performed in two
consecutive breath-holds, allowing the patient to breathe out
and back in again after the initial breath-hold at the start of the
examination could not be held any longer. Further protocol
specifications are given in Table 2. The volume CT dose index
ranged from 144 to 162 mGy and the dose-length product
(DLP) ranged from 2131 to 3020 mGy×cm, with a mean
DLP of 2644 mGy×cm per patient. Using the standard

conversion coefficient for the abdomen (κ=0.015 mSv/
[mGy x cm]) the calculated effective radiation dose of the
applied protocol was 32–45 mSv and 40 mSv/patient, respec-
tively [21].

Image post-processing

The volumetric raw data set was reconstructed with a slice
thickness of 3 mm and an increment of 1.5 mm, using a me-
dium smooth tissue convolution kernel (B20f). All images
were transferred to an external workstation (Multi-Modality
Workplace, MMWP, Siemens Healthcare) for further image
post-processing using the dedicated perfusion application
(Syngo Volume Perfusion CT Body, Siemens). Data process-
ing included automatic motion-correction and noise-reduction
of the time-resolved data set. Two image-sets were recon-
structed (Figs. 1, 2 and 3):

1. Colour-coded perfusion maps visualizing the arterial liver
perfusion (ALP, in mL/min/100 mL), portal-venous per-
fusion (PVP, in mL/min/100 mL) and hepatic perfusion
index (HPI, ALP/ALP+PVP, in %) using the adapted
maximum slope method according to Tsushima et al. [22].

2. Maximum intensity projections of the late arterial-phase
(art-MIP) containing all arterial time-points of the time-
resolved raw data set were retrospectively reconstructed
using the time-enhancement curves derived from perfu-
sion analysis to separate the arterial from the portal and
portal-venous phases [19].

Enhancement of the liver parenchyma of all perfusion
maps was coded in the centre of the scale. All images were
transferred to the Picture Archiving and Communication Sys-
tem (PACS) of the institution for review.

Image quality

Image quality (IQ) of all previously mentioned image sets (n=
40) were evaluated in consensus by two board-certified radi-
ologists (Reader 1 (R1), MA.F. and Reader 2 (R2), N.K. with
six and 16 years of experience, respectively), who were
blinded to the final diagnosis. All data-sets were ranked from
1–3 according to extent of motion artefacts and delineation of
liver lesions as: (1) non-diagnostic, severe artefacts and/or
poor delineation of liver lesions; (2) diagnostic, moderate ar-
tefacts and/or moderate delineation of liver lesions; and (3)
diagnostic, little to no artefacts and/or good to excellent delin-
eation of liver lesions.

Hepatocellular carcinoma (HCC) detection

Perfusion maps and art-MIPs of the 26 patients with valid
reference standards were reviewed for detection of HCC by

Table 2 Perfusion CT imaging protocol

Scan parameters

Scan width (cm) 14.8–18.2

Scan delay (s) 8

No. of scans 30–36

Scan direction Cranio-caudal alternating

Cycle time (s) 1.5–1.75

Tube voltage (kV) 80/100

Tube current (mAs/rot) 175/125

Slice acquisition (mm) 128×0.6*

Total examination time (s) 54

Contrast material

Dosage (mL) 60

Iodine concentration (mg/mL) 400

Contrast flow (mL/s) 7

Injection time (s) 8.5

Radiation dose

Volume CT dose index (mGy) 144–162

Dose length product (mGy×cm) 2131–3020

Effective dose estimation (mSv) 32–45°

*Using the z-flying focal spot

°Conversion factor k =0.015 mSv/ (mGy x cm)
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two independent board-certified radiologists (Reader 3 (R3),
A.G. and Reader 4 (R4), L.L. with 7 and 8 years of experi-
ence, respectively), who were blinded to clinical findings and
all other imaging modalities, using a standard PACS

workstation. The perfusion maps, i.e., the ALP, PLP and
HPI maps, were assessed separately and prior to presentation
of the art-MIP in order to determine the additional value of
side-by-side assessment of perfusion maps and art-MIP.

Fig. 1 A 68-year-old man with non-alcoholic steatohepatitis and previ-
ously treated hepatocellular carcinoma (HCC) (trans-arterial chemo-em-
bolization) in liver segment VI. Both readers depicted the known HCC in
liver segment VI as well as an additional slightly hypervascular lesion in
liver segment I (white arrow) on the arterial liver perfusion map (A),
portal-venous liver perfusion map (B) and hepatic perfusion index map

(C). The corresponding maximum intensity projection of the arterial
phase (D) derived from the time-resolved perfusion series depicted the
known HCC in segment VI, whereas the lesion in segment I was not
depicted. Follow-up multiphase CT (E, F) after 6 months confirmed the
HCC showing a growth of the lesion with slight enhancement in the
arterial phase (E) and strong wash-out in the late venous phase (F)

Fig. 2 A 73-year-old woman with hepatitis C-induced liver cirrhosis and
three hepatocellular carcinomas (HCCs) diagnosed on surveillance with
CT. On the arterial liver perfusion (A), portal-venous liver perfusion (B)
and hepatic perfusion index (C) maps the HCC of liver segment I was not
depicted by both readers, probably due to its subcapsular location blend-
ing into the surrounding hypervascular structures. The corresponding

maximum intensity projection of the arterial phase (D–F) derived from
the time-resolved perfusion series nicely depicts the HCC in segment I
allowing determination of the exact extension in the axial (D), sagittal (E)
and coronal (F) plane. Sagittal and coronal view (panels E and F) are
shown for illustrative purposes; only axial images were reviewed in the
study
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Both readers recorded the total number (1–10) of liver le-
sions ≥9 mm detected on perfusion maps from cranial to cau-
dal along with the corresponding image number and table
position. A lesion qualified as HCC if the lesion was of nod-
ular shape and showed an increased HPI in terms of an in-
creased ALP and/or a decreased PLP compared to the sur-
rounding liver parenchyma. Thereafter the dataset with art-
MIPs was reviewed side-by-side with perfusion maps for di-
agnosis of HCC. A lesion qualified as a HCC if it was nodular
in shape and ≥9 mm on art-MIP and arterialized (increased
HPI) on perfusion maps. If a lesion was not detected on art-
MIP nodularity, size was determined on HPI maps. If a lesion
was primarily detected on art-MIP, the lesion location and the
reason for lesion miss-out on HPI maps, e.g., poor lesion
delineation due to adjunct vascular structures, was recorded.
Moreover, readers reported on lesions which were exclusively
detected on perfusion maps and vice versa.

Perfusion analysis

Perfusion analysis was performed by one of the blinded readers
involved in IQ assessment (R1, MA.F.) for all the liver lesions
(benign and HCC) using the previouslymentioned workstation
(Multi-Modality Workplace, MMWP, Siemens Healthcare).

Qualitative assessment Visual grading of ALP and PLP in
comparison to the surrounding liver parenchyma was per-
formed for each lesion with elevated HPI using a three-point
scale (increased – equal – decreased).

Quantitative assessment For each lesion a circular region of
interest (ROI) covering the arterialized lesion (area with in-
creased arterial perfusion) at the level of its greatest transverse
diameter without including surrounding normal liver paren-
chyma was drawn on the HPI map. ROIs placed on the HPI
map were automatically copied to the co-registered ALP and
PLP maps allowing for assessment of corresponding quanti-
tative perfusion values.

Statistical analyses

The data were descriptively reviewed and statistically tested
for normality with the Kolmogorov-Smirnov test. Continuous
variables were expressed as means±standard deviations. The
Wilcoxon-signed rank test was used to test for significant
differences between IQ of perfusion maps and art-MIP. The
inter-observer agreement for detection of HCC was assessed
with k statistics. Differences between qualitative perfusion
analyses were tested with the chi-square test or Mann-
Whitney test, respectively, whereas a likelihood-based gener-
alized linear mixed model was used to test for significant
differences between quantitative perfusion parameters derived
from HCC and benign lesions accounting for the clustering of
liver lesions within patients. To investigate the diagnostic ac-
curacy of perfusion parameters for detection of HCC, the area
under the curve (AUC) was determined by receiver operating
characteristic (ROC) analysis. The cut-off HPI value was cho-
sen to yield 100 % sensitivity and specificity, respectively, for
diagnosis of HCC. P-values <0.05 were considered

Fig. 3 A74 year-old manwith hepatits C-induced liver cirrhosis. Arterial
liver perfusion map (A), portal-venous liver perfusion map (B) and he-
patic perfusion index map (C) as well as the corresponding maximum
intensity projection of the arterial phase (D) depicted an arterialized lesion
of 12 mm in liver segment IV (white arrow). This lesion was classified as
hepatocellular carcinoma by both readers (visual assessment) due to its

nodular shape and increased hepatic perfusion index (HPI) compared to
the surrounding liver (C), whereas quantitative assessment of the HPI
(84 %) indicated a benign lesion. Follow-up multiphase CT (E, F) after
4 months confirmed the benign nature of the lesion showing a decrease in
lesion size in the arterial phase (E) and a lack of wash-out in the venous
phase (F)
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statistically significant. All statistical analyses were performed
using commercially available software (SPSS, release 17.0,
Chicago, IL, USA).

Results

Image quality

IQ of perfusion maps and art-MIPs was diagnostic in all pa-
tients. IQ was significantly better for art-MIP (2.9) as com-
pared to perfusion maps (all, p<0.01).Whereas the IQ of ALP
(2.5) and PLP (2.4) was similar (p>0.05), delineation of liver
lesions was significantly worse on HPI (2.1) maps for both
readers (all, p<0.01).

Detection of HCC

Reference standard A total of 83 arterialized lesions in 24/
26 (92 %) patients were detected by the reference standard,
subdivided into:

a) 48/83 (58 %) HCC lesions in 21/26 (81 %) patients; 9/48
(19 %) were histopathologically proven HCCs, while in
the remaining 39/48 (81 %) lesions the final diagnosis of
HCC was based on multiphase CT imaging follow-up.

b) 28/83 (34 %) benign lesions in 16/26 (62 %) patients; 23/
28 (82 %) lesions showed a decrease in size at imaging
follow-up, while the remaining 5/28 (18 %) lesions
showed no change in size over a follow-up period of
6 months.

c) 5/83 (6%) lesions in 3/26 (12%) patients present on P-CT
but were excluded from further analysis due to inconclu-
sive criteria on follow-up imaging, including progress of
lesion size but lack of the ‘wash-out’ criteria (n=3) and
benign imaging criteria with insufficient imaging follow-
up interval of less than 180 days (n=2).

d) 2/83 (2 %) lesions in 2/26 (8 %) patients were present on
CT-imaging follow-up but not (even retrospectively) on
primary P-CT images. Those lesions were excluded from

further analysis as they probably developed in the time-
interval to follow-up imaging.

Thus, 76 arterialized lesions (48 HCC and 28 benign le-
sions) in 24/26 (92 %) patients underwent statistical analysis.

Diagnostic performance The inter-reader agreement was
good for assessment of perfusion maps only (kappa, .420)
and very good for side-by-side analysis of perfusion maps
and art-MIPs (kappa, .789).

Perfusion maps and side-by-side analysis detected (R3/R4)
a total of 70/67 and 69/65 HCC suspicious lesions (nodular
and positive HPI), respectively, with 44/42 and 47/46 true-
positive, 26/25 and 22/19 false-positive and 4/6 and 1/2
false-negative findings. Detection rates for HCC (R3/R4) of
perfusion maps and side-by-side analysis were 92 % (confi-
dence interval (CI), 82–100) /88 % (CI, 77–97 %) and 98 %
(CI, 92–102 %) / 96 % (CI, 89–102 %), respectively. Positive
predictive values (PPV) were 63 % (CI, 50–74) / 63 % (CI,
50–75 %) and 68 % (CI, 56–79 %) / 71 % (CI, 58–82 %),
respectively (Table 3). Side-by-side analysis detected signifi-
cantly more HCCs and showed a significantly higher PPV as
compared to perfusion maps for both readers (all, p<0.001).
On side-by-side analysis (R3/R4), a total of 2/3 HCCs were
additionally detected by art-MIP, whereas 6/6 HCCs were
solitarily detected by perfusion maps without a clear correlate
on art-MIP.

Perfusion analysis

Mean values of qualitative and quantitative perfusion analysis
for HCC (n=48) and benign lesions (n=28) are displayed in
Table 4.

There was no significant difference for visual analysis of
ALP and HPI between HCC and benign lesions as compared
to surrounding liver parenchyma (all, p>0.05), whereas a sig-
nificant difference was seen for all quantitative perfusion pa-
rameters between HCC and benign lesions (all, p<0.001).
Diagnostic accuracy for detection of HCC was excellent for
both HPI and PLP, demonstrating an AUC of 0.901 (0.836–

Table 3 Visual assessment of
perfusion-CT for detection of
hepatocellular carcinoma. Values
are given as percentages with
corresponding confidence
interval (CI) and number (N) of
detected lesions in brackets

Detection rate Positive predictive value

Perfusion maps alone

Reader 1 91.6 % (CI, 82–100; N, 44/48) 62.8 % (CI, 50–74; N, 44/70)

Reader 2 87.5 % (CI, 77–97; N, 42/48) 62.6 % (CI, 50–75; N, 42/67)

Side-by-side analysis

Reader 1 97.9 % (CI, 92–102; N, 47/48) 68.1 % (CI, 56–79; N, 47/69)

Reader 2 95.8 % (CI, 89–102; N, 46/48) 70.7 % (CI, 58–82; N, 46/65)

Note: Perfusion maps included arterial (ALP) and portal-liver perfusion (PLP) maps as well as hepatic index
maps (ALP/(ALP+PLP)). Side-by-side analysis included perfusion maps as well as maximum intensity projec-
tions of the arterial phase time points reflecting a late arterial phase image
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0.962; p<0.001) and 0.901 (0.838–0.964; p<0.001), respec-
tively, whereas ALP showed an AUC of 0.821 (0.725–0.917;
p<0.001; Fig. 4). Sub-analysis of lesions ≤25 mm (as no be-
nign lesions >25 mm were detected) revealed an AUC of
0.923 (0.862–0.984; p<0.001) and 0.915 (0.851–0.979; p<
0.001) for HPI and PLP, respectively. A cut-off HPI ≥99 %
yielded a specificity of 100 % and a sensitivity of 60 %,
whereas a cut-off HPI ≥85 % yielded a sensitivity of 100 %
and a specificity of 36 % for detection of HCC (Fig. 5).

Discussion

To the best of our knowledge this is the first study evaluating
the diagnostic performance of perfusion CT for detection of
HCC in the cirrhotic liver. Accordingly, we designed a P-CT
protocol for screening of HCC providing full liver coverage at
a high temporal (<2 s) and spatial resolution using a double
breath-hold regimen to minimize motion artefacts. The latter
is of major importance when targeting small nodules in a
cirrhotic liver because breathing artefacts can substantially
reduce spatial resolution. With our protocol, no major motion
artefacts were recorded resulting in a good or excellent diag-
nostic image quality of the art-MIPs and perfusion maps in all
patients. Interestingly, art-MIP showed the best IQ, whereas
ALP and PLP maps showed a significantly better depiction of
the liver lesions than HPI maps did, which might be due to the
high prevalence of intra- and extrahepatic structures with high
HPI hampering the delineation of bordering liver lesions on
HPI maps (Figs. 1, 2 and 3).

During the carcinogenesis of HCC the vascular supply of
the hepatic nodules changes from a mainly portal supply to an
exclusively arterial supply [23, 24]. The sensitivity for the
detection of early HCC, i.e., less than 2 cm in diameter, at
multiphasic CT and MRI is poor [25–27], probably due to
failure to visualize increased CM uptake during the arterial
phase in the cirrhotic liver [25, 28]. By applying a quantitative
mapping of the arterial enhancement fraction (AEF) [29] and
specific post-processing of the arterial phase [30], the detec-
tion rate of HCC can be increased. Similar to the AEF, colour-
coded perfusion maps of ALP and PLP reflect the attenuation
increment rather than the attenuation itself. Accordingly, our
results show an excellent sensitivity of perfusion maps for
detection of HCC, superior to the detection rates reported for
multiphase CT (48–71 %) [12, 31, 32] and similar to those of
angiographic-supported cone-beam CT [31–34]. However, it
is important to point out that the HPI map reflects the ratio of

Table 4 Perfusion CT
characteristics of detected lesions.
Mean values of quantitative
analysis as well as X-axis
diameter are given with
corresponding standard deviation
and confidence interval in
brackets

HCC (N=48) Benign (N=28) P-value

X-Axis max diameter 20±10 mm (range 9–9) 12±4 mm (range 9–24) <0.001

Qualitative perfusion analysis

ALP (Lesion>Liver) 46/48 (95 %) 27/28 (96 %) >0.05

PLP (Lesion<Liver) 48/48 (100 %) 22/28 (79 %) <0.01

HPI (Lesion>Liver) 48/48 (100 %) 28/28 (100 %) >0.05

Quantitative perfusion analysis

ALP (mL/min/100 mL) 52.6±23.7 (7.2–111.0) 30.4±13.5 (8.6–82.0) <0.001

PLP (mL/min/100 mL) 1.5±2.3 (0.0–10.9) 11.0±8.6 (1.8–30.0) <0.001

HPI (%) 95.7±7.5 (65.0–100.0) 73.6±18.6 (44.0–89.6) <0.001

Note: Qualitative analysis included visual assessment of HCC and benign lesions in comparison to the liver
parenchyma

HCC hepatocellular carcinoma, ALP arterial liver perfusion, PLP portal liver perfusion,HPI hepatic index (ALP/
(ALP+PLP))

Fig. 4 Receiver operating characteristic (ROC) analysis of arterial liver
perfusion (ALP), portal-venous liver perfusion (PLP) and hepatic perfu-
sion index (HPI) for diagnosis of hepatocellular carcinomas (HCCs) in
patients with liver cirrhosis. Diagnostic accuracy for detection of HCC
was excellent for both HPI and PLP demonstrating an area under the
curve (AUC) of 0.901 (0.836–0.962; p<0.001) and 0.901 (0.838–
0.964; p<0.001) respectively, whereas ALP showed an AUC of 0.821
(0.725–0.917; p<0.001)
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hepatic arterial perfusion to total perfusion. The HPI of a HCC
will therefore be elevated if the portal inflow to the tumour is
relatively lower than the arterial inflow. Based on the assump-
tion that early HCC loses portal-venous supply before initia-
tion of arterial angiogenesis [35], early HCCs appear bright on
HPI maps (ALP/(ALP+PLP)) as ALP>PLP in those lesions.
In our material 2/48 (4 %) of the HCCs showed no increased
ALP, but a higher HPI than the surrounding liver parenchyma
due to a substantial decrease of PLP (Fig. 1). Those lesions
might have reflected hypovascular HCC and would have been
missed if only ALP maps or art-MIPs had been used for
detection.

There was a substantial number of benign lesions with
elevated HPI (false-positive findings), resulting in a low pos-
itive predictive value (Fig. 4). The majority of these lesions
might be explained by arterialized pseudolesions, probably in
terms of small arterio-portal shunts, which are increasingly
visualized due to the application of a highly concentrated
CM bolus [36, 37]. Accordingly, 96 % of benign lesions dem-
onstrated an increased ALP contributing to the increase of
HPI, whereas the other 4 % might reflect dysplastic nodules.
However, visual P-CT analysis of HPI presents high sensitiv-
ity for arterialized lesions in general and further parameters
(qualitative or quantitative) are needed to reduce false-positive
findings. Side-by-side analysis of perfusionmaps and anatom-
ical art-MIPs helped to rule out wedge-shaped arterio-portal
shunts, which appeared as false-positive findings on perfusion
maps due to the limited morphological information. Interest-
ingly, morphological correlation also increased the sensitivity
for detection of HCC. This was because lesions bordering on
greater liver vessels, e.g., central portal or liver veins, were
occasionally missed when evaluating perfusion maps only
(Fig. 2).

In contrast to visual perfusion assessment, quantitative
analysis showed a significant difference for all perfusion pa-
rameters between HCC and benign lesions (Table 4). Our
results on quantitative perfusion values are consistent with
previous studies on perfusion of HCC showing an increase
in HPI compared to cirrhotic liver parenchyma due to both
an increase in ALP and a decrease in PLP. The slightly higher
HPI of HCC in our study (96 %) compared to the previous
studies (93 %) might be due to differences in the perfusion
protocols and ROI placement regimen of the studies [14, 38].

In contrast to previous studies we aimed for discrimination
of HCC and benign lesions in the cirrhotic liver, showing an
excellent diagnostic accuracy of both HPI and PLP for HCC
(Fig. 5). Aiming to reduce false-positive findings of visual
perfusion assessment, we determined a cut-off value of
≥99 % HPI yielding 100 % specificity and a cut-off value of
≥85 % HPI yielding 100 % sensitivity for diagnosis of HCC.
ROC analysis was performed for lesions ≤25 mm measured
on HPI maps (slight overestimation of size), as arterialized
lesions larger than 20 mm on standard imaging should be

generally regarded as highly suspicious for HCC [28]. By
applying this cut-off value a total of 41/66 (62 %) lesions
including 23/38 (61 %) HCC and 18/28 (64 %) benign lesions
could have been correctly diagnosed, whereas 25/66 (38 %)
lesions including 15/38 (39 %) HCC and 10/28 (36 %) benign
lesions would have undergone follow-up to assign final
diagnosis.

This study has several limitations. First, the study cohort
was relatively small and heterogeneous. However, due to the
considerable radiation dose, we included only patients with
suspicion of HCC and >50 years of age. Second, no compar-
ison to diagnostic performance of multiphase CT or MRI was

Fig. 5 Hepatic perfusion indices (HPIs) of hepatocellular carcinomas
(HCCs) (A) and benign lesions (B) in relation to lesion diameter. All
lesions ≥25 mm and/or with HPIs ≥99 % were HCC (n=33). All lesions
with HPIs <85 % were benign lesions (n=18). By applying these cut-off
values to all lesions detected on HPI maps a total of 51/76 (67 %) lesions
could have been correctly diagnosed, whereas 25/76 (33 %) lesions in-
cluding 15/38 (39 %) HCC and 10/28 (36 %) benign lesions would have
undergone follow-up to assign final diagnosis
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performed due to a great heterogeneity in protocols and time-
points of clinically acquired examinations. Third, diagnosis of
HCC was confirmed mainly by imaging findings combined
with follow-up clinical course without histological verifica-
tion. Finally, for the P-CT protocol used in this study, the
radiation dose (32–45 mSv) was substantial and slightly
higher as compared to other studies in the field of whole-
liver volume perfusion CT. When using P-CT, there is a
trade-off between temporal resolution, image quality and ra-
diation dose. With further refinements of imaging parameters,
however, radiation dose might be substantially reduced in fu-
ture allowing a wider application of P-CT in clinical practice.

We conclude that perfusion CT shows a high sensitivity for
detection of HCC in the cirrhotic liver. Quantitative assess-
ment of perfusion parameters has the potential to reduce false-
positive findings and correctly diagnose HCC using cut-off
values of ≥85 % and ≥99 % HPI, respectively.
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