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A B S T R A C T

Aim: To compare retrospectively fused FDG PET/CT and MRI (PET/MRI) to FDG PET/CT and MRI for char-
acterisation of indeterminate focal liver lesions as malignant or benign in patients with a known primary ma-
lignancy.
Materials and method: A retrospective review of 70 patients (30 females, 40 males; mean age 56 ± 14 years)
with 150 indeterminate lesions after FDG PET/CT and MRI (mean scan time interval 21 ± 11 days). HERMES®
software was used to fuse PET/CT and MRI scans which were reviewed by 2 readers using the Likert score (scale
1–5) to characterise lesions as benign (1–3) or malignant (4–5). Final diagnosis was determined by histo-
pathology or follow up imaging. Results for fused PET/MRI were compared to PET/CT and MRI alone.
Results: For detection, MRI and fused PET/MRI detected all the lesions while PET/CT detected 89.4%.
Characterisation of liver lesions as malignant on PET/CT alone yielded sensitivity, specificity, accuracy, PPV and
NPV of 55.6%, 83.3%, 66.7%, 83.3%, 55.6% respectively and 67.6%, 92.1%, 80%, 89.3%, 74.5% for MRI,
respectively. The sensitivity, specificity, accuracy, PPV and NPV for characterising lesions as malignant in-
creased to 91.9%, 97.4%, 94.7%, 97.1%, 92.5% with PET/MRI fusion. The sensitivity, specificity, accuracy, PPV
and NPV of fused PET/MRI for characterising lesions as malignant remained superior to PET/CT and MRI.
Conclusion: Retrospective fusion of PET with MRI has improved characterisation of indeterminate focal liver
lesions compared to MRI or FDG PET/CT alone.

1. Introduction

Focal liver lesions are common incidental findings in both asymp-
tomatic patients and those diagnosed with malignancy. The most
common malignancies to spread to the liver are colonic, pancreatic,
pulmonary and gastric cancers. Patients with colorectal cancer will
develop liver metastases during the course of their disease in 50 to 60%
of cases [1]. Therefore, accurate imaging of the liver is essential to
distinguish benign from malignant lesions, particularly in patients with
malignancy in whom early detection and treatment of liver metastases
will modify management and influence survival [2]. Currently, ultra-
sound (US) and computed tomography (CT scan) are used as first line
imaging tools to assess liver lesions. Unfortunately, US is operator

dependent and of limited diagnostic value if the whole liver cannot be
adequately imaged [3]. Dynamic enhanced CT scan has been reported
to have higher sensitivity for detecting liver metastases [4,5]. MRI, with
its high soft tissue contrast, has been regarded as the best imaging
modality for detecting and characterising focal liver lesions [6,7].
However, these modalities rely on differences in tissue properties or
differential contrast enhancement to the surrounding normal liver to
characterise focal lesions. There is therefore an overlap between benign
and malignant liver lesions and some will remain indeterminate even
after multimodality imaging. In this situation, invasive assessment with
image-guided biopsy and histology is required.

Functional imaging with F18-Fluorodeoxyglucose positron emission
tomography and whole body CT (FDG PET/CT) has been reported to be
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useful for the detection and depiction of metastatic liver disease and is
more accurate for tumour staging [2,8]. Unfortunately, small liver le-
sions can be missed due to the limited spatial resolution of the PET and
the confounding background liver metabolic activity [9].

More recently, integrated PET/MRI systems have been introduced in
the research arena but also in particular clinical situations where su-
perior soft tissue resolution is required. Therefore, several authors have
successfully assessed the feasibility of combining the PET data with post
contrast MRI sequences either retrospectively [10] or prospectively
[11]. However, these studies were performed on small selected patient
population using only hepatocyte specific contrast (gadolinium‑ethox-
ybenzyl‑diethylenetriamine (Gd-EOB-DTPA)). The purpose of this study
is to evaluate the feasibility and performance of retrospective fusion of
FDG PET/CT and standard MRI sequences using a non-specific extra-
cellular contrast agent (gadoterate meglumine) in detecting and char-
acterising liver lesions in patients with suspected liver metastases.

2. Material and method

This was a retrospective study and received approval at our in-
stitution according to the research committee review process.

2.1. Patient selection

70 patients were included in this study (40 males, 30 females; mean
age 56 ± 14 years). These were suspected of having malignancy and
had at least one indeterminate liver lesion after initial imaging. All
patients had half body FDG PET/CT and MRI of the liver with gadoli-
nium (gadoterate meglumine). Imaging was performed at baseline and
patients did not have surgery, chemotherapy or radiotherapy 30 days
prior to imaging or between FDG PET/CT and MRI scans. A maximum
interval of 30 days between MRI and PET/CT was set as an inclusion
criterion to avoid appearances of new lesions or changes in character-
istics.

2.2. Image acquisition

Gadolinium enhanced MRI and FDG PET/CT studies were acquired
separately following a standard protocol. No special sequences or
changes in the standard protocol were made to enable the retrospective
fusion of PET/CT data with MRI.

2.3. PET/CT

All data were acquired on a Gemini PET/CT system with 3-dimen-
sional time-of-flight (TOF) capability PET scanner together with a 16-
slice Brilliance CT scanner (Philips Healthcare, Best, the Netherlands).
The patients were asked to follow the standard departmental prepara-
tion protocol before the PET/CT according to the European Association
of Nuclear Medicine guidelines (EANM) [12]. This included fasting for
4 to 6 h before scanning. The glucose level was assessed before the
examination with an acceptable level of< 11mmol/l [12]. Patients
with elevated glucose levels were assessed to find the cause and re-
scheduled for scanning when the glucose level returned to normal.
Scanning started 60min after injection of 400 (± 10%) MBq
(10.8 mCi) of FDG. Patients were imaged supine from skull base to
upper thighs with arms raised above head to avoid attenuation arte-
facts. A low dose CT scan was acquired first (parameters: 40mAs,
140 kV, 0.5 s per tube rotation) with a slice thickness of 5mm, a scan
length of approximately 900mm and data acquisition time of 22.5 s.
The CT scan was acquired during free breathing. This was immediately
followed by PET acquisition with a 3min per bed position (6–7 bed
positions) and 7-slice overlap in 3D reconstruction mode (matrix size
128×128). The acquisition time was approximately 30–40min. The
CT data were used for attenuation correction and localization. Iterative
reconstruction with ordered-subset expectation maximisation (OSEM)

for 3D PET was used to reconstruct the PET raw data. Images were
transferred to a HERMES workstation (Hermes Medical Solution,
London, UK) for reporting.

2.4. MR imaging

All scans were performed on a 1.5T Achieva system (Philips
Healthcare, Best, the Netherlands), in conjunction with a 16-element
surface body coil with the surface coil centred on the liver.

Our institutional abdominal MRI protocol for imaging the liver in-
cluded: coronal T2-weighted turbo spin echo (TSE), axial T2-weighted
turbo spin-echo (TSE) with fat suppression (SPAIR), diffusion weighted
images, T1-weighted in and opposed phase, and unenhanced and dy-
namic gadolinium enhanced breathhold T1-weighted images (THRIVE).
The dynamic gadolinium enhanced sequences were performed during
the hepatic arterial phase (25 s), portal venous phase (70 s) and extra-
cellular phases (at 2min and 5min) after intravenous injection of ga-
doterate meglumine (Dotarem; Guerbet, Villepinte, France) at a dose of
0.2 ml/kg of body weight, as a bolus at a rate of 2ml/s followed by a
20ml saline flush. Diffusion weighted images (DWI) were obtained
using a free-breathing multi-slice spin-echo echo-planar imaging (EPI)
sequence: repetition time (TR) 5300–5800ms, echo time (TE) 62ms,
EPI factor 60, three averages, field-of-view (FOV) 400–450mm, rec-
tangular FOV 75%, matrix 112×256, 20–28 slices in order to cover the
liver, slice thickness 5mm, slice gap 1mm. Six motion probing gra-
dients with b-values of 0, 100, 200, 500, 750 and 1000 s·mm−2 were
applied in three orthogonal directions and trace images were synthe-
sised for each b-value using the mean of three orthogonal directions.
ADC maps were calculated on a pixel-by-pixel basis using a mono-ex-
ponential fit, and b= 0 was excluded from the calculation in order to
eliminate perfusion effects.

2.5. Image registration

Image registration and fusion was performed using the Hermes Gold
mediator software (Hermes Medical Solution, London, UK) after im-
porting the MRI data from the PACS using DICOM files format. The
software enabled automatic propagation of registration across different
series based on 3 methods: automatic, manual and landmark based. In
this study, the automatic method corrected manually for any mis-
alignment was used to obtain accurate registration. Both anatomical,
contrast enhanced and diffusion weighted MRI sequences (coronal T2-
weighted TSE, axial T2-weighted SPAIR, diffusion weighted images, T1-
weighted in and opposed phase, and unenhanced and dynamic gado-
linium enhanced breathhold T1-weighted images) were retrospectively
fused with the corresponding PET component for review.

2.6. Image analysis

All images were reviewed on dedicated workstations. MRI scans
were reviewed on the IDS7™ institutional picture archiving and com-
munication system (PACS) workstations (SECTRA, AB, Linköping,
Sweden). PET/CT and fused PET/MRI data were interpreted on a
HERMES workstation.

The MRI scans, PET/CT and fused PET/MRI images were reviewed
by different reader each considered an expert in his/her own field and
of a similar level of experience. A gastrointestinal and hepatobiliary
radiologist reviewed the MRI scans. A Nuclear Medicine specialist re-
viewed the PET/CT studies. A dual accredited specialist in nuclear
medicine and radiology with current split activity in both specialities
reviewed the fused PET/MRI images. All had>10 years of clinical
experience. All readers were blinded to results of other imaging studies,
follow-up examinations or biopsy/surgery findings and patient data
were reviewed in a random order. The presence, size, location of the
liver lesions and corresponding SUVmax were recorded. A 5-point
Likert-like scale was used on all modalities according to the likelihood
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of malignancy (1, definitely benign; 2, probably benign; 3, in-
determinate; 4, probably malignant; 5, definitely malignant). The
readers were informed of the scoring system and cut-off values used to
reflect the likelihood of malignancy.

2.7. Statistical analysis

Lesion detection was evaluated on MRI, PET/CT and fused PET/MRI
regardless of malignancy or benignity of the lesion. Sensitivity, speci-
ficity, positive predictive value (PPV) and negative predictive value
(NPV) and accuracy in characterising liver lesions were assessed using
the Likert score scale. A receiver operating characteristic curve (ROC)
was fitted to the reader's confidence in rating the liver lesions. The
performance of the three imaging modalities (MRI, PET/CT and fused
PET/MRI) was compared using the area under the curve (AUC) given
with 1 standard error (± SE) and confidence interval [95% CI].

3. Results

3.1. Patient population

70 patients with suspected malignancy who had whole body FDG
PET/CT and MRI of the liver with gadolinium (gadoterate meglumine)
were retrospectively included in our study (40 males, 30 females; mean
age 56 ± 14 years). A maximum interval of 30 days between these
studies was set as an inclusion criterion to avoid appearances of new
lesions or changes in characteristics. The mean interval in our cohort
was 11 ± 10 days. All patients were imaged at baseline for staging a
primary malignancy and did not have surgery, chemotherapy or
radiotherapy 30 days prior to imaging or between FDG PET/CT and
MRI scans.

3.2. Liver lesions

A total of 150 liver lesions (76 benign; 74 malignant lesions) were
present in 70 patients. The lesions remained indeterminate after stan-
dard imaging including CT scan and US. The lesions were evenly dis-
tributed throughout the liver segments. The number of liver lesions
detected and their benign or malignant nature was confirmed either on
follow-up imaging (n=68), histopathology (n=77) or surgical report
(n=5). Lesions were considered benign if follow-up imaging on CT or
MRI demonstrated characteristic imaging features and size was stable
for at least 12months, or if histopathological confirmation was ob-
tained. Lesions were considered malignant if follow-up imaging by CT
or MRI demonstrated features more suggestive of malignant disease
(increased arterial enhancement, change in morphology consistent with
malignancy or increased restriction on DWI) and an increase in size of
the lesion over 12months (RECIST 1.1 criteria), or on histopathology
whenever available. All patients had at least one lesion and 4 patients
had 2 coexisting lesions (i.e. malignant and benign). The distribution of
the different lesions and their SUVmax are given in Table 1 while their
size distribution is included in Table 2. A box and whisker plot com-
paring malignant and benign lesions is shown in Fig. 1.

3.3. Lesion detection

FDG PET/CT detected 134/150 (89.4%) lesions; MRI and fused
PET/MRI detected all 150 (100%) lesions. Of the 16 lesions (10.6%)
that were not detected by FDG PET/CT 5 (3.3%) were haemangiomas, 6
(6.6%) metastases (5 mucinous adenocarcinoma and 1 neuroendocrine
tumour) and 4 (2.6%) HCCs.

3.4. Lesion characterisation

The sensitivity and NPV of FDG PET/CT to characterise lesion as
malignant was 55.6%, 57.4% and this increased to 67.6%, 74.5% with

MRI and reached 91.9%, 92.5% with PET/MRI, respectively. The false
negative (FN) lesions on FDG PET/CT consisted of 2 cholangiocarci-
noma, 4 HCCs and 24 metastases. They consisted of 3 HCC and 15
metastases on MRI and 2 HCC, 3 metastasis on PET/MRI. The specificity
and PPV of FDG PET/CT alone was lower at 83.3% and 84.2% com-
pared to MRI (92.1%, 89.3%%) and fused PET/MRI (97.4%, 97.1%).
The false positive (FP) lesions on FDG PET/CT consisted of 8 abscesses
and 4 adenomas. The FP consisted of 9 haemangiomas, 1 hamartomas
on MRI and 2 adenomas on PET/MRI. The sensitivity, specificity, ac-
curacy, PPV and NPV for characterising liver lesions as malignant were
calculated for FDG PET/CT, MRI and fused PET/MRI by correlating the
Likert score given by the readers to the final diagnosis and are

Table 1
Number of lesions, number of patients and SUVmax per lesion patient. (FNH:
focal nodular hyperplasia; HCC: hepatocellular carcinoma).

Lesion type Patients Lesions SUVmax

Benign Abscess 2 8 6.35 ± 2.56
Adenoma 4 6 2.75 ± 0.64
Complex Cysts 10 18 2.46 ± 0.40
FNH 4 8 2.65 ± 0.23
Haemangioma 16 34 2.23 ± 0.31
Hamartoma 2 2 1.91 ± 0.18
Total 38 76 2.80 ± 1.48

Malignant Cholangiocarcinoma 2 2 2.55 ± 0.19
HCC 4 6 2.27 ± 0.04
Metastasis 30 66 6.56 ± 4.27
Total 36 74 6.16 ± 4.20

Total 70 150

Table 2
Distribution of lesions according to size.

Distribution Lesion size (mm)

<10 10 to 20 >20

Number 28 46 76
Percentage (%) 18.7 30.7 50.7

Fig. 1. Box and Whisker plot of the range of SUVmax in benign and malignant
liver lesions.
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summarised in Table 3. PET/MRI had better sensitivity, specificity,
accuracy, positive and negative values compared to MRI and FDG PET/
CT for characterising liver lesions as malignant. The ability of the dif-
ferent modalities in characterising liver lesions correctly was assessed
using ROC (Fig. 2) and AUC. The AUC for FDG PET/CT was
0.82 ± 0.05 [95% CI 0.72 to 0.92] and 0.92 ± 0.03 [95% CI 0.85 to
0.98] for MRI. The AUC increased to 0.94 ± 0.03 [95% CI 0.9 to 1]
using fused PET/MRI.

4. Discussion

FDG PET/CT is widely used for staging cancers and it is becoming a
well-established imaging modality in detecting liver metastases.
However, studies have shown that MRI has higher sensitivity and spe-
cificity for detecting and characterising liver metastases [13]. More-
over, MRI has the ability to characterise and differentiate benign focal
liver lesions. Combining both modalities could therefore potentially
improve lesion characterisation.

Our results demonstrated a higher detection rate and better char-
acterisation of focal liver lesions as benign or malignant for MRI and
fused PET/MRI compared to FDG PET/CT alone. Fused PET/MRI was
significantly more sensitive and specific compared to MRI and FDG
PET/CT alone in identifying malignant lesions. These results are com-
parable to previously published studies [10,14]. This is most likely due
to the higher soft tissue resolution and enhanced tissue contrast in-
herent to MRI. The low detection rate of FDG PET/CT was related to
lesions not accumulating FDG. They consisted of haemangiomas, mu-
cinous and neuroendocrine liver metastasis and HCC.

For characterising focal liver lesions as malignant, FDG PET/CT had
a lower sensitivity, specificity, NPV and PPV compared to MRI or fused
PET/MRI. The sensitivity and NPV of FDG PET/CT was 55.6%, 57.4%
and this increased to 67.6%, 74.5% with MRI and reached 91.9%,
92.5% with PET/MRI, respectively. The lower sensitivity of FDG PET/
CT is partly due the low dose CT protocol used at our institution
without intravenous contrast administration and therefore lesions not
demonstrating significant FDG accumulation are considered benign. It
is well known as mentioned above that some malignant lesions do not
demonstrate FDG accumulation such as HCC, hilar cholangiocarcinoma
and mucinous metastases. Our results are similar to previously pub-
lished meta-analyses [10,15], showing FDG PET/CT sensitivity between
61 and 94%. The lower sensitivity of FDG PET/CT in our study is due to
the larger cohort of lesions not accumulating FDG compared to the
published studies. The sensitivity of MRI and fused PET/MRI was si-
milar to published data. In this study, we found a higher sensitivity and
NPV for fused PET/MRI compared to MRI alone for identifying malig-
nant lesions due to the smaller number of false negative lesions. These
lesions consisted of poorly differentiated HCC and ocular melanoma
metastases. All the lesions accumulated FDG but did not demonstrate
the typical enhancement pattern or significant restricted DWI on MRI
and therefore were falsely dismissed as hamartomas, atypical hae-
mangiomas and regenerative nodules, respectively (Fig. 3).

The specificity and PPV of FDG PET/CT alone was lower at 83.3%
and 84.2% compared to MRI (92.1%, 89.3%%) and fused PET/MRI
(97.4%, 97.1%). The higher specificity and PPV for PET/MRI compared
to MRI or FDG PET/CT was due to the ability of the fused PET/MRI to
correlate the MRI findings with the level of FDG uptake on PET/CT to
exclude false positives. These lesions in our cohort included abscesses
and adenomas, which are known to accumulate FDG and were therefore
falsely diagnosed on PET/CT as malignant lesions while fused PET/MRI
images demonstrated the benign characteristics of these lesions. On
MRI, atypical haemangiomas, hamartomas were thought to represent
malignant lesions, however the fused PET/MRI data showed clearly
that these lesions correlated with very low level of FDG uptake con-
firming their benign nature (Fig. 4).

Overall, the accuracy of fused PET/MRI (94.7%) was superior
compared to MRI (80%) or FDG PET/CT (66.7%) alone. Therefore,

Table 3
Sensitivity, specificity, accuracy, positive and negative predictive values for the
different imaging modalities.

Characterisation Sensitivity
(%)

Specificity
(%)

Accuracy
(%)

PPV
(%)

NPV
(%)

PET/CT 55.6 83.3 66.7 84.2 57.1
MRI 67.6 92.1 80.0 89.3 74.5
Fused PET/MRI 91.9 97.4 94.7 97.1 92.5

Fig. 2. ROC curves for FDG PET/CT, MRI and PET/MRI.
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combining PET and MRI might be useful for indeterminate lesions after
FDG PET/CT and MRI.

The superiority of fused PET/MRI performance in characterising
liver lesions was further confirmed on ROC curves and AUC.

Studies have been published on integrated PET/MRI systems for
whole body imaging and evaluation of liver lesions. These have found a

higher lesion conspicuity and diagnostic confidence for PET/MRI
compared to FDG PET/CT [11,16]. However, integrated PET/MRI
systems are not widely available and currently expensive. Retrospective
fusion of PET and MRI images could be a cost efficient and more widely
available alternative to increase diagnostic accuracy. We have demon-
strated in our study that this technique is easy to perform and could be

Fig. 3. Ocular melanoma metastasis with lesion in segment VI of the liver characterised as malignant on retrospectively fused PET MRI images but wrongly
characterised as benign on MRI. A) T1W fat sat with intravenous gadolinium and C) T1W images demonstrate a low signal lesion (arrow) which was diagnosed as an
atypical haemangioma. E) T2 TSE, G) T2 trufi, J) Diffusion Weighted Images at b=1000 and K) calculated ADC map image did not demonstrate the lesion. The
retrospectively fused PET with B) T1W fat sat with intravenous contrast, D) T1W, F) T2 TSE, H) T2 trufi, clearly depict the malignant lesion in segment VI which
accumulates FDG. I) PET only image demonstrates accumulation of FDG in the lesion.

Fig. 4. Atypical partially hyalinised haemangioma in segment VI, which was wrongly characterised as malignant on MRI but properly characterised as benign on
retrospectively fused PET MRI images. A) T1W fat sat with intravenous gadolinium demonstrates irregular rim enhancement, C) T1W image demonstrates a low
signal lesion, E) T2 TSE and G) T2 trufi demonstrate heterogenous lesion with peripheral low signal changes and central high signal with was diagnosed as central
necrosis. J) Diffusion Weighted Images at b= 1000 and K) ADC map demonstrate restriction at the rim of the lesion. I) PET only image demonstrates absence of FDG
accumulation in the lesion.
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carried out at any centre with PET and MRI scanners. Currently, there
are no studies directly comparing the clinical value of retrospective
fusion technique to integrated PET/MRI systems for liver lesions and
this would be of interest for future studies.

There were a few limitations in our study. Firstly, the FDG PET/CT
was obtained with a low dose CT without intravenous contrast ad-
ministration. Recently, a study [17] has shown improved performance
for detection and characterisation of liver lesions using a dual time
point acquisition protocol as well as contrast enhanced CT. Secondly,
our study consisted of a small cohort of patients which makes statistical
analysis less significant. This was partly due to the strict selection cri-
teria with a short interval between the FDG PET/CT and MRI that was
set for the study. We continue to collect data for this study and aim at
publishing a larger cohort of patients. Thirdly, the retrospective nature
of the study resulted in lack of standardisation and therefore differences
in protocol acquisition between the MRI and FDG PET/CT. However,
despite this limitation we have demonstrated that the fusion technique
is feasible and provides good image quality for analysis.

To conclude, our study has demonstrated that retrospective fusion
of FDG PET/CT and MRI is a feasible and promising technique in im-
proving detection and characterisation of focal liver lesions, which re-
main indeterminate after liver MRI and FDG PET/CT.
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