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Summary:

Functional imaging encompasses techniques capable of assessing physiological parameters of tissues,
and offers useful clinical information in addition to that obtained from morphological imaging. Such
techniques may include magnetic resonance imaging with diffusion-weighted sequences or
hepatobiliary contrast agents, perfusion imaging, or molecular imaging with radiolabelled tracers. The
liver is of major importance in oncological practice; not only is hepatocellular carcinoma one of the
malignancies with steadily rising incidence worldwide, but hepatic metastases are regularly observed
with a range of solid neoplasms. Within the realm of hepatic oncology, different functional imaging
modalities may occupy pivotal roles in lesion characterisation, treatment selection and follow-up,

depending on tumour size and type. In this review, we characterise the major forms of functional



imaging, discuss their current application to the management of patients with common primary and

secondary liver tumours, and anticipate future developments within this field.

Key points:

e Functional imaging assesses in vivo physiological parameters of tissues, and may be used in
tumour detection, characterisation, treatment selection and follow-up

e The combination of MRI with diffusion-weighted sequences and hepatobiliary contrast agents
play a central role in the detection and characterisation of cirrhosis-related focal liver lesions

e The role of perfusion imaging is limited, but data are encouraging regarding future clinical
utility in assessing the effects of loco-regional and systemic therapies.

¢ MRI with diffusion-weighted sequences and hepatobiliary MR contrast agents are the most
accurate modality for characterising and detecting colorectal and neuroendocrine liver
metastases

o Molecular imaging with radiolabelled somatostatin analogues represents the gold-standard

imaging approach for the majority of neuroendocrine tumours



Introduction

The term ‘functional imaging’ refers to a collection of techniques providing information regarding the
physiological properties of tissues. In the field of liver oncology, functional imaging may be used for
tumour detection and characterisation, selection of treatment, monitoring of treatment response and
patient follow-up. These techniques do not compete with morphological imaging workup but may

yield additional information.

Four main functional modalities are utilised in liver tumour imaging: diffusion-weighted (DW)
magnetic resonance imaging (MRI) is sensitive to the Brownian motion of water molecules, and is
considered as a marker of tissue cellularity and microarchitecture® ; perfusion imaging using contrast-
enhanced (CE) ultrasound (US), computed tomography (CT) or MRI provides information about
tissue microcirculation or the movement of water and solutes®® ; imaging of the hepatocellular
function using hepatospecific MR contrast agents **; and nuclear metabolic imaging using positron
emission tomography (PET)/CT with targeted radiotracers to assess specific metabolic pathways.
Some are currently included in routine practice, such as DW-MRI and hepatospecific MR contrast
agents, some may be used in specific settings (nuclear metabolic imaging), and finally others are still

restricted to research settings (perfusion imaging).

Here, we provide an overview of functional imaging methods. Thereafter, we review the role of
functional imaging techniques in the commonest primary liver tumours, i.e. hepatocellular carcinoma
(HCC) and mass-forming cholangiocarcinoma (MFC), as well as in the most clinically relevant types

of liver metastases, including those of colorectal and neuroendocrine origins.



Functional imaging methods

Imaging hepatocellular function: hepatobiliary MR contrast agents

Hepatobiliary MR contrast agents are gadolinium chelates that are taken up by functioning
hepatocytes. Their internalisation is mediated by organic anionic transporting polypeptides (OATP)
expressed on the sinusoidal membrane of functional hepatocytes °. Subsequently, 50% of the contrast
agent is excreted into the biliary canals through multidrug resistance-associated proteins (MRPs) °’.
The level of expression of these proteins is significantly decreased in impaired hepatocytes. As a

consequence, these contrast agents are accurate markers of hepatocellular function.

Hepatospecific CE MR sequences are T1-weighted, and are obtained when the liver and the bile ducts
are markedly enhanced. On these images, non-hepatocellular tumours, tumours containing impaired
hepatocytes, and also vessels or cysts appear black. Currently, two hepatobiliary MR contrast agents
are commercially available: gadobenate dimeglumine or Gd-BOPTA (Multihance, Bracco Imaging)
and gadoxetate disodium also called gadoxetic acid or Gd-EOB-DTPA (Primovist / Eovist, Bayer).
The latter is the most frequently used worldwide because 50% of the injected dose is rapidly taken-up
by hepatocytes, allowing for acquisition of the “hepatobiliary phase” 20 minutes after injection. With
gadobenate dimeglumine, around 5% is taken up, and the hepatobiliary phase is obtained 1-3 hours
after injection. Due to the rapid entry of Gd-EOB-DTPA into hepatocytes, classical features of liver
tumours are modified on sequences classically referred to as delayed phase sequences (3-5 minutes
after injection). Indeed, these images combine the extracellular and intrahepatocellular components of
the contrast agent and are best defined as transitional phase images °. This is not observed with Gd-

BOPTA.



Imaging tissue cellularity and architecture: diffusion-weighted MRI

DW MRI is a technique based on the random mobility of protons in tissues. In highly cellular tissues
such as tumours, the diffusion of water protons is restricted. Thus, both qualitative (signal intensity)
and quantitative (apparent-diffusion coefficient [ADC]) variables reflect tissue cellularity and cellular
membrane integrity *. <Diffusion restriction’ refers to a tumour signal intensity that is higher than that
of the surrounding liver on high b value DW MR images, corresponding to low ADC values on
guantitative maps. DW MRI with a mono-exponential model is now part of the routine MR protocol
for liver diseases. A more refined approach, referred to as the intravoxel incoherent motion (IVIM)
theory allows the separation of pure molecular diffusion parameters from perfusion-related diffusion

parameters within a tissue °.

Imaging tumour microvasculature: perfusion imaging

Perfusion imaging provides information about tissue microcirculation or the movement of water and
solutes at levels far below the spatial resolution of conventional imaging techniques. Thus, perfusion
imaging is not the dynamic, qualitative analysis commonly obtained with tissue enhancement, but a
guantitative extraction of physiological perfusion parameters of the liver. It requires the injection of a
tracer and the acquisition by rapid temporal sampling of signal intensity/time curves that provide
information on variations in tracer concentrations over time. The physiological parameters are
extracted from these curves by adjusting them to mathematical perfusion models. VVarious imaging

techniques can be used: CEUS, CT (perfusion CT), or MRI (commonly named dynamic CE MRI).

Imaging tumour metabolism: PET



In routine oncologic imaging, metabolic imaging is mostly based on gluconeogenesis. Indeed,
gluconeogenesis is increased in most malignant tissues, and can be visualized using *°F-
fluorodeoxyglucose (**F-FDG). Recently, several other tracers have been developed for imaging
different malignancies: *®F-fluorothymidine (**F-FLT) has been validated as a specific biomarker of
proliferation, *'C- or **F-acetate and *C- or '®F-choline as indicators of tumour growth or

invasiveness.

Primary Liver Tumours

Primary liver tumours are a group of malignancies derived from various liver cells. The most frequent
is HCC, accounting for 85-90% of all primary liver tumours. It is the sixth most common malignancy
worldwide and the second most common cause of cancer-related mortality *°. Cholangiocarcinoma is
the second most common primary liver tumour and derives from the bile ducts. It is classically
classified into extrahepatic (80-90%) and intrahepatic (5-10%) types. Intrahepatic
cholangiocarcinoma can present as mass-forming (so called ‘peripheral type’), or more rarely as

periductal-infiltrating, or intraductal growing tumours ™.

HCC and MFC present with variable imaging features depending on their extension and biological
behaviour. In daily practice however, the detection, characterisation and follow-up of these lesions
rely on morphological features assessed on contrast-enhanced imaging techniques, mostly CT and
MRI. The hallmarks of HCC are the association of hypervascularity on the arterial phase and washout
on the portal venous and/or delayed phases 2. MFCs appear as focal lesions with various degrees of

peripheral hypervascularity, and progressive contrast uptake due to their fibrous stroma .

Based on morphological criteria, the sensitivity of MRI for the diagnosis of HCC is 77-100% using
extracellular contrast agents, while that of CT is 68-91% "**®. Indeed, the diagnostic performance is

strongly related to tumour size. The sensitivity for large HCC (> 2cm), is close to 100% for both



imaging techniques, but drops to around 45-80% (MRI) and 40-75% (CT) for 1-2 cm lesions and is

lower in HCCs < 1 ¢cm "8,

Added value of hepatobiliary MR contrast agents in primary liver tumours

Loss of hepatocellular function occurs early during the carcinogenesis of liver tumours, often prior to
the tumour neoangiogenesis which predicates lesion hypervascularity. Consequently, most HCCs
appear hypointense during the hepatobiliary phase™ while most non-HCC, cirrhosis—associated
regenerative or dysplastic nodules appear iso- or hyperintense. A recent meta-analysis focusing on the
diagnostic performance of MRI for diagnosing HCC up to 2cm has shown that Gd-EOB-DTPA MRI
had significantly increased sensitivity compared to extracellular contrast agent MRI (92% and 67%,
respectively) %°. The high contrast between the background liver and hypointense lesions in the
hepatobiliary phase explains why some early HCCs are only visible on this sequence ?*. Kim et al
showed that the use of Gd-EOB-DTPA MRI may also result in increased overall survival of patients
with early-stage lesions showing additional HCC nodules in 16% of patients diagnosed with a single-
nodular HCC by multiphasic CT ?. This explains why Korean and Japanese guidelines recommend
the use of Gd-EOB-DTPA MRI as first line imaging for the diagnosis of HCC #?*. Nevertheless, the
specificity of diagnosing HCC using Gd-EOB-DTPA MRI with transitional or hepatobiliary phases
seems to be lower than with extracellular MR contrast agents. To keep the specificity high when using
Gd-EOB-DTPA MRI, washout should be determined on the portal venous phase alone #. This may

explain why extracellular contrast MR agents are still recommended in Western guidelines ***.

The optimum circumstances for utilising the additional information yielded by hepatobiliary MR
contrast agents should be considered. When HCC harbour the typical enhancement pattern,
hypointensity during the hepatobiliary phase is almost always observed, limiting its added value .
Therefore, Gd-EOB-DTPA MRI appears to be most useful in atypical HCC (i.e. lacking

hypervascularity or washout during the portal venous or delayed phases). Interestingly, hypovascular



HCCs are hypointense on hepatobiliary phase in 96% of cases %. Such hypovascular, hypointense
lesions are challenging because not all of them correspond to HCC at the time of imaging, and around
one third may eventually progress to hypervascular HCC over a period of 12-18 months %%, In this
setting, ancillary findings such as hyperintensity on DW- or on T2-weighted MR sequences have been

shown to be associated with early HCC **%,

Data are scarcer regarding the added value of hepatospecific MR contrast agents in MFC. Typically
using Gd-EOB-DTPA MRI, most MFCs show a thin peripheral rim with internal heterogeneous
enhancement during the dynamic phase and hypointensity on the hepatobiliary phase *2. This peculiar
enhancement on dynamic sequences may help differentiating small HCCs from MFCs *. It has also
been shown that the hepatobiliary phase demonstrates increased lesion conspicuity and better

delineation of daughter nodules and intrahepatic metastasis *.

Added value of diffusion-weighted MRI in primary liver tumours

Most HCC (80%) are hyperintense on high b value DW MR sequences **. The addition of DW
sequences to MRI examinations increases the detection rate of HCC and helps characterise small
lesions . DW MR sequences are most useful in HCCs smaller than 2cm when classical
morphological criteria are not met; CE and DW images may increase the sensitivity for diagnosing
HCC up to 85% ***'. Hyperintensity on DW MRI has been recently endorsed by the liver imaging
reporting and data system (Li-Rads) recently introduced by the American College of Radiology * as
an ancillary feature for the non-invasive diagnosis of HCC. DW MRI has also been demonstrated to
increase the detection of small MFCs, with better conspicuity when compared to other MR sequences
¥ DW MRI has also been evaluated in assessing tumour differentiation — ADC values are decreased
in moderately- or poorly-differentiated HCCs compared to well-differentiated HCC, and also correlate
with microvascular invasion, presence of progenitor cell markers, and early recurrence after resection

0 However, these data have not been applied to routine practice because individual values are still a



matter of ongoing investigation. DW MRI may also help differentiate tumoural venous invasion from

bland thrombus *.

If the qualitative evaluation of DW images is mostly used for tumour detection and characterisation,
the quantitative approach has mostly been studied to assess tumour response to various treatments.
Pre-clinical and clinical studies have shown that ADC measurements could indicate the degree of
tumour necrosis in HCCs treated with loco-regional therapy as necrotic tissue shows higher ADC
values than viable tissue ***'. Interestingly, these alterations can be observed as early as one week
after the treatment, thus helping predict further response “°. Several teams have also investigated the
role of the pre-treatment ADC value in predicting tumour response. Although these series are
preliminary, tumour ADC obtained before transarterial chemoembolisation or radioembolisation can
be used to predict tumour response and patient survival >, Similar results have been reported with

MFC treated with intra-arterial therapy **.

Added value of perfusion imaging in primary liver tumours

Several studies have investigated the ability of perfusion imaging to characterise HCC in patients with
cirrhosis. Arterial hepatic blood flow and hepatic perfusion index have been found to be higher, while
the portal venous hepatic blood flow was significantly lower in HCC compared to liver parenchyma
%57 suggesting that perfusion techniques can provide quantitative information about tumour-related
angiogenesis. Thus, analysis of perfusion maps might increase the sensitivity for detection of HCC .
Perfusion parameters (evaluated by perfusion CT) were also shown to correlate with tumour

differentiation, with well-differentiated HCC having significantly higher perfusion values than other

grades *.

Perfusion studies of loco-regional treatment of liver tumours, especially HCC provide limited
additional information during and after percutaneous microwave or radiofrequency ablation because

morphological imaging criteria are sufficiently reliable for assessing tumour response and recurrence

10



8051 One perfusion CT study suggested that analysis of blood volume was useful for detecting

recurrence in contact with ablation zones %, but these results have not been validated.

More studies have been published regarding the role of perfusion imaging (using either perfusion CT
or dynamic CE MRI) to assess the efficacy of intra-arterial therapy. Animal studies have shown that
early changes in perfusion parameters (at 1 week) are observed after transarterial chemoembolisation
in treated compared to untreated areas °* . Similar results have been observed in humans, i.e. the
ability to detect tumour residues following transarterial chemoembolisation >, Pre-treatment
perfusion parameters before transarterial chemoembolisation have been shown to predict progression

free-survival, independently of tumour size and number of lesions .

In patients treated with targeted therapies, perfusion parameters (using either CT or MR) decrease
early and significantly in responders when compared to non-responders. Higher baseline perfusion
values are also observed in patients in whom the disease was controlled "%, French teams also
reported that standardized quantitative CEUS could predict tumour progression “*"°. This technique is
not based on pharmacokinetic models allowing for the extraction of quantitative perfusion parameters.

It is based on the descriptive but quantitative analysis of intensity-time enhancement curves.

Added value of metabolic imaging in primary liver tumours

Most published studies have used **F-FDG. The sensitivity of PET using **F-FDG is low
(approximately 50%), especially for small and/or well-differentiated HCCs ”’. Overall, around 30—
50% of all HCC are missed ®, explaining why **F-FDG PET is not routinely used in the management
of HCC. Nevertheless, *®F-FDG uptake is mostly observed in high-grade HCCs, thus providing
potentially interesting information regarding tumour biology "*®. Indeed, some teams use **F-FDG
PET for patient selection before liver transplantation, with promising results ®. Other indications
include detection of extrahepatic disease with a reported 83 % sensitivity for supra-centimetre
extrahepatic metastases %, or diagnosis of recurrent HCC especially in patients with poorly-

differentiated HCC ®. MFCs has been reported to be highly FDG avid *, with 84-94% sensitivity and
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79-100% specificity . Nevertheless, there are limited data available on the influence of PET/CT
imaging for the management of MFC *, and this examination is not routinely performed by most

teams.

Published data with other radiotracers is limited, and most studies have compared alternative tracers
to 8F-FDG PET only. In all cases, tracers are metabolised in normal hepatocytes, resulting in high
background uptake, limiting their utility. Choline has been the most studied tracer. VVarious studies
have shown that **C-choline and *®F-choline have increased uptake in moderately differentiated HCC,
but lower uptake in poorly differentiated lesions. A recent meta-analysis reported a detection rate of
84% ¥, significantly higher than that of **F-FDG . Finally, 'C-acetate showed an encouraging

sensitivity of 75% for detecting HCC, but decreased to 32% in HCC smaller than 2 cm .

Secondary liver tumours

The dual blood supply of the liver from the portal venous system and hepatic artery, and the
sinusoidal cytoarchitecture of the liver parenchyma with its vessel fenestrations both favour the
invasion of circulating tumour cells for establishing metastatic foci. Liver metastases (LM) occur in
approximately 50% of patients with colorectal carcinoma (CRC) °, and in approximately 10% of all
cases of breast cancer **. Depending on primary tumour site and grade, LM may occur in up to 95% of
patients with neuroendocrine tumours (NET) *. If liver biopsies is often performed for tumor
characterization, the apparition of focal liver lesions showing typical imaging features with or without
elevated tumor markers in patients with a pathologically proven primary cancer with a pathologically
proven primary cancer do not require a pathological proof of liver metastases. Advances in the
management of LM with surgical and non-surgical modalities underscore the importance of their
morphologic and functional characterisation as they play crucial roles in staging and thus treatment

selection. Furthermore, assessment of extra-hepatic disease triggers treatment decisions for LM.

12



Meticulous characterisation of colorectal (CR) LM is essential for optimal treatment selection. Whilst
chemotherapy is the mainstay of CRLM treatment, modern onco-surgical techniques for controlling
CRLM have been associated with 5-year survival rates of up to 58% with two-stage hepatectomy %,
compared to as low as 5% for those with disease not amenable for resection®. Accurate imaging
information on extent of tumour burden, intrahepatic anatomy and topography including calculation

of future liver remnant is pre-requisite for advanced surgical planning *.

Hepatic metastases from NET are often small (<10mm) with a bilobar distribution, with
morphological imaging underestimating true hepatic disease burden by at least 50% as compared to
meticulous pathological examination %. Various therapeutic strategies may be employed in the
management of neuroendocrine liver metastases, including resection, transplantation, trans-arterial or
percutaneous liver-directed modalities including SIRT, peptide receptor radionuclide therapy (PRRT)
% and medical treatment with targeted drugs or chemotherapy. Treatment of neuroendocrine (NE)
LM is often multimodal, with therapy planning underpinned by accurate radiological interrogation of
hepatic disease. Neuroendocrine LM are classically described as hypervascular lesions. This is partly
true as they indeed tend to be more vascularised than LM from other, commoner primary tumours, yet
hypovascular NE LM are relatively common. The technique for MRI of NE LM should incorporate

T1, T2 and CE sequences.

Added value of hepatobiliary contrast and diffusion-weighted MRI in secondary liver tumours

Magnetic resonance imaging with diffusion-weighted sequences and hepatobiliary contrast agents are
extremely useful modalities for lesion characterisation. A recent meta-analysis *” of 39 studies (1989
patients, 3854 metastases) compared hepatobiliary contrast enhanced MRI with DW MRI in detecting
CRLM. This demonstrated per-lesion sensitivity estimates for DW-, gadoxetic acid-enhanced MRI,
and the combined sequence for detecting CRLM of 87.1%, 90.6% and 95.5%, respectively. Gadoxetic

acid-enhanced MRI and the combined sequence were significantly more sensitive than DW MRI

13



(p=0.0001 and p<0.0001, respectively), with combined sequence imaging in turn significantly more
sensitive than gadoxetic acid-enhanced MRI (p<0.0001). Similar results were observed in studies
comparing these 3 techniques simultaneously. The combination of DW and CE MR sequences
provides the optimal sensitivity for CRLM. Experience with DW MRI in NE LM is relatively
restricted, although existing data are promising: DW MRI possesses a higher sensitivity than T2 MRI
and dynamic MRI % in NE LM characterisation, and has been used to evaluate response to treatment

with transarterial chemoembolisation * and SIRT ' although these roles are not yet routine.

Added value of perfusion imaging in secondary liver tumours

Perfusion imaging has been analysed in the context of assessing the response of CRLM to treatment
with combined targeted and cytotoxic therapies. A significantly higher baseline vascular permeability
was reported in responders to such treatment, as was a significant decrease after 6 weeks of treatment
191 Furthermore, improved progression-free survival has been demonstrated in those with reductions
of >40% in the transfer constant on dynamic CE MRI '%. Regarding SIRT, significant differences in
arterial perfusion have been identified between responders and non-responders on pre-treatment CT
perfusion imaging ', with higher perfusion associated with a significantly improved 1-year survival.
Experience with perfusion imaging in NE LM is limited, although the existing data are consistent with

those obtained in CRLM %,

Added value of molecular imaging in colorectal liver metastases

Three recent systematic reviews/meta-analyses have compared imaging CRLM with PET and
morphological modalities ***%". Although the number of studies directly comparing these modalities
is low, it appears that CT and MRI possess higher sensitivity than PET in per-lesion and per-patient
bases. Nevertheless, PET may be more specific and is capable of altering initial management plans in

24% of patients on average ', with noted power in detecting extra-hepatic deposits and thus impact

14



on selection for hepatectomy. However, prospective studies have not demonstrated survival benefit of

108,109
M =57,

including PET in the radiological work-up for CRL

The use of *F-FDG PET for monitoring of chemotherapy is not recommended *'****, a notable
consideration given that the mainstay of metastatic CRC treatment is cytotoxic chemotherapy. Indeed,
the optimal modalities for assessing CRLM patients treated with neoadjuvant chemotherapeutics are
CE or DW MRI **°, For non-surgical patients the albeit limited data suggests that *°F-FDG PET and
BE-FDG PET/CT are useful for evaluating response of CRLM after treatment with SIRT **2. Early
metabolic response, defined as >50% reduction of liver-to-tumour ratio on *F-FDG PET may
correlate with survival post-SIRT and aid adaptation of management to tumour response .
Furthermore, ®F-FDG PET/CT-derived factors such as functional tumour volume and total lesion
glycolysis have been demonstrated to be significant prognosticators for patient survival following
SIRT in small cohorts **2. Hybrid *®F-FDG PET/MRI has been shown to possess higher accuracy in

114,115

the diagnosis of LM in a number of reports either in mixed cohorts or in exclusively CRC

cohorts "'® however further studies specific to CRLM are required.

Added value of molecular imaging in neuroendocrine liver metastases

The molecular imaging repertoire for NET encompasses an array of radiotracers. Selection is
dependent on tumour grade (G) and availability. Based on Ki67 index, NET may be classified as G1
(Ki67 <2%), G2 (Ki67 3-20%) and G3 (Ki67 >20%, neuroendocrine carcinoma [NEC]) *'.
Radiotracers may exploit the observation that G1/2 NET commonly express somatostatin receptors
(SSTRs) on their cell membranes, most commonly SSTR2. Such SSTR-targeted imaging includes
SSTR scintigraphy (SRS) with the radioligand [**In-DTPA]octreotide (OctreoScan), or SSTR PET
using somatostatin analogues (SSAs) radiolabelled with the positron emitters Gallium-68 (®Ga), or
Copper-64 (**Cu). Functional SSTR-targeted imaging is the ideal modality capable of ascertaining the
suitability of PRRT as a treatment strategy. Recently developed tracers include radioligands with high

affinity for glucagon-like peptide-1 receptors (GLP-1R), mostly utilised in single photon emission

15



computed tomography (SPECT)/CT for the localisation of occult insulinoma, which typically have

118

lower expression of SSTRs ~ and are often challenging to localise. GLP-1R based imaging has been

shown to guide surgical decision and enable parenchyma-sparring pancreatic resections *°.

Alternatively, tumour cell metabolism may be targeted; **F-FDG is useful in imaging NEC or poorly-
differentiated NET. Other tracers that target neuroendocrine cell amine precursor uptake and
metabolism are available for NET, including 6-'°F-L-3,4-dihydroxyphenylalanine (**F-DOPA) and f-

[*'C]-5-hydroxy-L-tryptophan (**C-5-HTP).

Globally, OctreoScan is the most widely utilised imaging modality for NET, and is typically
combined with SPECT or SPECT/CT to optimise lesion localisation and characterisation *°. Imaging
may be done at 24hr and 48hr post-injection, due to a half-life of 2.8days. To avert potential
competition at SSTRs between radiolabelled analogues and therapeutic SSAs and thus image
degradation, it has been posited that short-acting SSAs and long-acting SSAs be temporarily

discontinued for at 24hr and 3-6weeks before SRS, respectively, although this is debated **"'%,

Primary tumour localisation rates with OctreoScan have been reported to be as low as 37% *** in
recent studies, although its performance in detecting liver metastases appears better, with sensitivities
from 49.3% *** to 91% being reported **°. However, one study by Dromain and colleagues ***
demonstrated MRI as superior to CT and SRS in detecting NE LM. The predominant limiting factors
for SRS in detecting neuroendocrine liver metastases appear to be tumour size ', relatively high
tracer uptake in the liver due to hepatocyte SSTR expression, and hepatic and renal tracer excretion
126 Technetium-99 (*™Tc) labelled SSAs, such as *"Tc-EDDA/HYNIC-Tyr3-octreotide (*"Tc-

EDDA/HYNIC-TOC), which is alternatively known as *™Tc-Tecktroyd are mostly used in Eastern

Europe.

Functional imaging with ®Ga-radiolabelled SSAs (**Ga-SSAs) is restricted mostly to specialist
European centres at present. Currently available ®*Ga-SSAs include: [68Ga-DOTA®, Tyr3]octreotide
(®Ga-DOTATOC), [®*Ga-DOTA,1-Nal’]octreotide (*Ga-DOTANOC) and [*Ga-

DOTA? Tyr¥Joctreotate (**Ga-DOTATATE), which possess comparable sensitivities and specificities

27 However, ®Ga-SSA PET is increasingly expected to become the global gold standard by virtue of

16



its improved lesion detection capabilities as compared to SRS *2'? and CT/MRI *¥°*3* with obvious

11132 a5 well as reported cost-effectiveness **°.

ramifications on informing treatment strategies
Molecular imaging with ®*Ga-SSA PET plays a major role in the selection of patients for PRRT and
their personalised management **. Recent studies have suggested that the combination of ®*Ga-DOTA
PET and MRI with ***¥" or without ** contrast is an optimal imaging strategy for

gastroenteropancreatic NE LM, with the two modalities providing complementary information

regarding the state of disease intrinsic to the liver.

Despite the overall improved capabilities of ®Ga-SSA PET over morphological imaging in assessing
disease stage, even SSTR-targeted imaging has been shown to underestimate true disease burden,

particularly sub-centimetre lesions such as miliary liver metastases. A group from Copenhagen
recently developed the novel tracer **Cu-DOTATATE which can identify liver metastases that **In-

DTPA SRS cannot **, although there have been no studies comparing *Cu-DOTATATE PET with

®Ga-DOTATATE PET.

The glucose analogue *®F-FDG is limited to the imaging of NEC and poorly-differentiated NET. On a
per-patient basis, "®F-FDG PET has inferior sensitivity compared to both SRS *° and **Ga-SSA PET
11 However, a correlation between higher tumour grade and **F-FDG uptake has been demonstrated
in NET 2, Clinical experience with **C-5-HTP PET in NET is mostly confined to Dutch and Swedish
centres, arguably due to the complexities of tracer synthesis. Contrastingly, **F-DOPA is more widely
available due to implementation in functional neurological imaging, and targets NET amine
metabolism. Both **F-DOPA and 'C-5-HTP may be alternative or problem-solving modalities in

tumours negative on SSTR imaging. The study of Koopmans et al ***

compared these against CT and
SRS in both enteric and pancreatic islet cell tumours. For LM from enteric tumours, Be_DOPA
PET/CT significantly out-performed **C-5-HTP PET/CT (sensitivities 100% and 91%, respectively);
whereas for metastases from pancreatic NET, **C-5-HTP PET/CT significantly out-performed *°F-
DOPA PET/CT (sensitivities 96% and 86%, respectively). Whilst the data directly comparing ®*Ga-
SSA PET and ®*F-DOPA PET are limited, it appears that the former detects more liver lesions than

the latter 24414,
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Interestingly, SSTR-antagonists such as **'In-DOTA-BASS have emerged as a promising novel
approach. These have displayed higher, prolonged retention in tumours and predicated improved
imaging quality compared to ***In-pentreotide scans in small patient series **°. Early evidence also
suggests a potential role for ®Zr-labelled bevacizumab in assessing NET treatment response to

everolimus **'.

Added role of molecular imaging in non-colorectal, non-neuroendocrine liver metastases

Although functional imaging does not exert much influence on the assessment of locoregional disease
in pancreatic cancer, studies have demonstrated appreciable effects of PET/CT in detecting metastatic
deposits. A recent meta-analysis of the use of *®F-FDG PET in pancreatic cancer ** demonstrated
pooled sensitivity and specificity values of 67% and 96%, respectively, for LM. Unsurprisingly,
combined PET/CT was significantly more sensitive than PET alone in pancreatic LM evaluation (82%
vs. 67%). Not to be used as a stand-alone modality, studies have demonstrated the effect of PET as an
add-on to morphological imaging in altering initial management plans for up to 26% of patients based

on its power in detecting distant disease **° **°,

Whilst occupying limited roles in radiologically assessing oesophageal carcinomas due to low
sensitivity (18-100%) and resolution limits ***, PET has clinically useful accuracy in pre-operatively
detecting distant metastases. The meta-analysis of van Vliet et al. *** demonstrated a sensitivity and
specificity of PET of 71% and 93%, respectively, vs. 52% and 91% for CT, respectively.
Furthermore, PET has been shown to alter strategies in approximately one third of patients ">,
Nevertheless, data specifically pertaining to PET for oesophageal LM is scarce, likely due to the
limited impact that LM specifically exert on management strategies, as distant metastases of any site
preclude a curative surgical approach in oesophageal carcinoma, and the repertoire of therapies for

such disease is limited to cytotoxic and molecularly-targeted therapies and not inclusive of liver-

targeted modalities.
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Limitations and realistic clinical use of functional imaging techniques

Functional imaging techniques are widely performed for various purposes, yet some are routinely
used, while others remain restricted to the field of clinical of pre-clinical research. This is mostly due

to the strength and limitations that each technique individually bears.

Most techniques are used as qualitative rather than quantitative tools because they provide valuable
information about tumor tissue. Diffusion-weighted imaging is now well established and validated as
a cellularity/architecture biomarker, hepatospecific MR contrast agents are accurate biomarkers of the
hepatocellular functions, and molecular imaging of tumor biology. This illustrates the difference
between functional imaging and quantitative imaging. They all suffer from limitations (technical,
clinical, biological, etc). Regarding diffusion-weighted imaging, reproducibility and sequence
standardization need to be further improved. The use of hepatospecific contrast agents requires
clinical validation in specific clinical context. Molecular imaging is limited either by a lack of tracer
uptake (for instance in HCC), or the lack of validation or evidence that its use positively impact
patients’ outcome (for instance in cholangiocarcinoma and colorectal liver metastases). Nevertheless,
and interestingly, these limitations do not prevent from using these functional imaging technique
either routinely and worldwide (diffusion-weighted imaging and hepatospecific MR contrast agents),

or in more selected cases (molecular imaging).

Perfusion imaging is different because it is not used in clinical practice due to major technical
limitations: lack of standardization of acquisition protocols, mathematical models, and post-
processing. This leads to a high variability and to the difficulty to replicate and compare results issues

from different vendors and teams.

Concluding perspectives
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Functional imaging offers useful clinical information as alterations in parameters such as tumour
perfusion and cellular metabolic activity often precede — and are thus observed earlier than —

morphological changes evident on conventional imaging.

For the commonest primary liver tumours, HCC and MFC, functional imaging plays central roles in
radiological work-up. Particular examples include the delineation between HCC and non-HCC
cirrhotic nodules on MRI with hepatobiliary contrast agents based on lesion signal intensity, and also
the increased detection of HCC with the addition of DW sequences. Whilst experience with perfusion
imaging is relatively limited, the data are encouraging regarding future clinical utility in assessing the
effects of loco-regional and systemic therapies. Whilst molecular imaging with ®*F-FDG PET has
been used by some centres in patient selection for liver transplantation for HCC, and also for imaging

of MFC, these indications are not widely acknowledged.

Whilst CE CT is typically employed as the first-step staging modality in primary colorectal cancer,
CE and DW MRI are typically regarded as the gold-standard in the diagnostic work-up of patients
with CRLM due to their high accuracy of lesion detection. The data regarding **F-FDG PET as an
add-on modality for CRLM is conflicting across studies. Whilst some studies suggest a favourable
effect on patient selection for hepatectomy by virtue of its capabilities in detecting extra-hepatic

disease, the clinical role for this functional modality is yet to be established.

Molecular SSTR-targeted imaging represents the gold-standard imaging approach in the majority of
cases of metastatic NET. Whilst ®Ga-SSA PET/CT is seemingly the most accurate (established)

molecular tracer with a sensitivity of 82-100% and a specificity of 67-100% '*°

, its availability is
limited. The archetypal oncological imaging radiotracer **F-FDG is limited to imaging high-grade
NET. Novel tracers including those targeting GLP-1 receptors represent useful advances in tumour

type-specific imaging in this heterogeneous family of neoplasms.

Data regarding functional imaging of LM from other primary tumour types is limited, arguably mostly
attributable to the lack of specific, LM-targeted therapies for such tumours and thus futility of

extensive functional characterisation of hepatic disease.
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With expansions in the armamentarium for the management of liver tumours, functional imaging may
play key roles in treatment selection and assessing disease response during the treatment journey, for
example, as is evident in the preliminary reports discussed above. The recent realisation of PET/MRI
hybrid scanners ** and the introduction of radiomics — comprehensive quantification of tumour
phenotypes by applying a large number of quantitative features from imaging, **® represent exciting

prospects in liver tumour imaging.
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Technical
considerations

Whole-body imaging

Somatostatin receptor-
targeted

Poor resolution for
<10mm lesions

2D planar imaging, with
3D SPECT. May
combine with CT

2-4 day process

Widely used, approved
by FDA/EMA

Whole-body imaging

Somatostatin receptor-
targeted

Higher resolution (4-
6mm)

Hybrid systems with CT
and MRI
1 day process

Mostly restricted to
European centres

Whole-body imaging

Images neuroendocrine
cell metabolism

Higher resolution (4-
6mm)

May combine with CT

1 day process

Utilised for
neurological imaging

Whole-body imaging

Images neuroendocrine
cell metabolism

Higher resolution (4-
6mm)

May combine with CT

1 day process

Restricted to research
centres

Whole-body imaging

Images tumour cell
metabolism

Higher resolution (4-6mm)
Hybrid systems with CT and
MRI

1 day process

Widely utilised for other
cancers

Clinical
considerations

Tumour localisation,
staging, restaging,
therapy selection

Sensitivity for LM 49.3-
91%

Poor sensitivity for
insulinoma

Tumour localisation,
staging, restaging,
therapy selection

Sensitivity for LM 82-
100%

High sensitivity for most
primary types

Tumour localisation,
staging, re-staging,
tumour metabolism

Sensitivity for LM
appears inferior to
%¥Ga-SSA

High sensitivity for
small bowel NET

Tumour localisation,
staging, re-staging,
tumour metabolism

Limited data

High sensitivity for
pancreatic NET

Prognostic marker (not fully
validated)

Sensitivity for NET 58%

Poor sensitivity for well-
differentiated/lower-grade
NET. Higher sensitivity for
poorly-differentiated/high-
grade NET/NEC

Table 1. Technical and clinical considerations of molecular imaging with the most widely used radiotracers for neuroendocrine tumours. FDA = Food and

Drug Administration, EMA = European Medicines Agency, CT = computed tomography, MRI = magnetic resonance imaging, SPECT = single photon

emission CT, LM = liver metastases, NET = neuroendocrine tumours, NEC = neuroendocrine carcinomas. Adapted from **’.

41



Figure legends

Fig. 1. Perfusion imaging in hepatocellular carcinoma. (A) Example of perfusion parametric maps
(total perfusion, hepatic perfusion index, mean transit time and regional blood volume) obtained from
a patient with hepatocellular carcinoma 7 days after the initiation of sorafenib treatment. Perfusion
parameters were extracted using a non-linear least square fit on a dual-input one-compartment model
including two delays (arterial and portal). (B) The lesion was located in the dome of the liver.
Comparison between the lesion (upper part) and the surrounding liver (lower part). The lesion showed
a significant total perfusion decrease, with significant hepatic perfusion index and mean transit time

increase consistent with a tumoural response to the treatment.

Fig. 2. Hepatobiliary contrast MRI in typical unifocal hepatoceullar carcinoma in a 55 year old-
female with HBV and HIV infection. Gd-EOB-DTPA enhanced MR imaging showed a
supracentimetric hypervascular lesion located in the left liver lobe (A) with washout on portal venous
phase images (B), allowing for the non-invasive diagnosis of HCC. On the hepatobiliary phase images
acquired 20 minutes after the injection (C) the lesion showed marked signal hypointensity, consistent

with the presence of impaired hepatocytes.

Fig. 3. Diffusion-weighted MRI in intrahepatic cholangiocarcinoma in a 57 year-old male. The
lesion was located in the posterior part of the right liver lobe. The patient was initially referred for a
right hepatectomy. On contrast enhanced MR imaging after injection of extracellular contrast-agent,
the portal venous phase images showed a heterogeneous lesion, with a central necrotic area, and
peripheral enhancement, consistent with the fibrous stroma of the tumour (B). The left liver lobe was
unremarkable (B). On diffusion-weighted images, the conspicuity of the main lesion is better (C), and
several infracentimetric nodules are visible in the left lobe (D). These lesions were proven to be

intrahepatic distant metastasis, and led to a change in the management of the patient.
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Fig 4. Comparison of CT and ®Ga-DOTATATE PET/CT in a patient with pulmonary NET. (A)

Axial CT of liver. (B) Axial PET image of liver. (C) Fused PET/CT demonstrates involvement of
liver, pancreatic tail and several abdominal lymph nodes not otherwise evident on morphological
imaging. (D) Maximum intensity projection of ®*Ga-DOTATATE uptake, also demonstrating

radiotracer uptake in left-sided metastatic supra-clavicular lymph nodes.

Fig 5. Identification of primary NET, hepatic and extra-hepatic metastases on ®*Ga-

DOTATATE PET/CT. (A) Uptake corresponding to primary pancreatic NET. (B) Bilobar

neuroendocrine liver metastases. (C) Identification of a small, solitary bone metastasis not evident on

morphological imaging.
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