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Advances in imaging for liver cancer 
radiation therapy

Radiotherapy for liver  
cancer treatment
Primary liver cancer (hepatocellular carcinoma 
[HCC] and intrahepatic cholangiocarcinoma) 
and liver metastases are a leading global 
cause of morbidity in an increased number 
of patients [101]. Surgical resection of hepatic 
metastasis can cure selected patients with iso‑
lated liver metastases from colorectal cancer. 
Fong et al. [1] demonstrated a 30% 5‑year sur‑
vival and Scheele [2] a 40% 5‑year survival and 
30% freedom of disease in patients that have 
curative resection of colorectal liver metastases. 
Chemotherapy can downstage tumors making 
some unresectable patients resectable, and the 
5‑year survival of resected patients has shown 
improvement in recent studies (50–60% in 
some patients) [3]. However, most patients with 
liver metastases never become surgical candi‑
dates (<20%) owing to tumor location, tumor 
size or medical inoperability. Ablative therapies 
can control tumors less than 4 cm in diameter 
[4], but larger tumors, those adjacent to large 
vessels and cancers with vascular involvement 
are generally not eligible for standard local 
therapies. Fewer patients with HCC and intra
hepatic cholangiocarcinoma are suitable for 
resection owing to near universal coexistence 
of underlying liver disease. An important role 
is emerging for local hepatic therapies that can 
provide ablation of the tumor but with mini‑
mal morbidity, especially in patients not suit‑
able for surgery or other established ablative 
therapies. 

Radiation technology development in recent 
years has made it possible for high doses of 
X‑ray radiation to be precisely delivered to 
tumors while preserving liver function and 
sparing critical organs surrounding the lesion. 
Often the most limiting factor to escalating 
the tumor dose is the liver tolerance to exter‑
nal beam irradiation, which depends on the 
volume treated and fractionation schedule. 
The relationship between radiation dose and 
volume of liver irradiated and risk of radiation-
induced liver disease was explored using normal 
tissue complication probability models analyz‑
ing a cohort of over 200 patients with hepatic 
malignancies treated in Michigan (MI, USA) 
[5]. This analysis demonstrates that tumoricidal 
doses of radiation can be safely delivered while 
a small effective volume of liver is irradiated. 
Several Phase II studies have demonstrated sus‑
tained liver cancer control from focal radiation 
therapy for primary and metastatic liver cancer, 
with evidence of a dose–response relationship 
for tumor control [5–13]. A challenge in deliver‑
ing precise radiation therapy is that the liver 
can move substantially with breathing, with 
amplitudes of motion up to 30 mm (mean: 
15  mm) during relaxed respiration [14–17]. 
This poses significant challenges for planning 
and delivery of precision high-dose radiation 
treatment. Therefore, within the radiotherapy 
framework, imaging of liver metastatic disease 
for precise tumor localization, tumor motion 
assessment and guidance of radiation therapy 
delivery is paramount. 

Primary and metastatic liver cancers are a leading global cause of morbidity in an increasing number of 
patients. An important role is emerging for local hepatic therapies that can eradicate liver tumors with 
minimal morbidity, especially in patients not suitable for surgery or established ablative therapies. 
Radiation technology development has allowed for high doses of radiation to be precisely delivered to 
liver tumors while preserving liver function and sparing critical organs. Imaging of the liver for precise 
tumor localization, tumor motion assessment and guidance of radiation treatment is paramount in this 
process. In this article, an overview is provided describing how advances in liver imaging and their 
integration with the radiation therapy process have made it possible for high-dose radiation therapy to 
be delivered safely to liver cancer patients and become a viable treatment option.
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Particle beam irradiation (e.g., proton or 
recently carbon ion therapy) takes advantage 
of the different physical characteristics of inci‑
dent particle beams within the body [18], such 
that there is less dose deposited to normal tissues 
surrounding the target volume. Susceptibility to 
the aforementioned uncertainties, however, are 
even greater with particle beam irradiation and 
availability of these technologies is very limited. 

Imaging for target definition
An illustration of the different key steps in the 
radiotherapy process is given in Figure 1. In order 
to design a patient’s radiotherapy treatment, 
a simulation is carried out of the interaction 
(energy transfer or dose distribution) between 
the MV X‑ray beams and the patient anatomy 
in the treatment position. Commercial systems 
(called treatment planning systems) are available 
to perform these dose calculations and create a 
treatment ‘plan’ for delivery on the linear accel‑
erator or treatment unit. Visualization of the 3D 
patient anatomy can be achieved with CT or 
MRI and, although MRI provides better soft-
tissue contrast, the calculation of dose requires 
tissue electron density information that can only 
be obtained from a CT acquisition. 

However, owing to the lack of CT soft-tissue 
contrast of liver metastases, iodine-based con‑
trast agents are required for precise target defini‑
tion. Considering that malignant liver tumors 
often derive most of their blood supply from 
the hepatic artery rather than the portal vein, 
the diagnostic assessment of liver tumors usually 

involves multiphase studies to fully exploit these 
differences in the kinetics of contrast enhance‑
ment and the sources of blood supply. Ideally, a 
triphasic contrast CT obtained during breath-
hold in the radiation therapy treatment posi‑
tion is used as the patient model. If possible, 
contrast magnetic resonance (MR) images will 
be acquired to provide complimentary infor‑
mation to aid the target definition process as 
MRI can offer high soft-tissue contrast reso‑
lution (Figure 2). Voroney et al. compared dif‑
ferences in MRI- and CT-derived liver cancer 
volumes from HCC patients and found them 
to be clinically important for a significant pro‑
portion of patients [19]. As the liver deforms 
easily with breathing, there can be differences 
in liver shape between CT and MRI. The use 
of nonrigid image registration of the CT and 
MR liver volumes reduced residual differences 
in CT and MR tumor delineations, but sub‑
stantial differences remained in a minority of 
patients. The number of tumor foci was dif‑
ferent on CT versus MRI in five patients with 
HCC; MRI showed more foci in three patients, 
CT in two. Furthermore, the median percentage 
of tumor surface area that differed by more than 
5 mm was 26% (1–86%). Median percentage 
concordance volumes were 81% (77–86%) in 
metastases, 77% (60–88%) in HCC and 64% 
(25–85%) in cholangiocarcinoma. 

In addition to standard gadolinium-enhanced 
MRI, diffusion-weighted (DW) imaging is 
showing promise in liver lesion detection and 
delineation because the diffusion of water mol‑
ecules along a field gradient reduces the MR 
signal. In areas of lower diffusion, the signal loss 
is less intense and the display from these areas 
is brighter. The use of a bipolar gradient pulse 
and suitable pulse sequences permits the acqui‑
sition of DW images (images in which areas 
of rapid proton diffusion can be distinguished 
from areas with slow diffusion). Parikh et al. 
retrospectively compared DW MRI with stand‑
ard breath-hold T

2
‑weighted MRI for focal liver 

lesion (FLL) detection and characterization for 
53 patients with at least one FLL of 1 cm or 
greater in diameter [20]. Overall detection rate 
was significantly higher for DW (87.7%) ver‑
sus T

2
‑weighted (70.1%) imaging (p < 0.001). 

FLL characterization was not significantly dif‑
ferent between DW (89.1%) and T

2
‑weighted 

(86.8%) imaging. 
By visualizing data from multiple imaging 

modalities and multiple phases of enhancement 
with image registration and fusion techniques, 
now available in commercial radiation planning 
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Figure 1. Radiotherapy process indicating the different steps from 
simulation to treatment delivery. 
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(i.e., simulation) systems, the tumor delineation 
for radiation therapy planning should be more 
accurate, and the risk of a marginal miss reduced. 

Imaging for liver motion evaluation
Evaluation of breathing motion is crucial in liver 
cancer radiation therapy, so that the motion 
can be considered at the time of planning to 
ensure that the radiation will be delivered as 
planned despite the presence of motion and/or 
to decide whether immobilization or reduction 
of motion is required for treatment. Different 
imaging modalities have been used to investigate 
liver motion, including fluoroscopy of inserted 
fiducial markers, cine MRI [21] and 4D CT 
[22,23]. CT scans acquired during free breathing 
can contain substantial artifacts that lead to a 
propagation of errors in tumor delineation and 
estimates of tumor control and toxicities. 4D 
CT, or respiratory-correlated CT, can reduce 
such artifacts (Figure 3). 4D CT scans are based 
on cine-CT imaging at each table position dur‑
ing approximately one breathing cycle before 
moving to the next table position and repeating 
the process. By time-stamping the axial slices 
per phase of breathing, the data can then ret‑
rospectively be sorted by time, therefore creat‑
ing a 4D CT (i.e., 3D data over time) [24–26]. 
Radiotherapy institutions often rely on retro‑
spectively correlated 4D CT obtained prior to 
radiation therapy delivery to assess respiratory 
motion of liver tumors for appropriate margin 
design at the time of radiation therapy plan‑
ning and/or for respiratory-correlated treat‑
ment delivery. Commercial software typically 
bins 4D CT scans into ten phases, as a balance 
between sampling rate and computational cost. 
This technique, based on retrospective resorting 
of time-correlated axial scanning, is still subject 
to artifacts as different parts of the volume are 
scanned at different times; this also enhances the 
susceptibility to variability in breathing motion 
[27–29]. A similar technique exists for 4D heli‑
cal CT by means of retrospective interpolation 
of the projection data but this is equally, if not 
more, prone to breathing variations [22]. Some 
groups have aimed to overcome these artifacts 
by using breathing control measures [30], non‑
rigid registrations [31,32] or predictive algorithms 
linked to internal anatomy [33]. Although the 
use of 4D CT to visualize the target volume for 
HCC has been described [34–36], it is challenging 
to precisely synchronize the individual vascular 
contrast kinetics with the 4D CT acquisition 
and, unless contrast agent is present in all recon‑
structed CT phases, visualizing the motion of 

the liver tumor itself may be difficult. A study 
by Coolens and Hawkins has investigated tumor 
volume and motion characterization in colorec‑
tal cancer liver metastases based on fluoroscopy, 
contrast-enhanced breath-hold CT, 4D CT and 
breath-hold and cine MRI in 15 patients [37,38]. 
In most cases, the tumor could not be visual‑
ized on fluoroscopy, and there was uncertainty in 
tumor delineation on all 4D CT reconstructions 
owing to a lack of contrast. Nevertheless, 4D 
CT and cine MRI were informative regarding 
the degree of liver motion that occurred dur‑
ing breathing. Despite the relatively low patient 
sample (n = 15), the results suggest that 4D CT 
underestimated the motion and fluoroscopy 
overestimated the motion as compared with 2D 
and cine MRI.

Most studies rely on surrogates for evaluat‑
ing liver tumor motion such as the diaphragm, 
matched whole liver contours or radio-
opaque fiducial markers inserted into the liver 
[16,34,35,39–42]. Xi et  al. reported a mean dia‑
phragm displacement of 11.1 ± 5.7 mm based 
on 4D CT scans for ten patients [34]. Other stud‑
ies included fiducial markers positioned in the 
tumor vicinity to estimate the motion during 
radiation therapy delivery, using fluoroscopy and 
4D CT imaging [40,43–45]. The average amplitude 
of tumor motion was around 4 ± 4 mm (range: 
1–12), 9 ± 5 mm (range: 2–19) and 5 ± 3 mm 
(range: 2–12) in the left–right, cranial–caudal 
and anterior–posterior direction, respectively. 

Recent CT technology developments have 
seen the release of a 320-slice CT scanner, pro‑
viding a 16 cm cranio–caudal coverage within 
0.35 s. Using this volumetric scanning mode 
dynamically could provide a ‘true’ 4D assess‑
ment of liver and liver tumor motion as the 

Figure 2. Axial view through the liver showing the delineation of 
hepatocellular carcinoma from breath-hold imaging with CT (A) and  
MRI (B). Contours of the liver (green), esophagus (red) and stomach (orange) are 
drawn. This highlights the complementary nature of the two imaging modalities as 
MRI provides better soft-tissue contrast for this tumor than CT. 
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volume within a single rotation can be acquired 
in a shorter time than the temporal resolution 
of a typical conventional 4D CT [46]. This 
offers a new outlook on motion management 
that could support an improvement in target 
delineation and liver tumor motion assessment. 
Practice regarding organ motion management 
can be varied and a report by the AAPM Task 
Group 76 on 4D CT recommended some stand‑
ardization including common nomenclature 
[47]. Following these, this article uses the term 
‘motion amplitude’ as the maximal motion dis‑
placement between inhale and exhale, whereas 
liver displacement refers to the shift in mean 
liver position with respect to the bony anatomy. 

Another strategy to measure motion is to 
use imaging obtained at the time of radiation 
therapy delivery. Cone-beam CT (CBCT) 
refers to the acquisition of a CT scan while the 
patient is on the treatment couch by rotating 
a fixed kV X‑ray source and flat panel detec‑
tor, bolted on the treatment gantry [35,48–50]. 

Case et al. evaluated a total of 314 4D CBCT 
data for patients with liver cancer undergoing 
highly conformal radiation therapy [51]. In the 
medial–lateral, cranial–caudal and anterior–
posterior directions, the average liver breath‑
ing amplitude of motion was 1.4 mm (range: 
0.1–5.7), 9.0 mm (range: 0.1–18.8) and 5.1 mm 
(range: 0.2–12.1) for patients treated during 
free breathing and 2.2  mm (range: 0–7.0), 
6.7 mm (range: 0.4–14.0) and 3.3 mm (range: 
0.1–10.5) for those treated with abdominal 
compression, as a means of reducing liver 
motion, respectively. Changes in the mean liver 
position relative to the vertebral bodies day-to-
day were significantly larger than changes in 
the amplitude of breathing, providing motiva‑
tion for imaging the liver at the time of delivery 
of each radiation therapy fraction to ensure the 
liver tumor is positioned as planned. It has been 
shown that these systematic errors in liver posi‑
tion have a larger impact than typically smaller 
random set-up errors in radiotherapy treatment 

Exhale Inhale

Figure 3. Example of 4D CT, with exhale (A) and inhale phase 3D reconstructions (B). 
The exhale liver (yellow) and liver tumor (red) contours are overlaid on the exhale and inhale 
reconstructions to demonstrate the change in position with breathing and evaluation of motion to 
define margins.
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delivery accuracy (Figure 4) [52]. The design of 
appropriate treatment margins may be based on 
population-based analysis of motion, or more 
appropriately, individualized margins based on 
a specific patient’s motion, and are beneficial for 
reducing normal tissue exposure and potential 
dose escalation 

Considering that MRI offers the advantage 
of improved tissue visualization compared with 
CT, the premise of using MRI to evaluate liver 
tumor motion directly is justified. A challenge 
in advancing MR implementation, however, is 
increasing its acquisition speed while maintain‑
ing sufficient signal-to-noise ratio and spatial 
resolution, particularly when scanning areas 
such as the abdomen that may require breath-
holding to avoid motion artifacts. To overcome 
this issue, multiple 2D cine MRI has been 
used to evaluate motion by positioning refer‑
ence image frames through the middle of the 
tumor in one or more orthogonal planes [16,21]. 
As the liver may deform during breathing, 
more detailed volumetric motion information 
would benefit the radiation therapy planning 
and delivery process. Recently a novel MRI 
reconstruction technique has been developed 
for the acquisition of fast dynamic, 3D MRI 
[53]. This allows for 4D MRI visualization of the 
entire liver, including hepatic tumors, without 
the additional cost of patient dose associated 
with CT imaging. Without additional hard‑
ware adaptations the temporal scan resolution 
with this technique is approximately 60 Hz. 
Developments on the availability of MRI in 
the radiation treatment room could further the 
use of this modality at the time of treatment to 
provide improved soft-tissue visualization and 
image guidance of the radiation beams (see 
Future perspective).

Motion management strategies for 
liver radiation therapy
Depending on the in-room (i.e., in the treatment 
room) imaging available, different strategies 
have been designed to control and/or mitigate 
target motion, the oldest and most common one 
being to increase the target volume irradiated 
to account for motion. However, more patients 
with unresectable intrahepatic malignancies 
could receive higher doses if a smaller volume 
were required to be irradiated around the tumor 
volume, and thus there is motivation for other 
methods to reduce liver motion. 

More advanced motion compensation meth‑
ods include treating during active [15] or pas‑
sive repeat (generally 15–30 s) breath-holds [54]; 

respiratory gating of the radiation therapy beam 
to irradiated tissues during a small phase inter‑
val of the breathing cycle [30,41,55–57]; and tumor 
tracking so that the radiation therapy beam 
moves as the liver moves [16,58,59]. A key com‑
ponent in selecting a compensation method is 
the need for continuity throughout the entire 
radiation therapy process. In other words, if a 
patient is treated in breath-hold, the planning 
and simulation CT scan should also be acquired 
during breath-hold. Breath-hold can reduce the 
volume of normal tissues irradiated and possibly 
facilitate dose escalation to liver cancers [60,61]; 
however, some patients cannot tolerate repeat 
breath-holds. This may be due to pulmonary dis‑
ease, poor communication or a lack of reproduc‑
ibly positioning of the liver with repeat breath-
holds. One can therefore distinguish motion 
management approaches into breath-hold and 
free-breathing treatment approaches. 

Eccles et  al. examined the reproducibility 
of using a breath-hold method during treat‑
ment to minimize liver motion [62]. Although 
intrafraction reproducibility was excellent in 
the majority of the screened patients, the inter
fraction reproducibility (between daily treat‑
ment fractions) was far worse, indicating ‘base‑
line shifts’ in liver position day-to-day, despite 
the use of breath-hold, suggesting image guid‑
ance is required during radiation therapy even 
when breath-hold liver immobilization is used. 
Further studies confirmed the average inter‑
fraction variability (standard variation) ranged 
from 3.4 to 4.4 mm [20–22]. 

Regardless of the motion management strat‑
egy used, shifts in the average liver position day-
to-day occur, thus imaging at the time of each 
radiation treatment to account for these shifts in 
liver position is necessary [51]. 

Sagittal Coronal

Figure 4. Image fusion between a daily set-up cone-beam CT (purple) 
taken on the treatment unit and the original planning CT scan (green), 
based on vertebral body alignment (with good alignment on vertebrae 
demonstrated in gray). The shift in liver position from one scan to the other is 
clearly shown. 
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Image guidance for liver  
radiation therapy
External immobilization and verification of bony 
anatomy using X‑ray imaging are the current 
standard of care to ensure reproducible patient 
positioning during radiotherapy delivery. As was 
shown in Figure 1, image guidance must be used to 
align the patient, from the reference state at the 
time of treatment to the reference state at the time 
of planning. Imaging the tumor immediately 
prior to or during radiation therapy delivery can 
improve the positioning of the radiation beams 
to the tumor, and ensure that radiation therapy 
is more likely to be delivered as planned. Most 
modern radiotherapy centers performing confor‑
mal radiation therapy have in-room imaging to 
guide the treatment process. The standard imag‑
ing method is MV X‑ray imaging of the treat‑
ment beam using a flat panel aSi portal imager 
that is attached to the linear accelerator (linac) at 
an opposing angle from the beam gantry, result‑
ing in a 2D image. This can be extended to 3D 
by rotating the portal imager around the patient 
and doing an MV CT reconstruction [48]. More 
recently, kV volumetric imaging has been added 
to the imaging possibilities on a linac by bolting 
an additional kV X‑ray tube and associated flat 
panel X‑ray detector at a 90° angle to the treat‑
ment beam. This allows for real-time fluoros‑
copy during radiation delivery as well as CBCT 
volumetric imaging before and after treatment to 
allow for soft-tissue volumetric image guidance 
(e.g., using the liver or fiducials in the liver to 
position the liver tumor relative to the radiation 
therapy beams) [63]. Alternative in-room imaging 
methods include the use of a diagnostic quality 
CT on rails in the treatment room that moves 
into place before and after treatment [64,65], dual 
kV X‑ray systems attached at 30° angles to the 
treatment gantry [66,67], and mounting a linac 
on a ring gantry for both treatment and MV 
CT acquisition (tomotherapy) [68–70]. All these 
technologies have been used to improve radiation 
therapy delivery for liver cancers.

For breath-hold liver cancer radiation ther‑
apy, image guidance can be performed using 
2D coronal and sagital kV images at breath-
hold or using volumetric 3D images obtained 
at the breath-hold position. Typically, patients 
cannot hold their breath for the full duration of 
the 3D CBCT acquisition (60 s) and therefore 
the acquisition must be obtained in increments, 
allowing the patient to breathe between seg‑
ments of image acquisition. In this approach, 
the soft-tissue liver can then be aligned to the 
reference image. 

To account for shifts in liver position that 
may occur when patients are treated during free 
breathing, with abdominal compression and or 
with gating (delivering radiation when the tumor 
is in a known position) or tracking (following 
the tumor while irradiating), verification imag‑
ing at the time of radiation therapy delivery is 
also required. With gating, only the gated posi‑
tion and surrogacy must be verified; however, 
with tracking, the correlation between the sur‑
rogate and the entire breathing pattern must be 
verified as breathing is inherently irregular, and 
thus there is rationale for more frequent imaging 
during an individual radiation treatment with 
tracking compared with gating [16,40,71]. This is 
especially true if only a small imaging sample is 
being used to evaluate individual patient breath‑
ing motion [28]. In addition, the relationship of 
the surrounding anatomy with the tumor must 
be verified to ensure that the normal tissue dose 
is not substantially different than was planned. 

Surrogates for liver tumor, such as fiducial 
markers inserted to aid in image guidance, have 
been investigated to facilitate tumor position‑
ing at the time of radiation therapy delivery 
[66]. Other intrahepatic radio-opaque land‑
marks that may be used for tumor surrogates 
during image guidance include tumor calci‑
fications, surgical clips or lipiodol from prior 
treatment with trans-catheter hepatic arterial 
chemoembolization.

Another approach for deriving the tumor 
position during radiation therapy delivery is 
indirect motion monitoring with the use of 
external infrared markers on the patient’s abdo‑
men or chest [43,44]. Correlation of tumor motion 
(via imaging) with abdominal surface motion is 
critical. Although it has been shown that there 
is a correlation between internal and external, 
intrafraction, diaphragm motion, external mark‑
ers may not be continuously synchronized with 
tumor motion [28,71–78], and the relationship 
between external markers and actual intra
hepatic tumor motion is not necessarily linear 
owing to deformation of the liver during breath‑
ing. To this extent Coolens et al. investigated the 
feasibility of applying deformable liver motion 
models from 4D MRI to predict free-breathing 
liver positions using an external marker, so that 
respiratory gating could be applied during free-
breathing radiation therapy [79]. The results 
showed that for 15 patients, even without breath‑
ing coaching, the overall liver motion could be 
predicted to within 3 mm (Figure 5). This suggests 
that, if the breathing baseline is maintained, 
the model can cope with interfraction motion 
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differences and reduce them to within the 
set-up accuracy. Despite the successful imple‑
mentation of using fluid registration to build a 
motion model, further improvements are needed 
in terms of MR scan resolution (both temporal 
and spatial) and sensitivity to image distortions 
and artifacts to allow for real-time image guid‑
ance and motion management within the liver 
(see Future perspective). 

Imaging for treatment monitoring
Further improvement of therapeutic benefit 
from liver radiation therapy will depend on the 
possibility to evaluate liver tissue characteristics 
beyond morphology and assess individual tumor 
response as well as onset of normal tissue com‑
plications during and/or following treatment. 
This would allow better identification of which 
patients are likely to benefit from radiation 
therapy, which could facilitate individualization 
of therapy based on early markers of outcomes 
occurring during a radiation therapy course. 
Diffusion MR and perfusion CT have been 
investigated as possible imaging early biomark‑
ers for response [80,81]. This is an exciting and 
active area of research, but is in its infancy in 
liver cancer patients.

Future perspective
Without further improvements in soft-tissue 
imaging techniques, the use of contrast agents 
for tumor visualization will remain critical for 
liver target delineation during radiation therapy. 
Current preclinical research in this area focuses 
on the development of novel and improved 
imaging contrast agents with the future goal 
of improving target delineation and avoiding 
multiple contrast injections. As repeat contrast 
injections are linked to increased risk of adverse 
reactions, the latter objective is desirable if daily 
liver tumor visualization for radiation image 
guidance is to be achieved. In the preclinical 
setting, Zheng et al. developed a multimodel 
contrast agent based on liposome encapsulation 
specifically for the radiotherapy context [82]. It 
allows for a single injection of liposomes con‑
taining both CT and MRI contrast molecules 
that have a sufficiently long half-life to be present 
in the body for a typical 6‑week radiation ther‑
apy treatment process, so that in theory, a tumor 
could be visualized using different modalities of 
imaging throughout the duration of the radia‑
tion course; this would aid in the precision of 
radiation therapy delivery. This novel contrast 
‘agent’ has not yet been investigated in liver 
cancer patients.

Recent improvements in multislice CT 
now allow for volumetric imaging at 0.35  s 
per rotation owing to 2D solid-state detectors 
covering 160 mm. Potential extrapolation of 
this technology to in-room CBCT technol‑
ogy would improve efficiency and quality of 
verification imaging occurring during a radia‑
tion therapy course. Further developments 
in CT are to be expected from advances in 
dual-energy imaging for improved soft-tissue 
contrast visualization. 

To fully exploit the soft-tissue visualization 
with MRI, faster imaging acquisition methods 
need to be found. The imaging speed can be 
increased by using stronger and faster gradi‑
ents, but this, in turn, will reduce the signal-to-
noise ratio and spatial resolution. An alternative 
means of increasing the acquisition speed of 
MRI is to use parallel imaging, which employs 
an array of multiple receiver coils with distinct 
spatial sensitivities. Within the radiotherapy 
context, however, new research is looking at 
overcoming the practical difficulties of using 
MRI for real-time image guidance during 
treatment delivery. One such challenge is the 
fact that the magnetic field affects the second‑
ary electrons produced by an X‑ray beam and, 
hence, will impact the resulting dose distribu‑
tion. A prototype system is being built to inves‑
tigate the feasibility of simultaneous irradiation 
and MRI with millimeter resolution [83].

Considering the drive towards real-time and 
online imaging for treatment verification dur‑
ing a radiation therapy course for liver cancer, 
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Figure 5. Achievable accuracy in liver position using a prediction model of 
liver motion derived from 4D MRI data and deformable fluid flow image 
registrations. A sagital slice through the body is shown (A), as well as the 
magnitude of motion prediction accuracy in that slice together with the liver 
contour outline (B). The magnitude error is shown as a color wash indicating that 
the largest motion and difficulty in predicting that motion occurs at the diaphragm 
and close to the bowel.



Imaging Med. (2010) 2(1)36 future science group

REVIEW   Coolens & Dawson

there is an opportunity within the radiotherapy 
community for improved collaborations with 
diagnostic and interventional imaging to facili‑
tate the inclusion of state-of-the-art diagnostic 
imaging into the radiation therapy process. 
With such collaborations, we expect that more 
precise and accurate radiation therapy can be 
delivered, which should potentially improve 
outcomes and reduce toxicity for patients with 
liver cancer.
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Executive summary

Liver radiotherapy
�� An important role is emerging for conformal radiation therapy in the treatment of unresectable liver cancers that are not suitable for  

standard therapies.
�� Imaging advances have made it possible for high doses of radiation to be precisely delivered to tumors while preserving liver function 

and sparing critical normal tissues surrounding the liver.
�� Within the radiotherapy framework, multimodality imaging for liver tumor delineation and localization, tumor motion assessment and 

guidance of radiation therapy delivery is paramount. 

Challenges
�� Imaging in the treatment room for radiation delivery is mostly based on CT imaging, thus direct visualization of liver cancers immediately 

prior to or during radiation therapy is challenging (or impossible) without the use of an intravenous contrast, and surrogates for the 
tumor itself (e.g., the liver or inserted fiducial markers) are often used for liver tumor radiation guidance.

�� Breathing motion can create imaging artifacts on CT and MRI, which can compromise spatial resolution and image quality, making a full 
assessment of tumor extent and tumor motion challenging using one imaging technique.

�� Multiple imaging technologies and techniques are required for optimal liver tumor delineation, motion assessment and for image 
guidance; thus, image registration and fusion are mandatory in the radiation therapy process, so that all imaging can be considered 
during radiation planning and delivery.

Future perspective
�� Development of faster volumetric CT and MRI with improved soft-tissue contrast would improve tumor delineation and allow assessment 

of tumor extent and motion using one imaging modality.
�� Development of MRI-guided linear accelerators for treatment delivery would facilitate real-time guidance and tracking of radiation 

delivery to the liver tumor itself.
�� Development of multimodal contrast agents would improve soft-tissue visualization and may allow sustained tumor identification during 

a prolonged course of radiation therapy.
�� Functional imaging could evaluate liver tissue characteristics beyond morphology, so that the most functional portions of the liver may 

be spared from radiation and individual tumor response and onset of normal tissue complications may be indicated during and/or shortly 
following treatment, at a time when interventions could improve outcomes.
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