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Purpose: To assess differences in delineated target volumes of liver metastases using contrast-enhanced CT and different MRI
sequences for radiation treatment planning.

Patients and Methods: 25 patients with 43 colorectal liver metastases were recruited. Tumor margins were defined by two ex-
perienced radiologists. The resulting D90 was assessed and the CT-based 3-D dose distribution merged with the according MRI
dataset by employing image fusion. A theoretical D90 as a result of MRI-based treatment planning was assessed for various MRI
sequences individually.

Results: In venous phase contrast-enhanced CT, the mean tumor volume was 20 ml; T1-weighted (T1w) MRI, 27 ml; contrast-en-
hanced Tlw 42 ml; T2w 65 ml. The difference between the target volumes as assessed by either CT or MRI was 181% for T1lw
images, 178% for contrast-enhanced T1w, and 246% for T2w sequences. All differences were statistically significant (p < 0.05).
The analysis of the dose-volume histograms revealed statistically significant differences (i.e., for the D90) for the different target
volumes specified by CT and MRI: mean D90 on CT, 18 Gy; plain T1w, 16 Gy; contrast-enhanced T1lw, 15.5 Gy; T2w, 12 Gy. Hence,
delineation of a larger target volume in T2w MRI compared to contrast-enhanced CT resulted in a smaller D90.

The mean differences of tumor volumes assessed by CT and plain T1w were significantly higher in the group of patients showing
local tumor recurrences as compared to patients with long-term local tumor control (p = 0.002).

Conclusion: For treatment planning of liver metastases, the use of either plain Tlw or T2w sequences is recommended to delin-
eate the clinical target volume as completely as possible and not to miss potential tumor cell congregations in the surroundings
as in CT.
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Strahlentherapie von Lebermetastasen. Vergleich von Zielvolumina und Dosis-Volumen-Histogrammen mittels
MRT- und CT-gestiitzter Bestrahlungsplanung

Ziel: Beurteilung von Unterschieden in der Abgrenzung von Zielvolumina bei kontrastmittelverstdrkter CT- und MRT-gestiitzter
Bestrahlungsplanung.

Patienten und Methodik: 25 Patienten mit 43 Lebermetastasen kolorektalen Ursprungs wurden in dieser Studie untersucht. Zur
Definition der Zielvolumina wurden CT- und MRT-Untersuchungen verwendet, die Konturierung der Tumorrdnder wurde von zwei
erfahrenen Radiologen vorgenommen. Die D90 wurde nach Bildfusionierung der CT-basierten dreidimensionalen Dosisverteilungen
mit den MRT-Datensatzen beurteilt. Eine theoretische D90 als Resultat der MRT-basierten Bestrahlungsplanung wurde bestimmt.
Ergebnisse: In der vendsen Phase der kontrastmittelverstdrkten CT-Untersuchung betrug das mittlere Tumorvolumen 20 ml; MRT
T1-gewichtet (T1w) 27 ml; kontrastmittelverstdrkte Tlw 42 ml; T2w 65 ml. Die Unterschiede der Zielvolumina im Verhaltnis zur
CT-gestiitzten Planung betrugen 181% fiir Tiw-, 178% fiir kontrastmittelverstarkte Tlw- und 246% fiir T2w-Sequenzen. Alle Un-
terschiede stellten sich als signifikant heraus (p < 0,05). Im Vergleich zur kontrastmittelverstarkten CT resultierte somit das Be-
messen des Tumorvolumens im T2w MRT in einer niedrigeren D90.

Die Analyse der Dosis-Volumen-Histogramme zeigte signifikante Unterschiede der verschiedenen Volumina. Die mittlere D90 be-
trug bei CT 18 Gy, bei nativer Tlw 16 Gy, bei kontrastmittelverstarkter Tiw 15,5 Gy und bei T2w 12 Gy.

Die mittleren Unterschiede des Zielvolumens durch CT- und native T1w-gestiitzte MRT-Bestrahlungsplanung waren in der Gruppe
der Patienten mit lokalen Tumorrezidiven signifikant hoher als in der Gruppe mit langfristiger lokaler Kontrolle (p = 0,002).
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Schlussfolgerung: Fiir die Bestrahlungsplanung der Therapie von Lebermetastasen wird die Verwendung von nativen T1w- oder
T2w-Sequenzen zur Abgrenzung des Zielvolumens empfohlen, um eine mdglichst vollstdndige Erfassung der Metastase einschliel3-
lich evtl. vorhandener peripherer Tumorausldufer zu erreichen.

Schliisselworter: Brachytherapie - Lebermetastasen - MRT - CT

Introduction
Brachytherapy of the liver has been used for palliation of dif-
fuse metastatic disease [4,11, 19, 25]. Recently, new techniques
have been introduced enabling a precise targeting of certain
lesions [14, 18]. High-dose single-fraction radiation may be
delivered even to multiple intrahepatic targets, since the pre-
cision of these techniques spares sufficient amounts of liver
parenchyma to prevent liver failure. These methods comprise
the percutaneous approach employing stereotactic irradiation
as well as the interstitial technique utilizing CT guidance for
brachytherapy catheter placement and treatment planning [8,
10, 20].

One critical issue of any radiotherapy is target specifica-
tion in a set of images [9]. This is specifically true in case of
liver metastases, where the contrast between tumor and
healthy liver parenchyma is potentially low. Extensive data
has been published describing advantages and drawbacks of
the use of sonography, CT or MRI for thermal ablation of liver
metastases [26, 27, 29]. No clear conclusion has been drawn
proving the superiority of any of these techniques, probably
because the underlying problem may not only be the actual
image quality of a specific method, but also its availability,
costs and the complexity of its use. In addition, it remains
questionable if microscopic tumor spread beyond the macro-
scopic tumor border or even a tumor capsule can reliably be
depicted with the imaging methods at hand today [16].

To overcome the limitations of image guidance, a safety
margin is commonly used to consider the microscopic exten-
sion of the cancer disease. In thermal liver metastases abla-
tion, a safety margin of 1 cm has been proposed, if MRI guid-
ance is used [29]. However, the dimension of the safety margin
remains intuitive. In light of this problem we assessed the dif-
ferences of tumor dimensions as depicted by contrast-en-
hanced CT and different MRI sequences. To evaluate the
clinical consequences of the use of CT versus MRI for treat-
ment planning, we used CT-guided brachytherapy as a dosi-
metric model.

Patients and Methods
25 patients displaying 43 colorectal liver metastases were in-
cluded. The patient population comprised 16 men and nine
women; the mean age was 64.5 years. The study was approved
by the local ethics committee. Written informed consent was
obtained from all patients.

Comparison of tumor volumes employed MRI and CT
acquired on consecutive days. Spiral CT was performed in-
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cluding iodine contrast media (100 ml Ultravist® 370, flow:
2 ml/s; start delay: 70 s). Image parameters included a slice
thickness of 5 mm; increment, 5 mm; table feed, 5 mm.

MRI was performed using a 1.5-T system. The imaging
protocol comprised the following sequences: T2-weighted
(T2w) UTSE FS (ultra short turbo spin echo fat saturation)
(echo time [TE] = 90 ms, repetition time [TR] = 2,100 ms, flip
=90°); Tlw GRE (gradient recalled echo) (TE =5 ms, TR =
30, flip = 30°); T1w GRE (TE = 5 ms, TR = 30 ms, flip = 30°)
20 s post i.v. application of 0.05 mmol/kg Gd-BOPTA.

To assess the tumor volumes as visible on each CT and
MRI sequence, tumor margins were defined by two radiolo-
gists in consensus using 3-D data-processing software (Ami-
ra®, Mercury Computer Systems, Berlin, Germany). The tu-
mor margin was defined as the central tumor plus a potential
hyperperfused rim in contrast-enhanced CT and MRI or as
hyperintense rim in T2w MRI.

To assess the clinical consequence of treatment planning
employing CT versus MRI,we used CT-guided high-dose-rate
(HDR) brachytherapy as a model for dosimetric simulation.
All patients received CT-guided brachytherapy generating
the treatment plan on a contrast-enhanced CT dataset. De-
tails of this technique have been described elsewhere [21].
Following catheter positioning, a 3-D spiral CT was acquired
and transferred to the treatment-planning system (Brachy
Vision™ Varian, Palo Alto, CA, USA). A '"Ir source was
used to deliver a single-fraction treatment (Gammamed,
Varian, Charlottesville, VA, USA).

To simulate the MRI-based target volume and the cor-
responding D90, the 3-D CT data together with the dose
plan acquired with BrachyVision™ were merged with each
MRI sequence employing anisoscalar image fusion offered
by Amira® [22]. The registration routine of the algorithm
has been described by Studholme et al. [28]. Local tumor
recurrence was defined as asymmetric tumor growth at fol-
low-up examination or symmetric tumor growth starting
with the 6-month follow-up examination. The restriction
for symmetric tumor growth as a marker of tumor recur-
rence only after 6 months was applied to differentiate re-
currence from hepatic necrosis in areas of high-dose expo-
sure [21].

For both target volumes and D90s with either contrast-
enhanced CT or each MR sequence, a statistical analysis was
performed employing the Wilcoxon test.

To assess the potential influence of CT versus MR treat-
ment planning on local tumor control, we compared the target
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Table 1. Assessment of tumor volumes with venous contrast-enhanced
CT and different MRI sequences. p-values indicate the comparison be-
tween CT and the according MRI sequence. SD: standard deviation.

Tabelle 1. Beurteilung von Tumorvolumina nach Konturierung von
kontrastmittelverstarkter CT sowie MRT mit verschiedenen Sequen-
zen. p-Werte sind fir den Vergleich von CT und entsprechenden
MRT-Sequenzen angegeben. SD: Standardabweichung.

Table 2. Assessment of the D90 as simulated after dosimetry applying
venous contrast-enhanced CT and different MR sequences. p-values
indicate the comparison between CT and the according MR sequence.

Tabelle 2. Beurteilung der D90 nach Konturierung von kontrastmit-
telverstarkter CT sowie MRT mit verschiedenen Sequenzen. p-Werte
sind fiir den Vergleich von CT und entsprechenden MRT-Sequenzen
angegeben.

Modality Mean volume Minimum Maximum p-value Modality D90 Minimum Maximum p-value
(mb) (mb) (mb) (Gy) (6y) (Gy)
CT (venous) 20 (SD 29) 1 128 Standard of CT (venous) 18(SD6.1) 4 33 Standard of
reference reference
Tiw 27.5(SD35) 1 125 <0.001 Tiw 16 (5D 6.7) 2 31 0.002
Tiw + Gd-DTPA 42 (SD 58) 1 233 0.003 Tiw + Gd-DTPA  15.5(SD 6.9) 1 31 0.001
T2w 65 (SD 66) 6 252 <0.001 T2w 12(SD5.4) 3 23 <0.001

volumes as determined in patients with and without local tu-
mor recurrence during follow-up. We employed a Kolmogo-
rov-Smirnov and a Mann-Whitney test.

A p-value < 0.05 was considered statistically significant.

Results
The mean volume of all tumors based on contrast-enhanced
CT was 20 ml (standard deviation [SD] = 29; range: 1-128 ml;
median: 10 ml; Table 1). In T2w UTSE FS, the mean tumor
volume amounted to 65 ml (SD = 66; range: 6-252 ml, median:
44.5 ml). In Tlw GRE images, the mean tumor volume was
27.5 ml (SD = 35; range: 1-125 ml, median: 15 ml). In con-
trast-enhanced T1lw GRE images, the mean tumor volume
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Figure 1. Distribution of tumor volumes as visualized with different
imaging methods.

Abbildung 1. Vergleich von konturiertem Tumorvolumen unter Ver-
wendung verschiedener Bildgebungen.
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amounted to 42 ml (SD = 58; range: 1-233 ml median: 22.5 ml;
Figure 1).

The differences between CT and MRI dosimetry em-
ploying various sequences were significant or highly signifi-
cant, with MRI showing extensively higher tumor volumes
(Table 1). The significance level was also reached comparing
T1w GRE and T2w UTSE FS data (p = 0.013), or T2w UTSE
FS and contrast-enhanced T1w GRE (p < 0.001).

The mean D90 of all tumors based on contrast-enhanced
CT was 18.3 Gy (SD = 6.1; range: 3.9-33 Gy; median: 17 Gy).
In T2w UTSE FS, the mean D90 amounted to 12.2 Gy (SD =
5.4; range: 3-23 Gy; median: 10.4 Gy). In Tlw GRE images,
the mean D90 was 16 Gy (SD = 6.7; range: 2-30.9 Gy; median:
15.4 Gy). In contrast-enhanced T1w GRE images, the mean
D90 amounted to 15.5 Gy (SD = 6.9; range: 1-31 Gy; median:
15.5 Gy; Table 2).

Comparing MRI sequences individually, the different
outcome of T2w UTSE FS versus nonenhanced Tlw GRE
was significant (p = 0.014) and for enhanced sequences not
significant (p = 0.133).

The median follow-up of all patients was 20 months (SD =
8; range: 1-31 months; median: 17 months). Local tumor con-
trol was 81.4%. The difference between target volumes as as-
sessed by either CT or MRI was 181% for T1w images, 178%
for contrast enhanced T1w, and 246 % for T2w sequences. The
differences of tumor volumes assessed by CT and T1w were
significantly higher in the group of patients showing local tu-
mor recurrences (Figure 2).

Discussion
Percutaneous image-guided tumor ablation is depending on
the accuracy of the target specification. For such treatment of
liver metastases, two basic questions apply: first, does the im-
age modality chosen depict each tumor lesion reliably, and,
second, does the imaging modality visualize the true tumor
margin? With respect to the first issue, numerous studies have
been performed comparing sonography, CT and MRI, the lat-
ter including the use of liver-specific contrast agents. Even
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though the individual studies often lack statistical power as
well as a reliable gold standard, both multislice CT and MRI
with liver-specific contrast agents such as iron oxides have
been described to reach an accuracy up to 85% for the depic-
tion of liver tumors [3, 12, 30].

In our study, we limited ourselves to variations in the de-
piction of the tumor margin using different imaging modali-
ties. Due to technical difficulties specifically in the prepara-
tion of the specimen, no literature is currently available
comparing imaging preferences to histopathology with respect
to the exact tumor margin. However, its precise determination
will be decisive for local tumor control after treatment, inde-
pendent of the nature of the technique used for ablation. Un-
fortunately, an extensive security margin around the radio-
logically visible tumor is not a perfect solution. Even though
small volumes of liver parenchyma have proven remarkable
regenerative capacity months after HDR, single-fraction irra-
diation up to an exposure of 15 Gy [21], specifically repetitive
irradiation of different target volumes will endanger liver
function, if not enough healthy tissue can be spared. In addi-
tion, larger target volumes are associated with higher comor-
bidity after irradiation [1, 2, 5, 6].

In histopathologic specimens, colorectal metastases of
the liver frequently display microscopic tumor spread beyond
the macroscopic tumor margin. These microsatellites have
been described to predominately originate from blood vessel
infiltration or invasion of biliary or lymphatic ducts. The pres-
ence of microsatellites as well as the distance to the macro-
scopic volume correlate with the existence of a pseudocapsule,
the extent of the infiltration of lymphocytes around the tumor,
and the morphology of the metastases (i.e., nodular vs. oli-
gonodular) [15, 16]. Nanko et al. determined a mean distance
of microsatellites to the margin of macrometastases of 7.5 mm
+ 8 mm [15]. However, it is very unlikely that, with the radio-
logic methods at hand, these microdeposits can be depicted,
and any safety margin applied should consider their presence.
Nevertheless, the question arises which imaging method de-
scribes the clinical target volume best.

Differences encountered by applying MRI versus CT re-
flect the physical preferences of these modalities. In T2w MRI
of liver metastases, areas with high proton density such as tu-
morous tissue will often not be distinguishable from surround-
ing edema. T1w MRI usually demonstrates a sharply defined
tumor margin irrespective of adjacent inflammatory reactions,
therefore probably also irrespective of “microscopic” tumor
infiltration.

Gd-BOPTA is a hepatocyte-targeted contrast agent. The
underlying mechanism for intracellular uptake is a polyspe-
cific organic anionic transport [7, 17]. However, in the first few
minutes after i.v. administration the behavior of Gd-BOPTA
resembles the standard MRI interstitial contrast agent
Gd-DTPA. In our study, we applied the imaging sequence
post i.v. application of Gd-BOPTA after 20 s, thus resembling
the arterial phase of interstitial contrast agents. Compared to
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Figure 2. Correlation between delineated tumor volume and local
tumor control. Tumor volume in CT compared to the according MRI
sequence.

Abbildung 2. Korrelation von konturiertem Tumorvolumen und lo-
kaler Tumorkontrolle. Vergleich von CT und entsprechender MRT-
Sequenz.

nonenhanced T1w sequences, larger tumor volumes as depict-
ed by T2w (i.e., tumor and surrounding edema) or by con-
trast-enhanced T1w sequences probably reflect the additional
inflammatory reaction around the “macroscopic” tumor in-
cluding microsatellites. We propose that this mechanism will
increase the sensitivity for tumor spread of low density beyond
the tumor margin, and target delineation should consider
edematous or contrast-enhancing tissue at increased risk of
carrying tumor cells. However, microscopic tumor spread be-
yond the radiologically visible tumor involves a significantly
reduced tumor cell density (by a factor of 10-100). For this
lower cell number a reduced dose will be sufficient for local
control.

In our study, we limited the analysis of CT data to an im-
age acquisition during the venous phase, a sequence that is
widely used for the detection of liver metastases [13, 23, 24].
During this contrast phase, the contrast agent has shifted from
the capillary compartment to the extracellular space. Never-
theless, the actual tumor demarcation proved to be signifi-
cantly smaller than with MRI including nonenhanced T1w
images, a sequence previously described to depict only the
gross tumor volume. We assess this result as a surprise, dem-
onstrating the remarkably reduced soft-tissue contrast of even
contrast-enhanced CT compared to MRI.

Comparing the group of patients with local tumor control
to those displaying tumor recurrence, the variation between
CT and MRI assessment was significantly higher in the group
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of tumor recurrences (Figure 2). This result was statistically
limited to the relative differences between CT and T1w se-
quences, whereas contrast-enhanced T1lw or T2w images
missed the statistical threshold. We assess the lack of statisti-
cal confirmation for contrast-enhanced Tlw and T2w se-
quences as a consequence of the small patient number in-
cluded in this study. Nevertheless, a correlation between a

higher rate of local recurrences and too small tumor volumes
as assessed by CT in comparison to MRI is obvious in our
series.

In summary, each MRI sequence depicted larger tumor
volumes compared to contrast enhanced CT. Hence, applying
MRI instead of CT for treatment planning significantly in-
creases the target volume.

Figures 3a to 3d. 59-year-old male with central
liver metastasis of a colorectal carcinoma.The
arrow marks the 20 Gy isodose line covering
the volume of seen metastasis in CT (a). Image
fusion with plain Tiw (b), Tlw with contrast
media (c),and T2w (d) MRI sequence. Note the
differences in volume demarcation in com-
parison with the isodose line and the irregular
surrounding of the lesion at the 5 o’clock posi-
tion.

Abbildungen 3a bis 3d. 59-jahriger Patient mit
zentraler Lebermetastase eines kolorektalen
Karzinoms. Der Pfeil markiert die 20-Gy-Iso-
dosenlinie, die das Tumorvolumen in der CT-
Untersuchung vollstandig umschlieRt (a).
Bildfusion mit nativer Tlw- (b), kontrastmit-
telverstarkter TIw- (c) und T2w-Sequenz (d).
Man beachte die Unterschiede in der Volu-
menabgrenzung insbesondere im Bereich des
AuBenrandes der Lasion bei 05:00 Uhr.

Figures 4a to 4c. Same patient with central liver metastasis of colorectal carcinoma after 6 months.The arrow marks the same 20 Gy isodose line.
Image fusion with plain Tlw (a), Tlw with contrast media (b),and T2w (c) MRI sequence shows local growing of the metastasis tissue in same local
irregular position at the 5 o’clock position.

Abbildungen ga bis 4¢. Derselbe Patient mit zentraler Lebermetastase eines kolorektalen Karzinoms nach 6 Monaten. Der Pfeil markiert die iden-
tische 20-Gy-Isodosenlinie. Die Bildfusion mit nativer TTw- (a), kontrastmittelverstarkter TTw- (b) und T2w-Sequenz (c) zeigt lokales Wachstum der

Metastase in gleicher Position bei 05:00 Uhr.
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Conclusion

For the treatment planning of liver metastasis, we recommend
the use of either plain T1w or T2w MRI images to ensure that
the target volume does not only contain “macroscopic” tumor,
but also potentially tumor cell-baring inflammatory reaction
or microsatellites, respectively (Figures 3 and 4).
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