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2.1
Introduction

Sectional imaging is integrated in each link of the modern radiotherapy chain, from diag-
nostic procedures to target volume definition to treatment planning, dose delivery, and
verification. While CT is widely used for modern EBRT, including intensity modulated
radiotherapy (IMRT) and image-guided radiotherapy (IGRT), MRI represents the gold
standard for IGBT for gynecological malignancies (see Chap. 5, Sect. 5.4).

High-precision radiotherapy techniques offer the option of enhancement of the thera-
peutic ratio, because the dose to the target is escalated and the normal organs are spared.
However, in order to increase conformity, accurate target and organ delineation performed
according to standardized protocols is required. Additionally, inter-/intrafraction variation
due to tumor shrinkage and changes in dimensions and topography of the normal organs
has to be taken into account, thus representing the main challenge for successful applica-
tion of IGRT.

To reduce contouring uncertainties and to identify inter-/intrafraction variation with
high accuracy, a radiation oncologist has to apply image acquisition protocols adapted to
the needs of image-guided therapy, to analyze sectional images with particular attention
to tumor regression, regions of potential tumor spread, and lymph nodes regions. This
chapter aims to cover important issues of CT and MRI application for image-guided
therapy.
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2.2
General Technical Issues Regarding the Use of Sectional Imaging
for Image-Guided Therapy

CT is the standard imaging modality for 3D conformal EBRT and IMRT of the pelvis. It
provides information about the electron density of tissues that is required for the dose
calculation algorithms of all the commercially available treatment planning systems. CT
also lacks peripheral image distortion that is characteristic of MRI. Modern CT scanners
obtain 64 slices for each turn of the gantry and offer the possibility of image acquisition of
the entire abdomen and pelvis in less than 1 min. For in-room imaging, both multi-slice CT
and cone-beam CT (CBCT) can be used. The new generation of accelerators is equipped
with CBCT mounted on the gantry. This technical solution allows detecting individual
variations under treatment conditions and their on-line correction [1, 2]. The use of such
volumetric image-guidance has increased the demand for adaptive replanning [1].

MRI enables improved soft tissue depiction and gives detailed information about pelvic
topography and tumor regression during radiotherapy [3—5]. It has to be noted though, that
MRI is not routinely implemented for EBRT treatment planning mainly due to two major
limitations: intrinsic spatial image distortion and missing electron density information [6, 7].
This implies that if MRI scans are used for treatment planning, tissue attenuation coeffi-
cients have to be assigned manually or a homogeneous attenuation has to be assumed
within all image regions [6, 7]. An alternate option is co-registration and fusion of MR and
CT images, which allow achieving desirable imaging information and creating optimal
conditions for precise dose calculation [8, 9]. The problem of MR image distortions can be
resolved by applying different image correction methods [10-13].

Low-field 0.2-0.5 T (Tesla) open MRI scanners offer improved patient accessibility and
are suitable for claustrophobic patients [4]. However, the image quality of low-field scanners
is not equivalent to the image quality of those with standard magnetic field strength of 1.5 T
and higher. Therefore, scanners with 3 T are increasingly utilized in the radiology commu-
nity. With higher field strength, the signal-to-noise ratio is increasing and the voxel volume
can be reduced [14]. Image distortion is also increasing with increasing field strength [7].
Higher magnetic fields, like 7 and 8 T have been installed only in a few research centers as
they present some technical challenges, e.g., the safety limits can be exceeded due to higher
gradient amplitudes and radiofrequency power deposition [14]. Furthermore, they do not
automatically produce better diagnostic images because of dielectric resonance effects [15].
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Key Issues of Image Acquisition

Pelvic CT used for EBRT should be performed after administration of intravenous contrast
agents. Additional improvement can be achieved by the use of oral iodine or barium-based
contrast material. In the case of IGBT, intravenous contrast also assists in the identification
of the superior border of the cervix due to visualization of the uterine vessels [16].
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Retrograde application of bladder and rectal contrast before CT scanning improves
delineation of these structures [16].

MR image acquisition protocols also need to be adapted to the needs of IGRT and IGBT.
T2-weighted MRI sequences are considered the gold standard for IGRT and IGBT for gyne-
cological malignancies [3, 4]. Vaginal contrast, e.g., with ultrasound gel, used for diagnostic
scans improve visualization of the vaginal walls and lower parts of the cervix [4]. Bowel
motion can be reduced by intravenous (e.g., N-Butylscopolan) or intramuscular (e.g.,
Glucagon chlorhydrate) drug administration. Use of MRI-compatible applicators and
probes, vaginal packing impregnated with contrast agents (e.g., gadolinium, dilution 1:10)
and a Foley catheter filled with contrast media (e.g., gadolinium, dilution 1:1) leads to clear
visualization of relevant structures [4]. Only limited data about the impact of MR image
orientation on contouring for IGBT is available [17]. However, current recommendations
suggest using images orientated parallel and orthogonal to the applicator (sources) axes to
obtain a “brachytherapy orientated view” (BOV) [18].
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Issues of CT/MR Image Characteristics

CT scans provide information about topographic changes caused by tumor shrinkage,
organ motion, and insertion of the brachytherapy applicator [19-21]. The normal organ
contours (sigmoid colon, rectum, urinary bladder, vagina) as well as borders between
organs and uterine parts (corpus, cervix) are often not clearly visible on native CT scans
[22]. Improved visualization of these contours can be achieved by the use of contrast
media, but even in this case organ walls are not clearly visualized [21]. Finally, the spatial
relationship between the brachytherapy applicator, uterus (cervix, corpus), and surround-
ing organs becomes visible on CT images [4, 18, 21, 22].

However, there are some inherent limitations of CT for 3D delineation of relevant
structures for IGRT and IGBT. The uterus is displayed as a homogenous organ located in
the center of the true pelvis. Distinction between different patho-anatomical parts (corpus,
cervix, tumor mass(es)), relies on indirect information about the topography of the endo-
metrial cavity and uterine artery [16, 21, 23]. Parametrial ligaments and uterine arteries
can be identified on CT with a wide variation of shapes and thicknesses [16, 21, 23].
Accurate detection of tumor and parametrial infiltration on CT is challenging compared to
MRI[21, 24, 25]. CT provides limited information about radiation changes and distinction
between cervix and residual disease (within the parametria and the uterus) [16, 21].

MRI appears to discriminate soft tissue and tumor in the pelvis and has the capability
of imaging in multiple planes, as compared to CT [26]. A comparison between MR and
CT as imaging modalities used for IGBT, revealed no significant differences in volume
sizes and DVH parameters for the organs at risk (OAR), but for target volumes, CT-based
contouring significantly overestimated the contour width when compared to MRI
(Fig. 2.1) [16].

Information essential to improve IGRT and IGBT, like tumor extent, topography, and
regression, as well as topography of patho-anatomical structures, is provided by MRI
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Fig.2.1 Image fusion between axial computed tomography (CT) and magnetic resonance (MR) scans at
time of brachytherapy. Bladder, rectum, and High Risk (HR) Clinical Target Volume (CTV) are con-
toured (CT — dotted line, MR — solid line). Organs at risk (OAR) contours deviate only slightly, whereas
HR CTV is larger on CT, especially in lateral directions. Blue transparent color indicates tandem-ring
applicator, which is depicted as a homogeneous black structure in magnetic resonance imaging (MRI).
On the contrary, details of the applicator (source channel, holes for needles) are clearly visible on a CT
scan (LC, lymphocyst after laparoscopic lymph node staging; F, free fluid in the pouch of Douglas)

[3, 4, 27-29]. A systematic analysis of MRI findings before EBRT and at the time of
brachytherapy with the applicator in place, provided information helpful to reduce uncer-
tainties regarding the definition of gross target volume (GTV), clinical target volume
(CTV), and patho-anatomical structures (Fig. 2.2) [4]. Finally, it has been shown that the
parametrial space, as the region of potential tumor spread, can be defined on axial MR
images based on visible radiological criteria [4].

The most important image characteristics, as well as the pearls and pitfalls of CT and
MRI for image-guided therapy are summarized in Table 2.1.

2.5
The Issue of Lymph-Node Delineation for High-Precision and Image-Guided EBRT

The detection of pathologic enlarged lymph nodes with sectional imaging is of major
importance for IGRT. The precision of CT and MRI for the detection of lymph node
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Fig. 2.2 MRI scans of a patient with FIGO IIB cervical cancer at time of diagnosis ((a) — axial
plane, (b) — sagittal plane) and at time of brachytherapy ((¢) — axial plane, (d) — sagittal plane).
Tumor at time of diagnosis (GTV ), which replaces the uterine cervix (a, b) and invades the left
parametrium (a), is depicted as a homogeneous intermediate signal intensity mass. At the time of
brachytherapy, HR CTV consists of high signal intensity residual tumor (GTV ), intermediate
signal intensity “grey zones” and low signal intensity cervical tissue (¢, d). Dotted blue line on
sagittal images represents the level at which the correspondent axial scan was obtained (LC, lym-
phocyst after laparoscopic lymph node staging; F, free fluid in the pouch of Douglas; V, vagina
contrasted with ultrasound gel; B, bladder; R, rectum)

metastasis is comparable [30-32]. Since both imaging modalities rely on size criteria
(short axis >1 cm) for the detection of pathologic lymph nodes, the sensitivity of these
methods is rather low, ranging between 40% and 70% [33-35]. Lymph node specific
MRI contrast agents, e.g., ultrasmall particles of iron oxide (USPIO), show the potential
of improving sensitivity for the prediction of lymph node metastasis. In the study of
Rockall et al. the sensitivity increased from 29% using standard size criteria, to 93%
using USPIO criteria based on a node-by-node approach, and from 27% to 100% based
on a patient-by-patient approach [34]. FDG PET/CT is more accurate in identifying
nodal metastases as the nodes do not need to be enlarged to be PET/CT positive. The
reported sensitivity and specificity of PET/CT is within a range of 50-75% and 90-99%
respectively [36-38].
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Table2.2 Location of assessed lymph nodes in relation to adjacent blood vessels

LN group Average distance (range), mm®
Chao et al. [41] Taylor et al. Diniwell et al.
[43]° [42]°

Common iliac Right 12 (5-16) = =

Left 16 (6-22) - -

Ventral 0.3 (0-2) - -

Not specified — 7 7 (3-21)
External iliac Medial = 7 =

Anterior - 7 -

Lateral Right 16 (11-22)¢ 15 -

Left 14 (7-17)¢

Not specified — - 7 (3-10)
Internal iliac - 5 7 (3-14)
Obturator = 3 8 (4-19)
Inguinal Right 17 (7-28) - -

Left 15 (8-23) - -
Para-aortic Distal - - 9 (4-23)

Ventral 2 (0-6) - -

Right 9 (6-15) - —

Left 22 (10-45) - -

“All distances were rounded

At least 90% of LN covered by the given margin
“90% of LN was localized within given distance
“Relative to pelvic side wall

Some recent studies focused on the definition of guidelines for the delineation of the
pelvic nodal target volume [39, 40]. Table 2.2 summarizes the margins proposed by differ-
ent authors [41-43]. Chao and Lin suggested guidelines for IMRT of gynecological
tumors based on lymphangiogram-assisted CT lymph-node delineation [41]. The authors
recommend margins of 15-20 mm, with some modifications. Diniwell and colleagues used
MRI scans with the contrast agent ferumoxtran-10 to investigate the nodal pelvic CTV
[42]. In their study a 3D margin of 9—12 mm around the blood vessels and a margin of
22 mm medial to the pelvic sidewall were required to cover 90% of nodal tissue in 90% of
patients [42]. Taylor et al. used MRI with iron oxide particles as a contrast agent and gener-
ated five CTVs with modified margins of 3—15 mm around the iliac vessels [43]. Appropriate
lymph node coverage was achieved when a modified margin of 7 mm was used. Vilarino-
Varela et al. confirmed these results [44].

The margins proposed by the recent RTOG consensus guidelines for delineation of the
CTV for postoperative pelvic IMRT are mainly in agreement with the findings of Taylor
et al. [39]. To draw a conclusion about the clinical impact of the suggested margins, we
await the results of the ongoing multicenter RTOG-0418 on postoperative pelvic IMRT for
the treatment of gynecologic malignancies. In the mean time, the issue of margins for
pelvic IMRT should be viewed cautiously.
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2.6
The Issue of Tumor Volume Regression and Organ Motion for IGRT and IGBT

The magnitude of tumor volume regression influences organ topography and, consequently
the dosimetric parameters in pelvic IMRT [3, 5, 45-47]. Van de Bunt et al. [5] used MRI to
investigate whether a replan of IMRT after delivering 30 Gy results in dose reduction to the
bowel. DVH analysis demonstrated that bowel dose decreased significantly in those cervi-
cal cancer patients who had tumor regression >30 cm® on MRI. Dimopoulos et al. found
that during EBRT ~50% of patients had a tumor volume reduction of >30 cm*® on MRI, in
~40% a reduction of >40 cm® occurred and ~30% had a reduction of >50 cm®. It was also
shown that a significant tumor volume decrease (of some 25-30%) has to be expected dur-
ing the last third of EBRT [3]. Lee et al. have studied changes in position and volume of the
cervix during the course of both EBRT and high dose rate (HDR) brachytherapy using CT
[20]. They estimated that 50% of tumor regression occurs after ~30 Gy and that it takes
about 21 days to achieve it [20]. Available data advocate the adaptation of IMRT plan after
the third week of treatment. The benefit of more frequent replanning for patients with rapid
tumor response should be addressed in future treatment planning studies.

The impact of topographical organ changes between fractions on internal PTV margins
for IMRT of cervical cancer was investigated by van de Bunt et al. by using weekly MR
imaging [47]. The largest margins had to be applied in anterior and posterior directions (24
and 17 mm respectively), while margins of 12, 16, 11, and 8 mm were sufficient in right
lateral, left lateral, superior, and inferior directions, respectively [47]. Taylor and Powell
proposed an asymmetrical internal margin with CTV-PTV expansion of the uterus, cervix,
and upper vagina of 15 mm anteriorly posteriorly, 15 mm superiorly inferiorly, and 7 mm
laterally and expansion of the nodal regions and parametria by 7 mm in all directions [46].
Currently it seems that there is not enough evidence to suggest any widely applicable rec-
ommendations regarding the appropriate individualized internal PTV margin. Its adapta-
tion shall be addressed with caution taking in consideration one’s own experience.

During fractionated IGBT, the time-related topography between tumor/target and OAR
is also taken into consideration (Fig. 2.3) [48, 49]. In a recent MRI-based study, measure-
ments of volumes encompassing GTV at the time of brachytherapy (GTV ;) and “grey
zones” showed that tumor regression during HDR brachytherapy appeared to have some
impact on organ topography as well [3]. The mean volume was reduced from 16 to 10 cm?
between first and the second fractions with later minor reduction from 9 to 8 cm® between
third and fourth fractions [3].

2.7
Conclusion

Both CT and MRI are widely used for image-guided radiotherapy of gynecological malig-
nancies. CT is a standard imaging modality for treatment planning of EBRT, while MR
represents the modality of choice for IGBT. MRI provides detailed information about
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Fig.2.3 MRI scans of a patient with FIGO IIB cervical cancer at different time points of definitive
radiochemotherapy. At diagnosis, a bulky tumor of cervix with proximal infiltration of both param-
etria is visible (GTV ) (a, b). Significant tumor regression occurred during external beam radio-
therapy (EBRT) and at the fifth week of treatment only small residual tumor of the anterior cervical
lip is present (d). The axial scan at the fifth week (c) is taken at the same level, according to bony
landmarks, as the pretreatment scan (a). It reveals normal uterine corpus and no evidence of tumor
(c, d). At time of first (e, f) and second (g, h) BT further reduction of tumor is seen. Dotted blue
line on sagittal images represents the level at which the correspondent axial scan was obtained
(LC, lymphocyst after laparoscopic lymph node staging; GTV , gross tumor volume at diagnosis;
V, vagina contrasted with ultrasound gel (b, d) or with packing impregnated with gadolinium
(f, h); U, uterine corpus; R, ring)

<
<

tumor extension and enables accurate monitoring of tumor regression and organ move-
ment during the entire course of IGRT and IGBT. Less precise information about tumor
extension, tumor regression, and internal changes of organ and tumor topography can be
obtained with CT. CTV margins for successful coverage of relevant lymph node regions
derived from CT and MRI are comparable. The use of repetitive sectional imaging with
treatment plan adaptation leads to reduction of the dose to the bowel during IGRT.
Characteristics of tumor/target at diagnosis and at different time points of EBRT, which are
essential for successful IGBT, are provided with higher accuracy by MRI.

Finally, it has to be stressed that IGRT has a potential not only to apply higher doses and
to reduce margins around the tumor, but also to assure that interfraction variation in organ
motion and patient setup are taken into account. Reduction of radiotherapy-related mor-
bidity, improvement of locoregional control, and quality of life might be potential benefits
of using repetitive imaging for IGRT. Those endpoints should be evaluated in future pro-
spective randomized trials.
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