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Abstract

Purpose: To assess brain tumor displacements between skull based and
soft-tissue based matching during CT-MRI fusion for a total of 35 brain lesions.

Methods: Twenty-five patients who underwent CT and MRI scans in the
same day were retrospectively recruited into the study. Semi-automatic skull
based fusion was first performed and reviewed. A secondary fine-tuning of the
fusion was performed, if mismatch was observed in the tumor or neighboring
soft-tissues. Two physicists fine-tuned the secondary fusion until the best match
could be agreed upon. The resulting rotations and translations after fine-tuning
indicated local displacements between the two fusions. We further created a
PTV to evaluate the coverage of the GTV after soft-tissue based fusion.

Results: In 29 of the 35 lesions, minor to no mismatch was found between
the soft-tissue and skull based fusions. The translational and rotational shifts
were 0.05+0.63 mm (LR), 0.01+0.79 mm (AP), 0.37+1.01 mm (SI); -0.15+0.67°
(pitch), -0.194+0.34° (yaw), and -0.12+0.49° (roll). In the remaining 6 lesions,
noticeable displacements were observed between the two fusions. For the
outlier lesion, the GTV was nearly missed by the PTV, and for the rest of the 5
lesions, the mean coverage of the GTV was 98.9%.

Conclusion: In a small portion of lesions, our study showed noticeable
brain tumor displacement with typical patient setup in CT and MRI scans
between skull based and soft-tissue based fusion. Careful review of skull based
fusion is suggested and adding a margin to the GTV is recommended, if fusion
deviations are found.
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Introduction

Stereotactic radiosurgery (SRS) and stereotactic radiotherapy
(SRT) deliver high doses to benign and malignant intracranial tumors
in a single (SRS) to multiple (SRT) fractions. For patients with high
risk of surgical complications, it provides non-invasive alternative
treatment to ensure local tumor control while sparing nearby critical
structures. Reproducibility and accurate contouring of the tumor is
of great importance since treatments consist of high doses delivered
in a single or limited number of fractions. In the initial design of
SRS and SRT, the skull was directly fixed to a frame to achieve high
treatment precision [1]. Despite the invasive nature, the technique
is still widely adopted in Gamma Knife treatments. In recent years,
localization techniques have evolved into using non-invasive image
guidance with similar treatment accuracy, including kV and MV
cone beam computed tomography (CBCT) [2-5], optical systems [6-
8], orthogonal x-ray imaging systems [9-11] and in-room CT [12].
With many of these systems a CT scan is used for treatment planning
but an MRI scan is required to contour and define the target. Thus,
overall accuracy depends on the ability to properly register or fuse the
MRI scan with the planning CT scan.

Among all types of image guidance, the skull has been universally
adopted as the image matching anatomy during SRS and SRT due to
its rigidity and great visibility in all imaging modalities. This reliance

on skull matching is common in multi-modality image fusions before
treatment and in image guidance and target localization during
treatment. This convention, however, relies on the assumptions
that brain tumors keep the same relative position to the skull, and
that the accuracy of matching simple skull geometries can pick up
matching differences in complicated soft-tissue geometries and then
can ultimately represent accurate tumor matching. Guckenberger et
al., recently evaluated the reliability of the skull in SRS treatments of
brain metastases and reported three-dimensional (3D) displacements
of brain tumors between the skull and nearby soft-tissue [13]. In the
study, 18 patients with intravenous (IV) contrast injection hadan in-
room CT scan followed by a CBCT scan before SRS their treatment.
The in-room CT and CBCT were fused to the planning CT based on
skull and soft-tissue matching. The tumor displacement in each axis
between these two fusions had high correlation (r>0.88). However,
the tumor centroids between the two fusions revealed amen 3D
mismatch of1.7+0.7 mm (maximum 2.8 mm). Rotational shifts were
not considered in the study. The mismatch indicates slight tumor-
skull relative displacements between CT fusions.

In the field of neurological studies actual brain displacements
have been the focus of research over the past decades since brain
tissue motions a biomechanical indication for most brain traumas.
Various theoretical and experimental models have been developed to
estimate brain motion relative to the skull when the brain was under
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mild impact and in static conditions (in different positions). In a
typical design, the heads of volunteers moved on a short track and
stopped by hitting a soft suspension. Meanwhile, MRI scans with high
temporal resolution were acquired. The relative brain displacements
(2-5 mm), as well as rotational shifts, were reported [14]. In another
study, the volunteers had MRI scans of their brain while in different
positions, and relative brain-skull motion was reported [15].

The setting in trauma studies is clearly different from a patient
setting in SRS and SRT. However, the possibility of such motion is
still insightful. We modified the work from Guckenberger et al. in
our study by using MRI to take advantage of its superior soft-tissue
contrast. After a skull-based fusion of the CT and MRI images, the
alignment of nearby soft-tissue and tumors was reviewed. If any
mismatch was observed, fine-tuning of the skull based fusion was
performed until the best soft-tissue or tumor match was achieved.
The two fusions were reviewed by two medical physicists (Zhai Y and
Xu Q) and a radiation oncologist (Kubicek G), and the translational
and rotational shifts between the two fusions were quantified. We
further evaluated the coverage of the Gross Tumor Volume (GTV)
by adding a small margin into an expanded Planning Target Volume
(PTV) to account for such displacements of skull image guidance
during treatment.

Many institutions use rigid skull registration for MRI and
CT fusion, the subsequent SRS and SRT plans derived from this is
potentially incorrect if skull fusion does not faithfully correspond
to the soft tissue. The purpose of this project is to explore potential
differences between skull based and soft-tissue based fusion between
CT and MRIL

Methods and Materials

Patient and imaging settings

Twenty-five previously treated patients with either primary
or metastatic brain tumors, as part of institutional review board-
approved studies of retrospectively analysis of SBRT with Cyber
Knife were enrolled in this study. The patient recruitment criterion
was the visibility of the tumor or nearby soft-tissues in the planning
CT. The characteristics of the patients and tumors are summarized
in (Table 1). A total of 35 brain lesions were analyzed. All patients
had a planning CT scan (Light Speed, GE Healthcare, WI, USA)
with 1.25 mm slice thickness. The patient heads were immobilized
by a thermoplastic mask with a plastic holder placed under the

Table 1: Patient and treatment characteristics.

Targets 35
Patients 25
Primary tumors 16
Metastasis tumors 19
Lung 8
Breast 9
Other sites 2

GTV volumes 11.3+10.6 cc

Size 3.4+x1.5cm

SRT treatment fraction 4.3£15
SRT dose 23.0+5.3 Gy

heads. The mask was rigidly attached to the CT couch to ensure
setup reproducibility. The same setup was used through simulation
and treatment. The patients were sent for an MRI scan (Magnetom,
Siemens Healthcare, PA, USA) after their planning CT scan in the
same day. IV contrast was administered to every patient andT1-
weighted MRI scans were acquired with a Magnetization-Prepared
Rapid Gradient-Echo (MP-RAGE) imaging technique with 1 mm
slice thickness.

Skull based fusion

The planning CT and MRI with contrast images were first sent
to the Treatment Planning System (TPS) (Multiplan 3.5.2, Accuracy,
CA, USA) and skull based fusion was performed. The planning
CT and MRI were chosen as the reference and floating images,
respectively. Three to five pairs of control points were manually
picked from both images. The rigid displacements derived from
the pairs of control points were applied to the MRI images as the
initial transformation. An intensity-based image registration started
iteratively by maximizing Mutual Information (MI) until the best
possible match between the two sets of images was reached. The fused
MRI images were subsequently overlain on the planning CT images,
and the skull and bony structures from both images were reviewed in
the three planes. If any mismatches were found, fine-tuning was then
manually performed by the physicists (Zhai Y and Xu Q) to reach the
best skull-based fusion.

Soft-tissue based fusion

The planning CT and fused MRI images from the previous step
were exported to another commercial software (Velocity Al Velocity
Medical Solutions, GA, USA) for soft-tissue fusion. A physicist (Zhai
Y) started by examining the regions near the tumors in the planning
CT images and discerned any nearby visible soft-tissue such as gyri,
sulci, fissures, and the tumor itself. The alignment of the soft-tissue
and tumors between the planning CT and fused MRI images was
reviewed. If a mismatch was found, subsequent fine-tuning was
performed by manually aligning those soft-tissue features. To reduce
inter-observer variations, another physicist (Xu Q) reviewed the
manual fine-tuning performed by Zhai Y. If there was disagreement,
additional fine-tuning, if necessary, was performed until both
physicists agreed upon. The final fusions were reviewed and approved
by the oncologist (Kubicek G). The reported translational and
rotational shifts after soft-tissue based fusion indicated displacements
between the two fusions. If a patient had multiple lesions; the same
fine-tuning process was repeated for each lesion.

Margin study

A margin study was performed to assess the GTV coverage since
such potential displacements could also carry over into the image
guided treatment based on skull positioning. For each patient, the
GTV was delineated based on the MRI images after the skull-based
fusion. The PTV was generated by adding a 2 mm margin in all three
directions around the GTV. To simulate the tumor displacements
relative to skull matching, the GTV was then translated and rotated
based on the transformation derived from the soft-tissue based
fusion. The transformed GTV was overlain on the PTV contour and
its coverage was evaluated.

Results

There were 25 patients involved in this study, with a total of 35
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Figure 1: lllustration of a large pitch angle between the skull-based (a) and
soft-tissue-based (b) fusion for patient 1.

legions that were compared (Table 1). In 5 out of the 35 lesions, no
fine-tuning was needed since the soft-tissue and tumors were aligned
well after the skull based fusions. For 24 lesions, minor mismatch
between the soft-tissue and skull based fusions was found. The
corresponding mean translational and rotational shifts and standard
deviations were 0.05+0.63 mm, 0.01+0.79 mm, 0.37+1.01 mm in the
x (LR), y (AP), and z (SI) directions, respectively, and -0.15+0.67°,
-0.1940.34°, and-0.12+0.49° in the pitch, yaw, and roll directions,
respectively. In the remaining 6 lesions, relatively large translational
and rotational shifts were observed between the two fusions. For
those lesions, the translational and rotational shifts were 0.90+2.15
mm, 1.50+2.27 mm, and -1.01+1.83 mm in X, y, and z directions,
respectively, and -1.42+3.12°,0.02+0.83°, and -0.17+0.68° in the pitch,
yaw, and roll directions, respectively. The mean 3D translational shift
for all patients was 1.58+1.37 mm.

Three cases are displayed in (Figurel-4). The first case was an
outlier patient with the greatest mismatch between skull based and
soft-tissues based fusions. The patient had a metastatic brain lesion,
originating from a small-cell lung carcinoma, located at the gray-
white matter junction. The translational and rotational shifts between
the two fusions were 2.03 mm, 4.16 mm, and -0.68 mm in the x, y, and
z directions, respectively, and -7.02°, 1.01°, and -0.96° in the pitch,
yaw, and roll directions, respectively. We first reviewed the skull and
bony structure matching between the two fusions. After skull-based
fusion (Figure 1a) the skull and bony anatomy matched well in the
sagittal plane. After soft-tissue based fusion (Figure 1b), a large pitch

Figure 2: Skull and soft-tissue fusion comparison for patient 1in the axial (a)
and sagittal (b) directions (top: planning CT, middle: soft-tissue-based fusion,
bottom: skull-based fusion).

or head up/down rotational shift was observed, as the nose did not
match well in the overlay of the CT and MR images. For this patient,
we further reviewed the soft-tissue matching between the two fusions
after zooming in. In (Figure 2), the axial (2a) and sagittal (2b) slices of
the CT and MR images for the outlier patient are displayed, with CT
on top, MR after skull based fusion in the middle, and MR after soft-
tissue based fusion on the bottom. The crosshairs indicate the center
of the lesion after fusion. The lesion was somewhat discernible in the
planning CT, scan be observed in the same region of the MR images.
After skull based fusion, large deviations in the lesion and soft-tissue
were observed between CT and MRI in the axial plane, as shown
in the top and middle images of (Figure 2a). After soft-tissue based
fusion, the textures of the gyri and fissures matched well in the axial
plane, as shown in the top and bottom images of (Figure 2a). Similar
deviations between the textures after skull based fusion are shown in
the sagittal plane in the top and middle images of (Figure 2b), and
similar agreement between textures after soft-tissue based fusion are
shown in the top and bottom images of Fig. 2b. The same rotational
shift in pitch that is observed in (Figure 1) can also be found in Fig. 2b.
The second patient, shown in (Figure-3) (top: axial, bottom: coronal),
had a recurrent meningioma in the left frontal and parietal lobes.
The fused MRI with contrast (inside the region of interest box) was
overlaid with the planning CT. The lesion (near the midline), and the
nearby visible gyrus and fissure were contoured in the planning CT.
After skull based fusion (Figure 3a), the contours from the planning
CT slightly deviated from the soft-tissue in the fused MR images.
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Figure 3: Skull (a) and soft-tissue (b) based fusion comparison for patient 2,
with the axial slice on top and the coronal slice at the bottom.

After soft-tissue based fusion (Figure 3b), the matching between the
soft-tissue and lesions were improved. The third patient, shown in
(Figure 4),

had surgical resection and previous irradiation of a meningioma
in the left frontal and parietal lobes. Abnormal enhancement was
observed in the MR images in the region around the craniotomy,
possibly due to edema and swelling associated with the meningioma.
The region around the craniotomy was outlined in the planning CT
and overlaid with the MR images. After skull based fusion (Figure
4a), the region around the craniotomy showed slight mismatch, and
overlapping with the peripheral abnormal enhancement was observed.
After soft-tissue based fine-tuning (Figure 4b), the alignment of the
region around the craniotomy in CT and MRI was improved. We also
observed slight mismatch of the skull after soft-tissue based fusion
(bottom of Figure 4b), indicating relative displacement between the
two fusions.

We further performed a margin study to investigate if the
mismatch between the two fusions could be accounted for with a
small margin. For 29 lesions with minor to no mismatch, the GTV
was 100% covered by a PTV that was created using a 2 mm margin.
For the outlier patient in (Figure 1&2), after soft-tissue based fusion
nearly the entire GTV was not covered by the PTV due to large
discrepancy between the two fusions and the small size of the lesion
(< 1cc). In the remaining 5 lesions, we found after soft-tissue based
fusions that on average 98.9% of the GTV targets were encompassed
by the PTV using a 2 mm margin.

Discussion

A study by Guckenberger et.al. Evaluated the reliability of the
bony anatomy guidance for SRS of brain metastases. They concluded
that the skull was a sufficient surrogate for LINAC-based SRS of
brain metastases. For 20 brain metastases analyzed in their study,
they reported displacements (mean: 1.7+0.7 mm, maximum: 2.8
mm) between fusions based on the skull and soft-tissue. Currently,
MRI, with its high soft-tissue contrast, is the best available imaging
modality for tumor delineation and soft-tissue visualization in the
brain. The displacements observed in our CT-MRI study (mean:
1.58+1.37 mm) were very close to those reported by Guckenberger
et al., aside from an outlier patient. Although the magnitude of the
displacement is relatively small, we hold that special attention is

Figure 4: Skull (a) and soft-tissue (b) based fusion comparison for patient
3, with the axial slice on top, the coronal slice in the middle, and the sagittal
slice at the bottom.

needed for soft-tissue differences since such displacements are highly
patient specific, skull based localization during treatment could carry
over such uncertainties, and deviations could ultimately lead to
under-dosing the lesion.

We performed a margin study to evaluate the GTV coverage if
displacements occurred. All lesions except for the outlier were covered
well after adding a 2 mm margin. Whether to add a margin to brain
tumors or not during SRS and SRT, however, is still controversial
and debatable in the community. Various mathematical models
and formulas have been proposed in the literature to determine the
size of margin to be added [16-21], There is no unified method used
to determine the size of the margin needed to cover all treatment
uncertainties. In our study, we found a 2 mm margin should be
sufficient to accommodate for displacements since all of the lesions,
except for the outlier, were covered well by the PTV. Note, however,
that it may not be necessary to apply a margin to all patients since
noticeable displacement was found in only 17% of the patients
enrolled in the study. We suggest that the decision should be made
based on a combination of the physician’s clinical experience [22],
review of soft-tissue and tumor matching, the size of the tumor, and
possibly the location of the tumor.

The actual causes of the relative displacements between the soft-
tissue and skull based fusions are still not clear. A study by Monea
et al., investigated the role of relative brain-skull motion in the
etiology of traumatic brain injury. Under quasi-static circumstances,
30 healthy volunteers had MRI scans in 4 different head positions.
Image registration between these MR images revealed complex brain
motion patterns, which were very regional and subject dependent.
The authors stated that multiple factors contributed to the relative
brain-skull motion, including gravity, contact surfaces, fluid pressure
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and material properties. Unlike the experiment designed by Monea
et al,, great efforts have been made to ensure reproducibility of head
position during SRS and SRT. However, relative displacement could
still exist between simulation and treatment due to setup variation,
internal pressure, and property changes. For example, a standard
“curved” diagnostic couch was used during our MRI scan. The same
technologist who performed the CT scan adjusted the height of the
head holder and the layers of the blanket underneath the patient to best
reproduce the setup for the MRI scan. Slight setup variations during
the MRI scan could still occur, which has been a common problem for
the majority of clinics. Designing of a flat couch for an MRI scanner
is still a research topic [23]. In the CT-to-CT study by Guckenberger
et al,, this factor was excluded since all the patients were scanned on a
flat couch with a thermal mask and body immobilization devices, but
soft-tissue and skull based fusion displacements were still observed.
Thus, causes for displacement could be due to minor setup variations
and slight tumor motion.

There are potentiallyalso several sources of error within the current
study. First, fusion errors could be induced during the skull based
and soft-tissue based fusions. However, studies have demonstrated
that sub-millimeter accuracy was achievable for rigid registration
of the skull in CT and MR images using MI [24, 25]. Also, for soft-
tissue based fusion, to reduce inter-observer variations, fusions were
reviewed and fine-tuned until the best match could be agreed upon
between two physicists. The final fusion was also then reviewed and
approved by the radiation oncologist (Kubicek G). Second, MR
imaging suffers from inherent distortions due to in homogeneities
in the magnetic field, non-linearities in the gradient of the magnetic
field, view angles, susceptibility to chemical shift variations, etc. With
proper imaging protocols, calibration of the scanner, and correction
techniques, the distortions can be minimized and sub-voxel accuracy
could be achieved. Lastly, the relative displacement reported in this
study was between CT and MRI scans that were performed on the
same day. This may not represent the actual displacement variations
at the time of treatment since the treatment is often a few days after
the scans.

Conclusion

Our study shows noticeable variations between skull based and
soft-tissue based fusion in 17% of the observed lesions with typical
patient setup for CT and MRI scans. For accurate target localization,
skull-based fusions should be reviewed and fine-tuned under nearby
soft-tissue guidance, and, if visible in both images, tumor guidance as
well. Both the CT and MRI scans should be performed with contrast
to ensure adequate target visualization and to determine if soft tissue
adjustment is required. If substantial deviations are found between
fusions, a margin may be useful to ensure target coverage during
treatment.
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