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ABSTRACT

This study aimed to validate a novel commercially available software for correcting spatial
distortion in cranial magnetic resonance (MR) images. This software has been used to assess
the dosimetric impact of MR distortion in stereotactic radiosurgery (SRS) treatments of ves-
tibular schwannomas (VSs). Five MR datasets were intentionally distorted. Each distorted
MR dataset was corrected using the Cranial Distortion software, obtaining a new corrected
MR dataset (MRcorr). The accuracy of the correction was quantified by calculating the target
registration error (TRE) for 6 anatomical landmarks identified in the co-registered MRcorr
and planning computed tomography (pCT) images. Nine VS cases were included to inves-
tigate the impact of the MR distortion in SRS plans. Each SRS plan was calculated on the
pCT (1 x 1 x 1 mm?3 voxel) with the target and organs at risk (OARs) delineated using the plan-
ning MR dataset. This MR dataset was then corrected (MRcorr) using the Cranial Distortion
software. Geometrical agreement between the original target and the corresponding cor-
rected target was assessed using several metrics: MacDonald criteria, mean distance to
agreement (MDA), and Dice similarity coefficient (DSC). Target coverage (D99%) and maximum
doses (D2%) to ipsilateral cochlea and brainstem resulting on the MRcorr dataset were com-
pared with the original values. TRE values (0.6 mm + 0.3 mm) and differences found in
Macdonald criteria (0.3 mm + 0.4 mm and 0.3 mm + 0.3 mm) and MDA (0.8 mm + 0.2 mm)
were mostly within the voxel size dimension of the pCT scan (1 x 1 x 1 mm?). High similar-
ity (DSC > 0.7) between the original and corrected targets was found. Small dose differences
for the original and corrected structures were found: 0.1 Gy + 0.1 Gy for target D99%,
0.2 Gy + 0.3 Gy for cochlea D2%, and 0.1 Gy + 0.1 Gy for brainstem D2%. Our study shows that
Distortion Correction software can be a helpful tool to detect and adequately correct brain
MR distortions. However, a negligible dosimetric impact of MR distortion has been de-
tected in our clinical practice.
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Introduction

Stereotactic radiosurgery (SRS) is a well-established tech-
nique to treat surgically inaccessible lesions within the brain.!
The use of magnetic resonance (MR) imaging is required to
perform SRS because of its superiority over computed to-
mography (CT) in soft tissue contrast and sensitivity for
delineating targets and normal brain tissue.? However, ste-
reotactic MR imaging is more susceptible than CT to spatial
distortion that may lead to targeting errors.?

System-related and patient-induced geometric distor-
tions have been described for MR imaging. The first type of
distortion is generated mainly by magnet inhomogeneities
and nonlinearity of the gradient fields.* Main MR imaging
vendors have incorporated postprocessing algorithms to
correct the system-related distortion, reducing the geomet-
rical error down to 2 mm.’ Siebert et al.® have described that
the gradient nonlinearity causes distortion in MR imaging
that can displace intracranial targets by nearly 4 mm, with
a potential displacement up to 8 mm. They concluded that,
although MR imaging distortion is often subtle on visual in-
spection, there is a significant clinical impact of this distortion
on SRS planning. Siebert et al. considered a significant clin-
ical impact (“missed target”) caused by the MR distortion
if more than 10% of the true gross target volume receives
less than 90% of the prescription dose (i.e., V90 < 90%) or if
the underdosed (< 90% of prescription) portion of the true
gross target volume was greater than 125 mm?.

Patient-induced geometric distortions are due to the phe-
nomenon named chemical shift” and susceptibility differences
between tissues.® Magnetic susceptibility-induced distor-
tion is typically smaller than system-related distortion but
still non-negligible, with maximum distortion ranging from
2.1 to 2.6 mm at a field strength of 1.5 Tesla (T).° Kondziolka
et al.'’ reported that magnetic susceptibility artifacts may
produce anatomical distortions larger than 2 mm, result-
ing in inaccurate stereotactic target localization. Targeting
errors, especially in lesions that abut air spaces such as the
internal auditory canal, have been reported in the literature.!!
Pollock et al.'? reported that distortion of stereotactic MR
imaging may cause that some vestibular schwannomas (VSs)
receive less than the prescribed radiation dose to the entire
tumor volume.

In this study, we investigate the accuracy of a recently re-
leased software designed to correct spatial distortions of MR
images used for cranial SRS planning. We also assess the do-
simetric impact of the MR imaging distortion in SRS plans
computed in our department.

Methods and Materials

Patients to be treated with cranial SRS in our depart-
ment are immobilized using a thermoplastic mask. The

planning CT (pCT) scan is acquired (Somaton, Siemens
Medical Systems, Erlangen, Germany) without intravenous
contrast, with 125 kV, 686 mAs, 1-mm slice thickness, 500-
mm field of view, and matrix of 512 x 512 pixels, that is,
1 mm reconstructed in plane resolution.

Patient MR imaging is acquired (without the mask) using
a 1.5 T scanner (Siemens Symphony, Siemens Medical
Systems). A three-dimensional postgadolinium T1-weighted
MPRAGE (magnetization-prepared rapid acquisition with gra-
dient echo) sequence was acquired: TE 3.26 milliseconds, TR
1950 milliseconds, flip angle of 15°, and voxel spacing
1x1x 1 mm? The automated distortion correction proto-
col provided by the MR scanner was used during acquisition.
Planning MR (pMR) is obtained with an axial reconstruc-
tion at 1-mm slice intervals for SRS planning (250-mm field
of view and 512 x 512 matrix, i.e., 0.5-mm pixel size).

Evaluation of MR-related geometric distortion

A dedicated phantom supplied by the manufacturer
(Brainlab AG, Munich, Germany) was used to measure the
system-related geometric distortion. The phantom con-
sists of a plastic parallelepiped (135 x 120 x 170 mm?)
containing a pattern of 21 cubes (1-cm side) on its “right”
plate and another pattern of 15 cubes (1-cm side) on the
“feet” side (Fig. 1A). It was filled with water for MR imaging.
After delicate positioning of the phantom at the center of
the head coil, it was MR imaged using the SRS patient pro-
tocol described earlier. The 1-cm side cube patterns located
at the “right” and “feet” sides of the phantom can be visu-
alized in the corresponding sagittal and axial slices,
respectively (Fig. 1B). The magnitude of distortion was evalu-
ated by measuring the cube sides and by comparing with
the known side length (1 cm) as certified by Brainlab. Mea-
surements were performed in the 3 anatomical planes (axial,
sagittal, and coronal) using the Brainlab iPlan RT Image 4.1
software.

Validation of Brainlab software to correct MR distortion

As noted previously, distortion-corrected MR imaging
should uniformly be used for intracranial SRS planning
because uncorrected MR images can lead to potential geo-
metric miss.® The manufacturer Brainlab has developed the
Elements Cranial Distortion Correction application to correct
distortions in MR images. Henceforth, this software will be
referred to as “Distortion Correction.” Distortion Correc-
tion uses a deformable MR-CT co-registration, creating an
additional corrected MR dataset (MRcorr) while keeping the
original structures that are deformed according to the MR
distortion magnitude (Fig. 2). The corrected structures are
also mapped to the pCT, in such a way that 2 structure sets
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Fig. 1. (A) Brainlab phantom: red arrows show the 1-cm cube patterns used. (B) Sagittal and axial MR planes through the “right” and “feet” plates of

the phantom, respectively. (Color version of figure is available online.)

Fig. 2. Example of distortion map displayed by the Distortion Correc-
tion application after correcting an MR dataset. Graphically, distortion
correction magnitude is illustrated with a grid. (Color version of figure
is available online.)

are present on the pCT scan (original and corrected structures,
Fig. 3). The pCT dataset is considered as the reference image
space. The algorithm is described in a technical note re-
ported by Brainlab'®: for cranial SRS planning, the algorithm
automatically identifies the fusion scenario MR/CT and sub-
sequently defines a scenario-specific image subvolume.
Afterward, this subvolume is further subdivided into
(3 x3 x3)cm? overlapping window patches. Based on an
initial rigid fusion between the fused datasets, affine patch-
wise registrations are performed for every three-dimensional
patch to locally align the imaged anatomies and thus to
account for local mismatches. Subsequently, the local reg-
istrations are interpolated to generate a single, continuous
deformation field that maps one of the datasets onto the
other, while bringing the local correspondences to a match.
Reliable fusion is accomplished by an outlier detection
applied to the patch-wise fusions.

Slice 146 / 237 Slice 145 /237

el
s
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Fig. 3. (A) Original VS target (red contour) and its MR distortion-based correction (orange contour) mapped onto the planning CT. (B) Axial, sagittal,
and coronal views are shown after image zooming from the target area. (Color version of figure is available online.)
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According to the Brainlab technical white paper,'® the ap-
proach used by Cranial Distortion Correction is based on a
patented Brainlab Synthetic Tissue Model and MR imaging
sequence detection. Besides MR scanner-specific correc-
tion methods, as far as we know, this is the only commercially
available product that enables retrospective correction for
geometric distortions in MR imaging, so far. So, we consid-
er that Cranial Distortion Correction is a “novel” application.

To investigate the accuracy of the Distortion Correction
application, an evaluation was performed on 5 patient data.
For each case, the original MR (MRorig) dataset used for SRS
planning was artificially distorted (MRdist) using Matlab
R2016a (MathWorks Inc., Natick, MA). Two types of distor-
tions, emulating distortion artifacts as the ones produced by
severe gradient failures, were applied:

s=r(1+0.1r?),denoted as “dist1” (1)

s=r(1+0.51),denoted as “dist2” (2)

where s and r are the distances from the center of distor-
tion in the distorted and undistorted images, respectively.
Maximum spatial distortions of 3 and 5 mm were forced with
dist1 and dist2, respectively. Distortion larger than 5 mm
(“dist3”) was also induced by replacing the factor 0.1 by 0.5
in Eq. (1), but immediately we observed that Distortion

DIST2

Correction was not able to correct this large distortion. Errors
larger than 5 mm are unlikely to happen in the clinical prac-
tice for cranial SRS. Weygand et al.® did a bibliographic review
of the geometric distortion in MR imaging-guided radio-
therapy (not specifically focused on cranial SRS). Eleven
studies reported phantom measurements quantifying system-
dependent geometric distortion. Although distortion errors
on the centimeter scale were reported, the majority of the
distortions were less than 5 mm. In fact, errors larger than
5 mm were observed at large distances from the scanner
isocenter (> 95 mm), that is, distortion errors larger than
5 mm are unlikely to happen for cranial SRS cases. Also, 2
studies cited by Weygand et al.® reported susceptibility-
induced distortions less than 3 mm at a field strength of 1.5 T.

In contrast, MR distortions greater than 5 mm have not
been detected in our SRS clinical practice so far. For in-
stance, a large distortion (> 5 mm) during planning of a VS
radiosurgery would be easily detectable after CT/MR regis-
tration in our treatment planning system by checking the
anatomical coincidence using the internal auditory canal. Ob-
viously, an MR scan with a distortion greater than 5 mm must
be rejected for targeting in radiosurgery. So, our study was
just focused on distortions within 5 mm as represented by
Egs. (1) and (2). Figure 4 shows an example of the MRorig
set and its corresponding MRdist sets for a VS case.

MR 44 (Axial)
Slice No. 116 /145

o,

MR #4 (Axial)
Axial

Fig. 4. Example of distortions forced to an original MR dataset (upper right). Upper left: distorted MR using “dist1” blended with the original MR
set; bottom left: distorted MR using “dist2” blended with the original MR set; bottom left: distorted MR using “dist3” blended with the original MR
set. Orange: original MR set; blue: distorted MR set. (Color version of figure is available online.)
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For each patient case, the MRdist dataset was corrected
using the Distortion Correction application, generating a
corrected MR dataset (MRcorr). The MRcorr and the MRorig
images were each one rigidly co-registered to the pCT scan
using the Brainlab iPlan RT Image 4.1 software (pCT/MRcorr
and pCT/MRorig, respectively). In contrast, the MRorig/
MRdist pair was automatically fused because both datasets
shared the same DICOM frame of reference. Therefore,
the MRdist dataset was directly co-registered with the
pCT scan via 2 registration pairs: MRorig/MRdist and
pCT/MRorig.

Several anatomically recognizable landmarks were se-
lected in the pCT image space using a point tool available
on Brainlab iPlan RT Image 4.1 software. These points were
selected again in the corresponding co-registered MRcorr,
MRdist, and MRorig datasets. The chosen landmarks were
points of the 2 vestibules, internal auditory canals and co-
chleas, as they were easy to identify in pCT and MR images.
One well-trained observer (neurosurgeon) identified the po-
sitions of these landmarks in 2 separate passes (Fig. 5).
According to AAPM TG-132 task group report,'# interobserver
variation is typically larger than intraobserver variability, so
having the same observer to identify the same landmark on
both images will reduce the uncertainty in the localiza-
tion. Each landmark was selected in 2 different slices in both
co-registered datasets (pCT and MR). CT is generally assumed
not to need distortion correction in contrast to MR
imaging.*>-!7 It was also confirmed by the monthly checks
on the CT scanner used in this study. Therefore, the pCT
dataset was selected in this study as the reference image
(ground truth) to specify the “true” position of each se-
lected landmark.

The pCT/MR registration accuracy can be assessed by mea-
suring the Euclidian distance between the paired landmarks
identified for each anatomical structure on both image mo-
dalities. This distance is often referred to as the target
registration error (TRE).'® From now on, the TRE metric

is denoted in this study as “TREcorr” and “TREdist” when
pCT/MRcorr and pCT/MRdist registrations are evaluated, re-
spectively. TREcorr gives the accuracy of the Distortion
Correction application for correction of distorted MR images,
whereas TREdist indicates the magnitude of the intended
distortion. The task was performed twice by the observer
in different days to consider intraobserver variability, and
the average values of TREcorr and TREdist were reported in
this study.

Dosimetric impact of MR distortion

Nine VS patients were enrolled in this study. The pCT and
MRorig images acquired for the treatment planning of each
patient were retrieved and imported in the Brainlab Ele-
ments software. Both image sets were registered using the
Elements Image Fusion application (release 3.0.0.60), using
a rigid fusion algorithm based on mutual information. Then,
the target was automatically delineated using the Ele-
ments SmartBrush application (release 2.5.0.131), whereas
the organs at risk (OARs) brainstem and ipsilateral cochlea
were automatically segmented using the Elements Anatom-
ical Mapping application (release 1.0.0.77). All delineated
structures were revised by a radiation oncologist and adapted
as required. A structure dataset (“original structures”) is avail-
able on the pCT scan after being mapped from the MRorig
dataset. After that, the potential distortion associated to the
MRorig dataset was corrected using the Distortion Correc-
tion application (release 3.0.0.60).

Three metrics were used to assess the impact of MR ge-
ometric distortion on the target structure:

(1) The Macdonald criteria'® were computed for each
paired target (original and corrected) mapped on the
pCT dataset. The Elements SmartBrush application
includes an algorithm to compute the Macdonald
criteria for the target. It is defined as the product

Fig. 5. Anatomical landmarks (red crosses; C: cochlea, IAC: internal auditory canal, and V: vestibule). Right image was zoomed from the left image.

(Color version of figure is available online.)
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Axial Oblique Slice 125 (of 170) (2) The maximum separation distances between the orig-
inal and the corrected targets were manually measured
in the axial, sagittal, and coronal CT slices for each VS
case (Fig. 7). The average of these 3 distances was con-
sidered an estimation of mean distance to agreement
(MDA).2°

(3) The agreement between original and corrected targets
was assessed using the Dice similarity coefficient
(DSC).2' DSC is defined as 2 times the volume where
the 2 delineated structures overlap divided by the total
volume of both structures combined. As the struc-
tures approach agreement, the DSC value approaches
1; as the volumes diverge into 2 nonoverlapping struc-
tures, the DSC value goes to 0. A DSC value < 0.7 is
considered an indicator of low similarity.>

Volume 042 cm?® The following pass/fail values for the Macdonald, MDA,

Macdonald Criteria™  1.22 cm? (= 1.64 cm x 0.74 cm ) and DSC metrics were established in our work: 1 mm (cor-

Fig. 6. Example of Macdonald criteria computed by Elements SmartBrush responding to the voxel size of the pCT) for the Macdonald

application. (Color version of figure is available online.) and MDA metrics,'* whereas a tolerance of 0.7 was estab-
lished for the DSC metric.??

of the longest diameter (L) within all CT slices and For each patient, a SRS reference plan was calculated

the longest perpendicular diameter (P) within the over the pCT scan using the Eclipse treatment planning
slice where the longest diameter has been detected system (version 13.7, Varian Medical Systems, Palo Alto,
(Fig. 6). CA). The reference plan consisted of 15 noncoplanar

pCT, Axial View
(zoomin)

pCT, Sagittal View ) pCT, Coronal View
(zoomin) (zoomin)

N

Fig. 7. Example of distances between targets (red: original; orange: corrected) manually measured in the 3 anatomical planes. Axial, sagittal, and
coronal views are shown after image zooming from the target area. (Color version of figure is available online.)
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intensity-modulated (IMRT) fields of 6 MV from a Varian TREdist =1.7 mm = 0.7 mm; for distl; and TREcorr =

linac.?? IMRT dose-based inverse optimization was per- 0.6 mm + 0.4 mm vs TREdist=2.0 mm + 1.4 mm; for
formed considering the original structures. The dose dist2. Irrespective of the type of distortion applied,
calculation was done using the Anisotropic Analytical Al- TREcorr = 0.6 mm + 0.3 mm vs TREdist = 1.9 mm + 1.1 mm. Ac-

gorithm of the Eclipse, with a calculation grid size of 1 mm. cording to our data, the Distortion Correction application
For SRS planning, larger grid sizes are not recommended as was able to correct at most 5-mm distortions induced on
small lesions are treated with small fields and high calcu- MR images.

lated dose accuracy is required.?* The reference plan was Table 1 shows the differences in the metrics Macdonald
optimized to achieve target coverage and dose constraints criteria, MDA, and DSC between the targets initially delin-
for the OARs (brainstem and ipsilateral cochlea). After that, eated on the MRorig datasets and the corrected ones that
the doses to all corrected structures were retrieved to in- were generated after applying the Distortion Correction ap-
vestigate the dosimetric impact of not using the cranial plication. In general, the differences found on Macdonald
distortion correction. Maximum doses (D2%) to ipsilateral criteria and MDA were within the pCT voxel size
cochlea and brainstem, as well as the target coverage (D99%), (1x1x1mm3). High values of similarity (DSC > 0.7) were
were analyzed, where Dx% is the minimum dose to x% of the found between the original and corrected targets in all VS

volume. cases analyzed. Small dose differences were found between
the original and corrected structures: 0.1 Gy + 0.1 Gy for target
Results D99% [values of D99%: 12.4 Gy £ 0.3 Gy vs 12.4 Gy £ 0.3 Gy],

0.2 Gy £ 0.3 Gy for cochlea D2% [values of D2%: 9.0 Gy £+ 3.0 Gy

MR geometric distortion measurements using the Brainlab ~ Vs. 9.2 Gy +3.0 Gy], and 0.1 Gy + 0.1 Gy for brainstem D2%
phantom were 0.3 mm + 0.2 mm, 0.6 mm+ 0.3 mm, and  [values of D2%: 5.5 Gy +3.1 Gy vs 5.6 Gy + 3.2 Gy]. There-
0.5 mm + 0.2 mm in the axial, sagittal, and coronal planes, fore, the dosimetric impact of MR distortion was negligible
respectively. A maximum distortion of 1.3 mm was found in ~ in real VS cases treated in our department.
the sagittal plane, whereas a tolerance of 1.5 mm was rec-
ommended by Brainlab when their dedicated phantom is Discussion
used.

Figure 8 shows the target registration errors (TREcorr This study was mainly focused on a geometric analysis
and TREdist) between the paired landmarks identified on to evaluate the performance of the Distortion Correction soft-
the pCT, MRcorr, and MRdist datasets for the 2 kinds of = ware. According to our measurements using the Brainlab
forced distortions applied in this study. Average values of = phantom, the MR scanner-related distortion was within the
TREcorr over the 5 cases were always within the pCT 1 mm?3 voxel size used in our cranial SRS protocol. There-
voxel size (1 x 1x1 mm?3). A clear improvement in the CT/ fore, the distortion correction procedure provided with
MR agreement was found when the Distortion Correction the MR scanner used in this study was capable of minimiz-
software was used: TREcorr=0.6 mm+0.2 mm vs ing the magnitude of the system-related distortion, at least

A TARGET REGISTRATION ERROR (TRE) FOR DISTORSION TYPE "DIST1" B TARGET REGISTRATION ERROR (TRE) FOR DISTORSION TYPE "DIST2"

.

TRE (mm)

mTREd

mTREcorr

1.5 +

1.0 +

0.5

0.0 4

C v 1AC Ce Ve 1ACe

[ v IAC Cc Ve IACc

landmark Hncmark

Fig. 8. Target registration errors (TREs) of five MR datasets (mean and standard deviation) using 6 anatomical landmarks for the distortions “dist1”
(A) and “dist2” (B). Red columns: average TRE between the distorted MR set and the planning CT (TREdist). Blue columns: average TRE between the
corrected MR set and the planning CT (TREcorr). Standard deviation is displayed as a bar on each column. C, ipsilateral cochlea; V, ipsilateral vesti-
bule; IAC, ipsilateral internal acoustic canal; Cc, contralateral cochlea; Vc, contralateral vestibule; IACc, contralateral internal acoustic canal. (Color
version of figure is available online.)
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Table 1

Differences found on the metrics used to assess the geometrical and dosimetric agreement between structures defined in the original MR dataset

and the corresponding corrected structures after distortion correction

No. of VS case L-Macdonald?® P-Macdonald® MDA DSC D99% (Gy) D2% (Gy) ipsilateral D2% (Gy)
(mm) (mm) (mm) target* cochlea’ Brainstem?
1 0.5 0.8 0.4 0.94 0.1 0.0 0.0
2 13 0.4 0.9 0.95 0.1 0.0 0.3
3 0.3 0.3 0.7 0.92 0.0 0.0 0.0
4 0.2 0.1 0.8 0.91 0.4 0.0 0.0
5 0.0 0.0 0.8 0.89 0.0 0.0 0.1
6 0.1 0.2 1.1 0.87 0.1 0.3 0.0
7 0.1 0.2 0.8 0.94 0.1 0.8 0.0
8 0.0 0.5 0.9 0.87 0.0 0.3 0.2
9 0.1 0.00 0.6 0.93 0.1 0.8 0.0
Mean 03 03 0.8 091 01 0.2 01
SD 04 03 0.2 0.03 01 03 01

SD, standard deviation.
2 L-Macdonald is the longest diameter (L) within all CT slices.

b P-Macdonald is the longest perpendicular diameter (P) within the CT slice where the longest diameter has been detected.

¢ D99% is the minimum dose received by the 99% of the target volume.
4 D2% is minimum dose to the 2% of volume.

for the scanning range used in our cranial SRS protocol
(256 x 256 x 145 mm?). However, patient-induced distor-
tions are not considered for correction by the MR scanner
manufacturer procedures. Some procedures have been de-
scribed to correct the distortion caused by the susceptibility
difference in the human brain near interfaces between air
or bone and brain tissues.?>?¢ Also, techniques that allow cor-
recting chemical shift effects have been presented in the
literature,?”?® but none of these correction techniques are
available in our department.

The commercially available Distortion Correction soft-
ware is a promising tool developed to overcome the MR
distortions produced by the patient and the MR scanner. In
this study, we have performed the validation of this software
using intentionally distorted MR sets, with distortion mag-
nitude up to 5 mm. In general, the Distortion Correction
software was able to reduce the distortion within the 1 mm?
voxel size used in our clinical images. As far as we know, the
only validation to date of the Distortion Correction soft-
ware has been performed by Brainlab.!* The 2 anterior brain
ventricular horns were chosen as anatomical landmarks to
measure the TRE distances over CT/MR fused datasets of 37
patients. Cranial Distortion revealed accuracy (TREcorr) of
1.3 mm + 1.2 mm, whereas a value of 0.6 mm * 0.3 mm for
TREcorr was found in our study. Differences in these TRE
values were obviously due to the different procedures used
by Brainlab and the one used in our study. MR datasets used
in the Brainlab validation were not intentionally forced to
have a large distortion (~5 mm); therefore, our validation pro-
cedure consisted of a more demanding scenario to check the
performance of the Distortion Correction software.

Our study was limited to 2 types of intended distor-
tions (dist1 and dist2), forcing distortions up to 5 mm. To

stress the Correction Distortion, a more extreme distortion
equation was also applied (dist3). It was created by replac-
ing the factor 0.1 by 0.5 in the equation of dist1 to increase
the magnitude of the distortion beyond 5 mm. However, Dis-
tortion Correction was not able to give a solution below
1 mm, as it is illustrated in Fig. 9: the intracanalicular com-
ponent of the VS lesion, as seen on the corrected MR images,
did not match with the corresponding area on the CT scan.
However, errors larger than 5 mm are unlikely to happen in
the clinical practice of cranial SRS as long as the patient’s
head is placed at the center of the MR imaging bore. Siebert
et al.’° published their experience about MR distortion in
cranial SRS. They observed distortions less than 5 mm when

CT (Axal), 230
612812017, 7:49:29 PM

MRELANO1-Desc:CRANE [Correcled] AX MM GD:...

© ®

Do you accept the result? MR (Axial), 145

6/28/2017, 7:49:46 PM

3 Axial

Fig. 9. Example of corrected MR set after applying the distortion type
“dist3.” Orange: corrected MR set; blue: planning CT set. Red dotted circle
shows a clear mismatching in the intracanalicular zone for a right-
sided VS. (Color version of figure is available online.)
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the patient’s head was centrally placed in the scanner bore
that is the typical patient setup used in our department
during MR imaging for cranial SRS planning.

The chemical shift and other artifacts were not specifically
included in our validation of the Distortion Correction soft-
ware. For instance, the chemical shift has been previously
demonstrated to introduce additional geometric errors of up
to 1.5 mm.?® We think that the distortions used in our study
(dist1 and dist2) are covering a wide clinical range (up to
5 mm) and different scenarios of potential MR distortion
errors.

Some practical limitations of the Distortion Correction
software were detected during our study: (1) this software
does not provide a quantitative report (e.g., in terms of TRE
or DSC values) analyzing the agreement between the
resulting MR corrected and the CT scan (ground truth). In
a clinical use, the accuracy of the correction performed by
the software relies only on the observer visual inspection
of the images. (2) The use of phantoms (real or virtual) with
unambiguous landmarks or known deformations may be very
helpful to check the accuracy of the Distortion Correction
software. However, this software does not support the use
of phantoms.

Once the Distortion Correction software was validated,
we proceeded to analyze the dosimetric impact of the po-
tential MR distortions for 9 VS cases previously treated in
our department. The pMR datasets were corrected by ap-
plying the Distortion Correction software. Doses to the
corrected structures (targets and OARs) were retrieved from
the SRS plans that were designed using the pMR without dis-
tortion correction and which were registered with the pCT.
As shown in Table 1, the potential MR distortions (scanner-
related and patient-induced) did not produce major
dosimetric differences even for very highly conformal IMRT
plans. Obviously, these results could not be attained without
an adequate tuning of the MR scanner. For instance, Siebert
et al.’ described how no-corrected gradient fields led to in-
adequate dose coverage of the true target with subdosage
up to 75% (i.e., 75% of target volume received less than 90%
of the prescribed dose). The true target was considered to
be missed in the Siebert’s study if more than 10% of the
volume receives less than 90% of the prescription. No missing
target was observed in our study.

According to our results (Table 1), the pMR datasets ac-
quired in our clinical practice were adequate for planning
cranial VS SRS treatments without the need to be cor-
rected using the Distortion Correction software. In our
department, there is not a dedicated quality assurance
program focused on SRS planning to assess the accuracy of
the MR scanners. Even when an MR scanner demonstrates
compliance with the measurements described by the Amer-
ican Association of Physicists in Medicine (AAPM), meaningful
distortion may still be present.” An AAPM report in 2005

warned about the verification of whether the stereotactic
software used is able to detect and correct MR distortions,
as not all commercially available SRS platforms have these
capabilities.*® Definitively, we think that the use of a dis-
tortion correction tool as the one presented in this study is
highly recommended when SRS of small cranial lesions is
practiced. To our knowledge, this is the first independent
study to assess the use of the Distortion Correction soft-
ware in cranial SRS plans. Accuracy of the Distortion
Correction software was validated using intended distor-
tions up to 5 mm, but errors of this magnitude and larger
are unlikely to arise in the clinical practice. Our study was
limited to the use of a 1.5 T MR scanner and only VS cases
were investigated. Further investigation will be needed in
the future to consider these limitations.

Conclusions

Geometric displacements caused by MR distortions were
less than 1 mm in the target vicinity for real VS cases treated
in our department. Although a negligible dosimetric impact
caused by MR distortion was observed in our clinical VS cases,
the Distortion Correction software was proved in our study
as a helpful tool to detect and adequately correct brain MR
distortions.
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