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MRI distortion correction is
associated with improved local
control in stereotactic radiotherapy
for brain metastases
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Distortions in brain MRI caused by gradient nonlinearities may reach several millimeters, thus
distortion correction is strongly recommended for radiotherapy treatment planning. However,

the significance of MRI distortion correction on actval clinical outcomes has not been described

yet. Therefore, we investigated the impact of planning MRI distortion correction on subsequent

local control in a historic series of 419 brain metastases in 189 patients treated with stereotactic
radiotherapy between 01/2003 and 04/2015. Local control was evaluated using a volumetric extension
of the RANO-BM criteria. The predictive significance of distortion correction was assessed using
competing risk analysis. In this cohort, 2D distortion-corrected MRIs had been used for treatment
planning in 52.5% (220/419) of lesions, while uncorrected MRIs had been employed in 47.5% (199/419)
of metastases. 2D distortion correction was associated with improved local control (Cumulative
incidence of local progression at 12 months: 14.3% vs. 21.2% and at 24 months: 18.7% vs. 28.6%,
p=0.038). In multivariate analysis, adjusting for histology, baseline tumor volume, interval between
MRI and treatment delivery, year of planning MR, biologically effective dose and adjuvant Whole-brain
radiotherapy, use of distortion correction remained significantly associated with improved local control
(HR 0.55, p=0.020). This is the first study to clinically evaluate the impact of MRI gradient nonlinearity
distortion correction on local control in stereotactic radiotherapy for brain metastases. In this historic
series, we found significantly higher local control when using 2D corrected vs. uncorrected MRI studies
for treatment planning. These results stress the importance of assuring that MR images used for
radiotherapy treatment planning are properly distortion-corrected.

Brain metastases constitute the most common malignancy of the brain and occur in up to 40% of patients with
cancer!. Stereotactic radiotherapy is one of the most important treatment modalities in brain metastases due
to its high efficacy, low patient burden and favorable toxicity-profile’. While brain metastases used to carry a
dismal prognosis in the past, today an ever-growing number of patients achieve long-term survival, shifting the
main focus of stereotactic radiotherapy from short- or mid-term palliation to definitive long-term control®*.
In addition, radiation oncologists are increasingly reserved about recommending adjuvant whole-brain
radiotherapy because of potential side effects on cognition and quality of life>®. However, omitting adjuvant
whole-brain radiation not only increases distant brain failure but also reduces local control®-5,

It is therefore ever more important to improve and optimize the efficacy of brain stereotactic radiotherapy.
Stereotactic radiotherapy relies on high geometric accuracy to deliver an ablative dose to small targets while
sparing surrounding normal brain tissue. Highly precise treatment planning and delivery depends on an
accurate and up to date representation of the tumor geometry on magnetic resonance imaging (MRI) as errors
introduced in pretreatment imaging can hardly be corrected in subsequent steps®!. Previous studies have
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conclusively demonstrated that pretreatment imaging significantly influences treatment outcomes. Specifically,
longer intervals between pretreatment MRI and stereotactic radiosurgery, leading to inaccuracies in gross target
volume (GTV), have been linked to decreased control of brain metastasis!!~!4,

While images from computed tomography (CT) can be considered geometrically accurate, multiple types of
image distortions occur in MRI. In MR], spatial encoding is achieved by linearly varying gradients of magnetic
field strength in the X, Y and Z-direction that are generated by dedicated gradient coils'>-?°. However, because
of gradient coil design, gradient nonlinearities are present especially at the periphery of the scanner!®?!. These
nonlinearities lead to distortions in reconstructed images that increase with radial distance from the isocenter
and may reach several millimeters at the periphery of the brain'®2!-24, Vendor-specific 2D and 3D distortion
corrections are available at most modern scanners, with 3D distortion correction also being able to correct for
through-plane distortions?. In recent consensus recommendations, 3D distortion correction of MR images was
therefore considered a mandatory requirement for MRI-based radiotherapy treatment planning®. However, the
issue of assuring proper distortion correction in MR images is, in our experience, still not widely recognized in
the radiation oncology community. In the context of the large body of literature that has measured distortions in
MR images!>171%2L, Seibert et al. recently observed, in a simulation study, that uncorrected MR images would
have led to geographic miss in 8 out of 28 metastases®®. Yet, the actual clinical relevance of distortion correction
and real impact on local control in stereotactic radiotherapy of brain metastases remain undemonstrated. In
the present study, we compare local control achieved with corrected and uncorrected planning MRI datasets to
evaluate the clinical significance of MRI distortion correction in brain stereotactic radiotherapy.

Methods

Ethics statement

The requirement for ethical approval of this retrospective study was waived by the licensing authority (federal
legislation GDNG Art. 6 (1); state legislation BayKrG Art. 27 (4)) and in accordance with institutional guidelines.
This retrospective study followed the 1964 Declaration of Helsinki and its later amendments. All patients
provided informed consent for treatment.

Patient population

To obtain the cohort for this analysis, we identified all patients who received stereotactic radiotherapy (SRT)
for intracranial metastases at our institution between January 2003 and April 2015, before an optimized brain
planning MRI protocol was implemented. From this group of 566 patients, we selected radiation treatment plans
based on the following inclusion criteria: (1) stereotactic radiotherapy for intraparenchymal brain metastases
from a solid cancer, (2) no prior SRT and no prior resection of the target metastasis, (3) Contrast-enhanced
T1-weighted magnetization-prepared rapid gradient-echo images (T1-MPRAGE) sequence with<1 mm
slice thickness included in planning MRI and conducted at least once during aftercare. A total of 419 brain
metastases in 189 patients fulfilled these criteria and were selected for further analysis. From these 419 brain
metastases, 2D distortion-corrected MRIs had been used for treatment planning in 52.5% (220/419) of lesions,
while uncorrected MRIs had been employed in the remaining 47.5% (199/419) metastases. No instance of 3D
distortion correction was identified in the present series. Table 1 lists further characteristics of both subsets and
the total cohort.

Radiation therapy
Patients received single-session radiosurgery (SRS) or fractionated stereotactic radiotherapy (FSRT) with
a linear-accelerator based Novalis® or Novalis-Tx® system (BrainLAB, Feldkirchen, Germany). Patients were
immobilized in an individually manufactured thermoplastic head mask attached to a stereotactic base frame
(BrainLAB, Feldkirchen, Germany). Treatment planning was performed using Iplan (BrainLAB, Feldkirchen,
Germany)?728,

Patients received a dedicated planning CT, which was rigidly coregistered with the diagnostic baseline
MRI using the Iplan software based on a mutual information-based algorithm. The GTV was delineated in
the contrast-enhanced T1-MPRAGE sequence of the baseline MRI study. PTV was defined as the GTV with a
margin of 1 mm. As clinical standard, doses were prescribed to the PTV-encompassing 80%-isodose normalized
to the maximum dose (Dmax=100%). The dose calculation grid size was 2 mm or finer according to ICRU
91. Stereotactic radiotherapy was delivered using stereotactic arcs. During treatment, daily stereoscopic X-ray
imaging (ExacTrac®) was used for setup verification and repositioning. For SRS, stereoscopic X-ray imaging was
repeated after every couch rotation.

Of all metastases, 41.3% (173/419) had undergone Whole-brain radiotherapy (WBRT) before stereotactic
radiotherapy (SRT) while 58.7% (246/419) received SRT alone. Median WBRT fraction dose was 3 Gy
(interquartile range [IQR], 2-3 Gy) and median total WBRT dose was 40 Gy (IQR, 30-40 Gy). The most
prescribed fractionation schemes were 10x3 Gy (87/173, 50.3%) and 20x2 Gy (57/173, 32.9%). In the case of
upfront WBRT, WBRT was considered integral part of the treatment and the start date of WBRT was determined
to be the start of radiotherapy for the respective brain metastases. In addition, WBRT dose was included in the
calculation of the biologically effective dose.

Among all metastases, 51.3% (215/419) were treated with SRS while 48.7% (204/419) were treated with FSRT.
As established by Wiggenraad et al., biologically effective dose (BED) was calculated based on an a/p ratio of 12
according to the LQC model (BEDIZ—LQC)ZQJO:
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Metastasis characteristic Total cohort (N=419) | 2D correction (N=220) | No correction (N=199) | p value
Interval between MRI and first treatment delivery, days

Median (IQR) 9 (6-18) 9 (6-20) 9 (6-18) 0.504"
Primary cancer histology, n (%) 0.014*
Melanoma® 178 (42.5%) 80 (36.4%) 98 (49.2%)

Lung 93 (22.2%) 58 (26.4%) 35 (17.6%)

Breast 52 (12.4%) 23 (10.5%) 29 (14.6%)

Renal® 44 (10.5%) 30 (13.6%) 14 (7.0%)

Gastrointestinal 23 (5.5%) 16 (7.3%) 7 (3.5%)

Bladder / Urinary tract 6 (1.4%) 2 (0.9%) 4(2.0%)

Sarcoma® 7 (1.7%) 3 (1.4%) 4(2.0%)

Gynecologic 4(1.0%) 1(0.5%) 3(1.5%)

Other 12 (2.9%) 7 (3.2%) 5 (2.5%)

Primary cancer histology, n (%) 0.202*
Radioresistant histology 228 (54.4%) 113 (51.4%) 115 (57.8%)

Non-radioresistant histology 191 (45.6%) 107 (48.6%) 84 (42.2%)

Pretreatment metastasis volume, cm? 0.297%
Median (IQR) 0.29 (0.08-1.25) 0.22 (0.06-1.12) 0.36 (0.11-1.48)

Adjuvant WBRT, n (%) 0.197*
No 246 (58.7%) 136 (61.8%) 110 (55.3%)

Yes 173 (41.3%) 84 (38.2%) 89 (44.7%)

Type of stereotactic radiotherapy, n (%) 0.032*
Single session radiosurgery (SRS) 215 (51.3%) 124 (56.4%) 91 (45.7%)

Fractionated stereotactic radiotherapy (FSRT) 204 (48.7%) 96 (43.6%) 108 (54.3%)

SRS Single dose, Gy 0.987%
Median (IQR) 18.0 (18.0-20.0) 18.0 (18.0-20.0) 18.0 (18.0-20.0)

FSRT: Dose per fraction, Gy <0.001%
Median (IQR) 4.0 (3.0-4.0) 4.0 (3.0-4.0) 4.0 (4.0-6.0)

FSRT: Total dose, Gy 0.051%
Median (IQR) 30.0 (20.0-40.0) 35.0 (21.0-40.0) 30.0 (20.0-35.0)

Total BED , | o> Gy 0.100%
Median (IQR) 52.4 (41.0-72.6) 52.4 (41.0-69.2) 52.8 (41.0-72.6)

Min. distance from brain surface, mm 0.037%
Median (IQR) 5.7 (1.4-14.6) 6.2 (2.0-16.1) 4.8 (1.1-12.8)

Metastasis location, n (%) 0.026*
Central 312 (74.5%) 173 (78.6%) 139 (69.8%)

Peripheral 107 (25.5%) 47 (21.4%) 60 (30.2%)

Field strength, n (%) <0.001*
15T 379 (90.5%) 180 (81.8%) 199 (100%)

30T 40 (9.5%) 40 (18.2%) 0 (0%)

Table 1. Characteristics of treated brain metastases. Total BED

12-LQC

was calculated including WBRT dose, if

upfront WBRT was delivered prior to stereotactic radiotherapy. IQR interquartile range, WBRT Whole-brain

radiotherapy, BED,, LQc

Biologically effective dose for an alpha/beta ratio of 12, linear-quadratic-cubic model,
Min Minimum. Rclassified as radioresistant histology #T-Test *Fisher’s exact test.

With n being the number of fractions and d being the dose per fraction, a/p was assumed to be 12 Gy and a/y

648 Gy?.

In case of upfront WBRT, BED

form the total BED , 1oc

Imaging and follow-up

were separately calculated for WBRT and SRT and added together to
used for further calculations.

Images were collected on different Siemens 1.5 and 3 Tesla MRI scanners by two radiology departments within
our institution. MRI protocols were defined locally in every scanner software. Therefore, distortion correction
was not standardized across scanners and departments. Patients were assigned to departments and scanners
depending on the availability of appointments. No restrictions regarding magnetic field strength or MR scanner
type were applied during the time of the study. All analyzed images consisted of 160 or 192 contiguous, sagittal
or transversal planes of 3-dimensional T1-MPRAGE with slice thickness <1 mm after intravenous application
of standard-dose gadolinium-based contrast agent. In Siemens MRI scanners, gradient nonlinearity distortion
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correction is enabled as a post-processing step?>! and the type of distortion correction is written into the

DICOM header (DICOM tag 0008,0008) of exported images. For this study, we reviewed all DICOM file headers
of MRI studies used for radiotherapy treatment planning to classify them into uncorrected (“ND”) and 2D
distortion-corrected (“2D”).

Volumetric extension of the RANO-BM criteria for the assessment of progression

In total, 3145 MRI studies were used for volumetric analysis (median of 6, IQR 4-9 per patient). Semiautomatic
segmentation was performed using the open-source software 3D Slicer (version 4.5.0) as described previously2.
Progression was assessed using a volumetric extension of RANO-BM criteria as described before®*3. Local
progression was defined as>72.8% increase in volume in the present study relative to nadir/baseline, which
corresponds to a>20% increase in diameter of a perfect sphere (i.e. the unidimensional RANO-BM criteria for
progression). An additional absolute increase in volume of at least 0.2 cm® was required for the definition of
progression. This corresponds to the absolute volume increase of a 5 mm sphere growing additional 3 mm in
diameter and is derived from the unidimensional RANO-BM criteria for lesions < 10 mm in diameter. Lesions
meeting the volumetric criteria for progression but subsequently demonstrating spontaneous regression on
follow-up imaging were classified as pseudo-progression rather than progression. Spontaneous regression
was defined as a return to baseline/nadir volume or achieving a volumetric partial response, as outlined in the
RANO-BM guidelines (i.e., a reduction in volume of > 65%) without any additional local or systemic treatments
that could account for tumor shrinkage. Enlarging lesions requiring surgical resection were classified based on
histology®>*. Change in distant lesions, corticosteroid use or clinical status or other non-imaging criteria were
not considered in the definition of progression in the present study.

Statistical analysis
Local progression was assessed using the cumulative incidence method to account for the competing risk of
death.. Time-to-event metrics were calculated from the first day of radiotherapy until progression, death or
loss of follow-up. Local control was compared between the 2D and uncorrected subgroup using Gray’s test®. A
proportional subdistribution hazards regression model®® was used to account for other known prognosticators®”
oflocal control in multivariate analysis. As common in brain metastases, melanoma, renal cell cancer and sarcoma
were considered radioresistant histologies®®. Overall survival was calculated at patient level from the date of the
first stereotactic radiotherapy until death or loss to follow-up and evaluated according to the Kaplan-Meier
method®. Differences in overall survival between patients with 2D-corrected and uncorrected planning MRI at
first stereotactic radiotherapy were assessed by the log rank test'**!. The location of metastases in reference to
the brain surface was automatically calculated. In brief, the brain was auto-segmented using the HD-BET deep
learning pipeline?, subsequently the brain and brain metastasis label map segmentations were converted into
meshes using the 3DSlicer*”® segmentation module and finally the minimum distance between the brain and
tumor surface was calculated using VTK DistancePolyDataFilter**. Metastases with a minimum distance of
1.5 cm or less from the brain surface were considered peripheral and all other tumors were considered centrally
located.

P-values <0.05 were considered statistically significant. Statistical analyses were performed using IBM SPSS
21 and R statistical software (3.5.2) using the R package cmprsk.

Results

2D distortion-corrected MRIs had been used for treatment planning in 52.5% (220/419) of lesions, while
uncorrected MRIs had been employed in the remaining 47.5% (199/419) of metastases. No instance of 3D
distortion correction was identified in the present series. Figure 1 shows four exemplary brain metastases cases
from the uncorrected subgroup with pronounced distortions.

Differences in local control were assessed using the cumulative incidence method and Gray’s test to account
for the competing risk of death. At 12 months post-SRT the cumulative incidence of local progression was 14.3%
in the distortion-corrected group vs. 21.2% in the uncorrected subset and at 24 months the incidence of local
progression was 18.7% vs. 28.6%, respectively (p=0.038, Gray’s test, Fig. 2).

To exclude confounding by primary tumor histology we performed a subgroup analysis for the largest
subgroup of melanoma brain metastasis (n=178). For melanoma brain metastases, the cumulative incidence
of local progression was 16.8% vs. 30.0% at 12 months and 19.9% vs. 31.9% at 24 months for 2D-corrected and
uncorrected planning MRIs, respectively (p=0.120, Fig. 3).

When limiting the analysis to the subgroup that received stereotactic radiotherapy without adjuvant whole-
brain radiotherapy (246/419), local progression was 16.2% vs. 25.5% at 12 months for corrected vs. uncorrected
planning MRI (p=0.053, Gray’s test). Conversely, in the subgroup treated with additional adjuvant whole-
brain radiotherapy, local failures were reduced overall and the difference between corrected and uncorrected
pretreatment MRI was less pronounced (5.1% vs. 9.6% at 12 months, p=0.179).

Using competing risk regression, the effect of distortion correction on local control was subsequently assessed
in multivariate analysis. Accounting for histology, baseline tumor volume, the time interval between MRI and
treatment delivery, year the planning MRI was performed as well as for adjuvant whole-brain radiotherapy and
biologically effective dose, distortion correction remained significantly associated with improved local control
(HR=0.55, p=0.020, Table 2).

The impact of distortion correction was more pronounced for peripheral compared to centrally located
metastases (Fig. 4). For peripheral metastases, cumulative incidence of local progression at 12 months was
13.9% for distortion-corrected vs. 27.1% for the uncorrected planning MRI datasets (p =0.064). Conversely, the
difference at 12 months was only 14.4% vs. 18.3% for centrally located metastases (p=0.310). In multivariate

analysis including adjuvant WBRT, BED,, , ..., imaging-treatment time interval, tumor volume, year of the
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Fig. 1. Exemplary cases from the uncorrected subgroup with considerable distortions. Uncorrected MR
images are shown overlaid by uncorrected and corrected GTV contours. Red contours depict the uncorrected
GTYV perimeter, green contours display the corrected tumor outline after 3D distortion correction for gradient
nonlinearity-induced distortions.
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Fig. 2. Cumulative incidence of local progression in brain metastases, in which treatment planning was based
on a 2D distortion-corrected MRI (“2D”, blue, n=220) or an uncorrected MRI dataset (“ND”, red, n=199).
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Fig. 3. Cumulative incidence of local progression in the subset of melanoma brain metastases for treatment
planning on 2D distortion corrected (“2D”, blue, n=_80) and uncorrected (“ND”, red, n=98) MRI datasets.

Univariate Multivariate
Parameter HR | p-value | HR | p-value
Distortion correction, 2D vs. ND 0.62 | 0.038 | 0.55 | 0.020
Adjuvant WBRT 0.42 | 0.001 0.61 | 0.280
BED,, o Gy 0.97 [0.002 |0.99 |0.310
Time period of planning MRI, year 0.97 | 0.326 0.99 | 0.981
Interval between MRI and treatment, days | 1.01 | 0.380 1.02 | 0.180
Baseline tumor volume, cm? 1.01 | 0.360 1.02 | 0.110
Radioresistant histology® 1.39 | 0.150 1.23 | 0.400

Table 2. Prognostic factors for local control on univariate and multivariate proportional subdistribution
hazards regression analysis (Fine and Gray), n=419. HR Hazard ratio, WBRT Whole-brain radiotherapy,
BED, | o Biologically effective dose for an alpha/beta ratio of 12, linear-quadratic-cubic model. RMelanoma,
sarcoma and renal cell carcinoma were classified as radioresistant histology. Significant values are in bold.

planning MRI and radioresistant histology as additional covariates, distortion correction status was a significant
prognostic factor for peripheral (HR 0.34, p=0.018) but not for centrally located metastases (HR 0.73, p=0.324).

Most MRI datasets in the present cohort had been obtained at 1.5 T systems (90.5%), whereas only 9.5%
of datasets were acquired at 3.0 T. All MR datasets acquired at 3.0 T had 2D distortion correction activated
(Table 1). However, 3.0 T field strength was not a significant prognostic factor in either univariate (HR 1.09,
p=0.800) or multivariate analysis (HR 1.48, p=0.348). Distortion correction status remained a significant
prognostic factor, when field strength was added to the multivariate regression model (HR 0.51, p=0.014). In
an additional sensitivity analysis, BED was calculated according to the linear-quadratic (BED, ,) instead of
the linear-quadratic-cubic model (BEDIZ-LQC)' For the LQ model, an a/f ratio of 20 was assumed for SRT, based
on the work of Redmond et al.*>, while an a/B ratio of 10 was applied for WBRT. The BED,) 4 provided results
comparable to those of the BED,, ; . and was a significant prognosticator in univariate (HR 0.97, p=0.002),
but not in multivariate analysis (HR 0.99, p=0.352). Notably, distortion correction status remained a significant
prognostic factor (HR 0.55, p=0.021), when BED,, , was used in place of BED , | - in the multivariate model.

No significant difference in overall survival was observed between the distortion-corrected and uncorrected
subgroup (log rank p=0.782). The 1-year overall survival was 52.3% for the corrected vs. 57.5% for the
uncorrected subgroup while 2-year survival was calculated as 33.2% vs. 36.1% (Fig. 5).

Discussion

While magnetic resonance imaging (MRI) for target delineation in brain tumors was introduced many decades
ago!646-48 the significance of pretreatment MRI quality for treatment outcomes is recently becoming recognized
more widely**=%. In 2015, Seymour et al. were the first to demonstrate the prognostic significance of the time
interval between planning MRI and SRS for subsequent local control. While they observed a local control rate
of 95% at 6 months post-SRS, if the planning MRI had been performed less than 14 days before SRS, control
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Fig. 4. Cumulative incidence of local tumor progression according to the distortion correction status shown
separately for peripheral (A) and centrally located lesions (B). increased difference between 2D distortion-
corrected (“2D” blue) and uncorrected MRI datasets (“ND”, red) in metastases with peripheral location.
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Fig. 5. Overall survival for the distortion-corrected (“2D”, blue, n=220) and uncorrected (“ND’, red, n=199)
subgroup.

dropped to a mere 56% if the interval was greater'®. Since then the high relevance of up-to-date MR imaging
for treatment planning has been confirmed by numerous studies'>!*?1?2 with Salkeld et al. even reporting
considerable anatomical changes within imaging intervals of less than 8 days!*.

Gradient nonlinearity-related distortions caused by physical limits in gradient coil design generally are the
most relevant type of image distortions in brain MRI*!*2, As gradient nonlinearities increase with distance from
the MRI isocenter, distortions intensify in centrifugal direction and may reach several millimeters at the brain
surface!>16:18:21.2255 While severe cases may lead to a characteristic barrel aberration!®, more subtle distortions
on the order of few millimeters are nearly impossible to identify, even when coregistering to a planning CT.
Fortunately, as gradient nonlinearity-related distortions are a constant property of the gradient coil set known
to the manufacturer'®?!, they can be corrected using vendor-specific distortion correction. Vendor-specific
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distortion correction is typically applied as a post-processing step using an image warping technique, similar
to deformable registration, which necessitates resampling and incorporates intensity correction®"?*3!. Most
modern scanners provide options for 2D and 3D distortion correction. While 2D distortion correction is limited
to in-plane distortions, 3D distortion correction addresses both in-plane and through-plane distortions®®.

A large number of important studies has been performed in various types of non-anthropomorphic
phantoms to characterize distortions in MRI and to evaluate methods for correction!>!¢1921:2231 However,
results of these studies are frequently difficult to transfer into the clinical setting. Therefore, the actual clinical
relevance of distortion correction for brain stereotactic radiotherapy has largely remained elusive to this date.
This circumstance may also have contributed to an overall low awareness of MR image distortions in the general
radiation oncology community. We identified one simulation study that addressed the clinical significance of
MRI distortions in brain stereotactic radiotherapy. In this study, Seibert et al. compared 3D corrected with
uncorrected MR images. They found a median metastasis displacement of 1.2 mm and a maximum displacement
of 3.9 mm in uncorrected images. Following the results of this simulation study, geographic miss would have
occurred in 8 out of 28 evaluated lesions if uncorrected MR images had been used?®.

In a retrospective simulation study, Ohira et al. recently showed the dosimetric implications of MR distortion
on brain stereotactic radiotherapy. 3D correction reduced the underdosage of the GTV significantly as a function
of the distance from the isocenter. A 5% relative dose difference at the 98%-isodose was observed at 48 mm from
the MR isocenter for non-corrected images compared with 70 mm for 3D-corrected images®®.

While expert consensus and recent guidelines define vendor-specific 3D distortion correction as a minimum
requirement for brain stereotactic radiotherapy to minimize gradient nonlinearity-induced distortions and
to reduce total distortions to below 1 mm, corresponding clinical data are scarc>®. To further elucidate the
significance of distortion correction on clinical outcomes, we reviewed a historic cohort of brain metastases
patients treated with stereotactic radiotherapy comparing real clinical results achieved with 2D distortion-
corrected and uncorrected MRI datasets. Using competing risk analysis, we found local failure to be significantly
and substantially reduced in the subset of metastases treated based on 2D distortion-corrected MRI. The two
cohorts showed some imbalances across major prognostic factors for local control (Table 1). For instance, a
statistically significant imbalance between single session and fractionated stereotactic radiotherapy was
observed. However, while there were statistically significant differences in the distribution of the primary
histology, the frequency of radioresistant histologies did not differ significantly between the two subsets.
To further exclude confounding by the primary tumor histology, we performed a subgroup analysis for the
largest subset of melanoma brain metastases (n=178, Fig. 3). The subgroup analysis indicated a reduction
of local failures for melanoma brain metastases with distortion correction (12-months 16.8% vs. 30.0%) and
therefore showed the same overall trend as for the whole cohort. However, statistical significance could not be
demonstrated (p=0.120). To further account for known prognostic factors of local control in brain metastases,
we performed a multivariate competing risk analysis, in which distortion correction remained significantly
associated with improved local control. To adjust for potentially confounding changes in imaging or treatment
delivery over the 12-year study period, the year of the planning MRI was included in the multivariate analysis.
The year of the planning MRI was not found to be a significant prognostic factor in univariate or multivariate
analysis (HR 0.97, p=0.326 and HR 0.99, p=0.981 respectively), while distortion correction remained the most
important multivariate prognostic factor (HR 0.55, p=0.020). Finally, our analysis revealed that the impact of
distortion correction was significantly more pronounced for peripheral brain metastases compared to those
located centrally (Fig. 4). Since gradient non-linearity-related distortions intensify with increasing distance from
the scanner isocenter, this observation further supports the causal relationship between enhanced geometric
accuracy achieved through distortion correction and improved clinical outcomes. This study therefore is the
first to provide clinical evidence that distortion-correction does improve local control in brain stereotactic
radiotherapy. This adds to the growing body of literature indicating that optimal pretreatment MR imaging
substantially influences actual clinical outcomes in radiation oncology.

However, no significant impact of 2D correction on overall survival was observed in the present cohort
(12 months OS, 52.3% vs 57.5%, p=0.782). This finding aligns with existing literature indicating that enhanced
local control of brain metastases does not necessarily translate into improved overall survival for an unselected
population®. Furthermore, there are methodological limitations regarding the assessment of overall survival in
this cohort. For instance, important prognostic parameters such as systemic tumor burden and extracerebral
tumor control were not captured. Additionally, the long observation period of over 12 years hinders interpretation
of survival outcomes and the statistical power was not sufficient to detect significant differences in overall
survival.

Consistent with previous studies, we found that increasing time intervals between MRI and stereotactic
radiotherapy were associated with reduced local control (HR 1.02 per day in multivariate analysis). However,
this parameter did not reach significance in the present analysis (p=0.180 in multivariate analysis), which can
be explained by the fact that the median interval between stereotactic radiotherapy and planning MRI was
only 9 days. The number of lesions with very high time interval consecutively might have been too low to
achieve statistical significance. Some patients received WBRT prior to SRT which could have allowed tumor
growth or swelling, which in terms could have affected SRT precision. To account for this, we included WBRT
in the multivariate analysis, where the effect of distortion correction remained significant. Mechanistically,
distortion correction is unlikely to affect the efficacy of adjuvant WBRT. However, irrespective of the delivery of
adjuvant WBRT, the use of uncorrected MRI datasets for treatment planning compromises the accuracy of SRT.
Supporting this assumption, the application of 2D distortion correction was also associated with improved local
control within the WBRT subgroup in this series (5.1% vs. 9.6% at 12 months), though the difference did not
reach statistical significance (p=0.179).
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It has to be noted that distortion correction could have achieved improved local control not only by a more
accurate depiction of real tumor boundaries that avoided marginal miss as in the study by Seibert et al., but
also by improvements in MRI-to-CT coregistration, that may have been impaired by distortions near the brain
and skull surface as well as accompanying shifts in signal intensity in uncorrected images. We are currently
comprehensively investigating these mechanistic questions that were out of the scope of the present work.

While we were only able to evaluate the effects of 2D distortion correction in this historic series, it has
to be stressed that vendor-specific 3D distortion correction is currently considered a minimum requirement
for radiotherapy treatment planning®’. Enabling vendor-specific 3D distortion correction at the MR scanner
unfortunately is not an all-in-one solution to comprehensively address all distortions in MR images, however.
Even after vendor-specific 3D correction, residual gradient nonlinearity-related distortions may remain that
could require additional correction. Current expert consensus therefore recommends to characterize these
residual distortions via phantom measurements and to apply additional corrections if necessary®.

Moreover, additional types of MRI distortions that are not addressed by distortion correction are relevant for
brain stereotactic radiotherapy. Inhomogeneities in the main magnetic field, which arise because of residual magnet
imperfections and because of magnetic field perturbations individually induced by the patient anatomy itself,
also cause distortions®>*. Instead of applying distortion correction as a post-processing step these distortions
can be addressed by patient-specific active shimming and by setting an RT-optimized pixel-bandwidth during
sequence acquisition”?*. Beyond distortion correction, numerous quality requirements for MRI simulation
in cranial stereotactic radiotherapy have been outlined in recent guidelines®’. These include selecting optimal
sequence protocols, defining radiotherapy-optimized sequence protocol parameters, minimizing imaging-to-
treatment intervals, performing MRI in the radiotherapy treatment position, and conducting regular quality
assurance, among other measures®’. Dedicated MRI simulation programs for radiotherapy treatment planning
have recently emerged as an interesting model to comprehensively address these requirements and have been
established at multiple centers®*°!.

Limitations

Due to the retrospective nature of this study, confounding effects cannot be excluded. Imbalances between
the 2D corrected and uncorrected subset could have influenced results. Influences of additional confounders
such as the long investigational interval of 12 years, outdated patient cohort, heterogeneity of used MR scanner
models, differences in radiotherapy techniques and systemic treatments could have impacted the results. In this
retrospective analysis, frequency and modality (1.5 T, 3 T) of the acquired follow-up MRs was not standardized
and could have affected the outcomes. Also hidden confounders are possible in retrospective series. However, no
other study design would have been ethically acceptable.

Conclusion

This is the first study to evaluate the impact of MRI distortion correction on local control in stereotactic
radiotherapy for brain metastases. In this historic series, we found significantly higher local control when
using 2D corrected vs. uncorrected MRI studies for treatment planning. These results stress the importance of
assuring that MR images used for radiotherapy treatment planning are properly distortion-corrected. Recent
expert-based guidelines should be followed when using MR imaging for radiotherapy target delineation®”¢!.
Optimizing MRI for radiotherapy treatment planning might be an important area of research to further improve
patient outcomes in radiation oncology.

Data availability

The analyzed data are available from the corresponding author upon reasonable request.
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