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Abstract

Purpose—Anatomic distortion is present in all MRI data due to non-linearity of gradient fields
and measures up to several millimeters. We evaluate the potential for uncorrected MRI to lead to
geometric miss of the target volume in stereotactic radiosurgery (SRS).

Methods and Materials—Twenty-eight SRS cases were studied retrospectively. MRIs were
corrected for gradient non-linearity distortion in three dimensions, and gross tumor volumes
(GTVs) were contoured. The manufacturer-specified distortion field was then re-applied to GTV
masks to allow measurement of GTV displacement in uncorrected images. The uncorrected GTV
was used for SRS planning, and the dose received by the true (corrected) GTV was measured.
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Results—Median displacement of the GTV due to gradient distortion was 1.2 mm (interquartile
range 0.1 mm - 2.3 mm), with a minimum of 0 mm and a maximum of 3.9 mm. Eight of the
twenty-eight cases met a priori criteria for “geometric miss.”

Conclusions—While MRI distortion is often subtle on visual inspection, there is a significant
clinical impact of this distortion on SRS planning. Distortion-corrected MRI should uniformly be
used for intracranial radiosurgery planning because uncorrected MRI can lead to potential
geometric miss.

Introduction

Stereotactic radiosurgery (SRS) depends on highly accurate image guidance. For intracranial
SRS, planning is generally based on magnetic resonance imaging (MR imaging, or MRI)
because of its superiority to computed tomography (CT) in soft tissue contrast and
sensitivity for delineating radiation targets and normal brain tissue [1-3]. However, MRI is
subject to anatomic distortion from multiple sources, including static-field inhomogeneity,
eddy currents, and gradient field non-linearity [4-6]. If uncorrected, this anatomic distortion
might lead to missed targets and unnecessary treatment of normal brain tissue [7]. While
MR physicists have long known of this problem and have developed methods to correct it,
image processing is typically the purview of diagnostic radiology departments, where the
primary concern is generally qualitative tissue contrast, not millimeter-level anatomic
accuracy. As such, radiation oncologists and neurosurgeons performing radiosurgery are
often using MR images for radiation planning that are uncorrected or only partially corrected
(e.g., in only 2 dimensions). Small distortion effects due to gradient field non-linearity on
modern scanners may go unnoticed on visual inspection and yet might still be meaningful in
the accuracy of precision radiosurgery.

Gradient magnetic fields are required for spatial localization in MRI. Generating images
from raw MR data assumes that the gradient fields are linear, but there is some geometric
distortion of every MRI due to gradient non-linearity, regardless of the MRI sequence. This
non-linearity is more severe on newer scanners with faster and more powerful gradient coils
at the expense of intentionally compromising linearity [8, 9]. The magnitude of gradient
non-linearity distortion has generally been reported up to 4-6 mm—uwith some reports of
greater than 10 mm—and often represents the largest source of uncorrected distortion [6,
10-12].

As gradient non-linearity is part of the design specifications of MR systems, manufacturers
can calculate how the images are expected to be distorted [13, 14]. Moreover, the distortion
due to gradient non-linearity can be corrected computationally in three dimensions using the
parameters known to manufacturers [13-16]. Nevertheless, these corrections are not
universally applied in the clinical setting [16, 17], perhaps because the problem is not widely
understood by clinicians or because the effects are assumed to be too small to be clinically
meaningful. For neuroradiologists reading the high resolution MRI studies to evaluate the
evolution of a lesion over time, slight anatomic distortions may not be clinically relevant.
However, radiation oncologists can accept the images they are provided for SRS planning
without realizing that diagnostic radiologists may choose to allow some geometric
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inaccuracy in the interest of preserved image sharpness (i.e., avoiding correction of images
to avoid interpolation steps that blur the images). A standard procedure for comprehensive
correction of MRI distortion has not been established, though the American Association of
Physicists in Medicine (AAPM) has begun efforts to produce a guideline [18].

In this study, we seek to explicitly evaluate the clinical impact of gradient non-linearity
distortion in intracranial radiosurgery planning. Previous studies have presented methods for
correction of measured distortion using MRI phantoms, establishing a solid theoretical
framework for understanding the problem and its potential solution [13, 16]. To study the
effect of this distortion on accuracy of intracranial SRS, MR images of patients with brain
targets treated with SRS are compared before and after correction for distortion. We
hypothesized that displacement of targets due to gradient non-linearity distortion on modern
MR systems may be sufficient to cause geometric miss in SRS. To our knowledge, this is the
first study to assess the effect of gradient non-linearity on target coverage in patients
undergoing SRS.

Methods and Materials

Patients and imaging

We performed a retrospective analysis of 28 consecutive intracranial radiosurgery cases
treated in our department from 2011-2014. To meet inclusion criteria, we included cases for
which radiosurgery planning was performed using our institution’s preferred high-resolution
brain tumor MRI protocol on the same scanner. Twenty-eight such cases were identified. All
cases had high-resolution planning MR images acquired on a 3T Signa Excite scanner (GE
Healthcare, Milwaukee, Wisconsin). The current preferred imaging protocol includes pre-
and post-gadolinium 3D volumetric, T1-weighted, inversion recovery spoiled gradient-echo
sequences (TE, 2.8 ms; TR, 6.5 ms; TI, 450 ms; flip angle, 8 degrees; FOV, 24 cm; 0.93 x
0.93 x 1.2 mm; sagittal). All images underwent standard processing, including intensity
normalization and correction for BO inhomogeneity distortion as described previously [19].
Of note, patient-induced susceptibility effects (including from fat/water chemical shift) can
be minimized by using a larger readout bandwidth [20]. A previous study reported sub-
millimeter susceptibility distortion with a bandwidth of 180 Hz/pixel [21]; for images in the
present work, readout bandwidth was 244 Hz/pixel.

MR images were corrected for gradient non-linearity distortion in three dimensions based on
specifications provided by the scanner manufacturer in the form of spherical harmonics [13,
22]. The correction represents a post-processing step that can be applied as desired to raw
images, which remain available for review (e.g., by a radiologist). The algorithm and
software utilized for these corrections has been formally validated previously [13]. It does
not depend on the MR sequence used and can therefore be applied to all images acquired on
a given MR system. This method has been used widely in the neuroimaging literature,
including large, multi-institutional neuroimaging cooperative studies [23] and is freely
available (www.birncommunity.org/tools-catalog/gradient-non-linearity-distortion-
correction). This 3D algorithm was chosen instead of using the distortion correction feature
available on our GE MR system because the latter only corrects in two dimensions.
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Target definition and distortion measurement

A single attending radiation oncologist contoured the gross tumor volume (GTV) on the
corrected high-resolution (0.93 x 0.93 x 1.2 mm) T1 post-contrast MRI. For cases with
multiple brain metastases, a single lesion was selected for simplicity of analysis. The
manufacturer-specified distortion field was then re-applied to GTV masks using the inverse
of the correction algorithm. This step allowed direct comparison of corrected and
uncorrected GTVs on the same MR image, as well as measurements of the changes due to
distortion. Direct comparison in MR space also avoided the introduction of additional
variability through a second contouring step [24]. Displacement of the center of mass of the
uncorrected GTV, relative to its corrected position, was measured for each lesion in
millimeters. Dice similarity coefficients (0—1) were used to measure the degree of overlap of
corrected and uncorrected GTVs.

Gradient non-linearity distortion has been reported to increase with distance from the center
of the magnetic field [9, 12, 13, 22, 25]. To investigate this effect in our own data, we
calculated the Euclidean distance (in 3D) of the center of mass of the true, corrected GTV
from the magnet isocenter. We then correlated this distance from isocenter with the
measured displacement of each GTV center of mass when distortion was not corrected. A
correlation coefficient is reported, along with a p-value for difference from zero correlation.

Some MR systems come equipped with software to correct gradient non-linearity distortion
in 2 dimensions (2D) only, leaving the through-plane distortion effects uncorrected. Such a
system is available on the MR system used for this study. To assess whether 2D-only
correction would be adequate for SRS treatment planning, we performed an additional
analysis of one-dimensional displacements of the treatment targets. 2D-only algorithms
correct the in-plane distortion, so their efficacy for a particular target depends on the slice
acquisition plane. SRS planning requires accuracy in all 3 dimensions, and slice acquisition
could be done in any plane chosen by the radiologist. Any of the standard planes (coronal,
sagittal, or axial) potentially could have been used for the patients in this study, so the
through-plane distortion was calculated for each of these options. The maximum of the 3
displacements (i.e., corresponding to the worst acquisition plane for that target, in terms of
distortion) was taken for each target and compared to the corresponding displacement
without 2D or 3D distortion correction.

Radiosurgery Re-planning

To assess the clinical significance of anatomic distortion, an SRS plan was generated using
each uncorrected GTV, and these plans were evaluated for coverage of the corrected GTV to
demonstrate the dose distribution that would be achieved if the gradient non-linearity
distortion had not been corrected. Analyses were performed in corrected MRI space, as
described above, to isolate the distortion effect and avoid confounding with registration
effects. CT data from each patient was used only to calculate absorbed dose. Co-registration
was achieved with a validated automated algorithm [26] and verified by visual inspection by
a radiation oncologist and radiologist. The corrected MR images best approximate the
anatomical accuracy of CT, so these images were used for the co-registration. The same
registration (i.e., transformation matrix) was applied to both the corrected and uncorrected
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MR data to maintain the relative positions of the two GTVs and to allow study of the effect
of MR distortion independent of registration factors. Plans were generated using volumetric
modulated arc therapy (Eclipse software system, Varian Medical Systems, Palo Alto, CA).
Radiosurgery prescription dose was determined by size of the GTV per routine clinical
practice at our institution, and all analyses compared relative dose. No margin was included
for setup error, as this will vary across institutions and would only exacerbate any distortion
effect by increasing the volumes being distorted.

Analyses of geometric miss in original patient position

To assess whether distortion was sufficient to cause a potential “geometric miss” of the
target volume, the dose received by the true (corrected) GTV was measured for plans where
the uncorrected GTV was the planning target. In our institution’s clinical practice, plans are
considered inadequate if greater than 2% of the planning target receives less than 100% of
the prescription dose (i.e., V100 less than 98%). A recent cooperative group SRS clinical
trial deems a plan a Major Deviation from protocol if any portion of the target receives less
than 90% of the prescribed dose [27]. In this analysis we chose to highlight particularly
inadequate plans by defining criteria for a plan leading to a “geometric miss”. The true GTV
was considered to be missed in this study if more than 10% of the volume received less than
90% of the prescription dose (i.e., V90 < 90%). Additionally, if the under-dosed (<90% of
prescription) portion of the true GTV was greater than 125 mm?3 (equivalent to a cube with 5
mm sides), the distortion effect was also deemed to have caused a geometric miss. In our
practice, we frequently treat tumors of this volume, so undertreating 125 mm3 of tumor
tissue is considered clearly unacceptable. Both of these criteria represent a gross violation
beyond the Major Deviation criterion in the clinical trial.

Analyses of geometric miss in alternate patient positions

Results

Patient position in the MR scanner is typically influenced by patient comfort and user
variability by MR technologist. However, positioning may have a non-intuitive impact on the
magnitude of distortion because the gradient non-linearity effect is a property of the precise
position in the scanner. To evaluate whether reasonable changes in position might increase
distortion effects, we repeated the above analysis, this time applying the distortion field to
the contoured GTV after assuming one of 15 probable alternate positions. Included alternate
positions were a rotation of 10 degrees in any plane; 10 cm farther or nearer into the bore;
2.5 cm to the left or right on the table; 2.5 cm up off the table (e.g., an extra pad under the
head); and either 20 or 30 degrees rotation in the sagittal plane, which we have found in
clinical observations to be the most variable direction of motion in patient positioning. All
analysis metrics described above were repeated for the “worst case” alternate position,
meaning the alternate position for each patient that gave the largest displacement of the
center of mass. Potential geometric misses using the alternate, uncorrected GTV were also
again determined using the same criteria as for the original, uncorrected GTV.

Twenty-eight intracranial radiosurgery cases were identified for inclusion in this study
(Table 1). The median target volume was 995.7 mm3 (interquartile range 261.6 — 4703.1
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mm3), with a corresponding median equivalent sphere diameter of 6.2 mm (interquartile
range 3.9 — 10.4 mm).

Distortion from gradient non-linearity caused a maximum displacement of targets of up to
3.9 mm (Table 2). The median displacement was 1.2 mm. While twenty-five percent of cases
had displacement less than 0.1 mm, the worst twenty-five percent of cases had displacement
greater than 2.3 mm. Visual examples of how contours are affected are demonstrated in
Figure 1. When small shifts in patient MRI position were allowed, distortion for the least
favorable alternate positions produced a median displacement of 1.9 mm, and the worst
twenty-five percent of cases had displacement greater than 3.4 mm. Allowing for reasonable
alternate positions, the greatest displacement measured in this study was 7.8 mm (Table 2).

Displacement of the target (in 3D) was significantly correlated with its Euclidean distance
(in 3D) from the center of the magnetic field of the MR system. The correlation coefficient
was r=0.79 (p< 1075). A scatter plot showing the results is shown in Figure 2.

Correction of distortion in 2 dimensions alone only partially reduced the maximum
displacement (Table 2). The median reduction with 2D-only correction was 0.05 mm. Only 2
(of 28) targets had a reduction in maximum potential distortion greater than 0.5 mm. The
target subject to the most displacement with no distortion correction (3.9 mm) was still
displaced by 3.8 mm when only 2D correction was applied.

Comparing the volumes from uncorrected and corrected MRI, respectively, the median Dice
similarity coefficient was 0.86 for MRI with the patient in his or her original position (Table
2). The first and third quartiles for Dice similarity were 0.79 and 1.00, respectively. The
most concerning case by this measure had a Dice coefficient of 0.15. Among least favorable
alternate MRI patient positions, the median displacement was 0.79, with first and third
quartiles of 0.60 and 0.92, respectively. The most concerning case had a Dice coefficient of
0.00, indicating there was no overlap between the corrected and uncorrected volumes.

Table 3 shows the number of cases (out of 28 total) that were deemed inadequate by various
criteria. Twenty of the twenty-eight true targets in this study failed to meet the criterion for
SRS plan adequacy in our routine practice, namely that at least 98% of the planning target
receive the full radiation dose as prescribed. A more lenient standard was applied to define
geometric misses. As described above, a true target was considered “missed” in the plan if
more than 10% or more than 125 mm? of its volume received less than 90% of the intended
dose. By the 10% criterion, four of the cases represented a geometric miss. An additional
four cases met the 125 mms3 criterion, bringing the total number of geometric misses to eight
of twenty-eight cases. When alternate MRI positions were explored, it was found that ten
cases met the 10% criterion for geometric miss, and ten cases met the absolute volume
criterion (Table 3). Some of these cases failed by both criteria, so the total number of cases
at risk for geometric miss increased to thirteen of twenty-eight with only slight shifts in
patient position at time of MRI acquisition.

Radiosurgery plans generated using the uncorrected MRI target gave excellent coverage of
the uncorrected target used in the plan, but were often inadequate for coverage of the true
target. All radiosurgery plans met the optimization criterion of at least 98% of the
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uncorrected (planning) target receiving at least 100% of the prescription dose (Online
Resource 1). However, the percent of the true target receiving the full prescription dose was
a median of 94.5%, with interquartile range of 84.4% — 98.0%. One case (the smallest target
volume in the study, at 11 mm3) had only 1.8% of the true target volume receiving the
prescription dose. In the analysis with alternate MRI patient positions, the median percent of
true target receiving the prescription dose was 86.0%, with interquartile range 71.5% —
95.0%. The case with the smallest target volume had the true target completely outside the
100% isodose line.

Discussion

Distortion from gradient non-linearity in MRI can be sufficient to cause geometric miss of
brain targets in intracranial stereotactic radiosurgery. Our findings demonstrate that using
uncorrected MRI to delineate brain targets may yield contours that are displaced from the
actual target position by several millimeters. This finding is consistent with the degree of
distortion measured in previous MR studies [6, 10-12]. For highly conformal plans, such as
those used in SRS, our findings suggest that those several millimeters are enough to result in
considerable under-dosing of the true target or tumor. In the absence of distortion correction
for gradient non-linearity, these shifts may go undetected by physicians and physicists, and
resulting geometric misses might be interpreted as treatment failures because SRS planning
software will report that the (displaced) target was well covered by adequate radiation doses.

In the absence of distortion correction, 8 of 28 lesions studied would be “missed” (i.e.,
undertreated) using the fairly liberal criteria that more than 10% or 125 mm?3 (equivalent to a
cube with 5 mm sides) of the true tumor received less than 90% of the prescription dose. In a
recent cooperative group clinical trial for SRS, any portion of the target volume receiving
less than 90% of the prescription dose was considered a Major Deviation from protocol; the
geometric misses highlighted in the present study would therefore represent gross violations
beyond the minimum threshold for Major Deviation [27]. When slight adjustments to the
patient’s head position in the MRI system were explored, an additional 5 lesions were found
to be at risk of frank geometric miss by these criteria (i.e., the lesion would have been
missed in at least one alternate head position), bringing the total number of potentially
missed lesions to 13 of 28. Moreover, the maximum potential displacement of a tumor was
measured at nearly 8 mm. Patient positioning is often not tightly controlled when obtaining
diagnostic MRI, and the present results illustrate the significant impact even slight position
changes can have on the magnitude of distortion at the site of the target or tumor. There is no
a prioriideal position for the patient’s head for purposes of minimizing distortion near the
target, especially since the location of the treatment target is often not known before the
MRI is obtained. The safest way to avoid missing targets with SRS is to correct for gradient
non-linearity distortion.

These results are the first to demonstrate underdosing of brain lesions with linear
accelerator-based SRS due to the isolated effect of gradient non-linearity distortion. A 2010
study using cobalt-based radiosurgery on a spherical phantom predicted that MRI distortion
could lead to underdosing of SRS targets compared to plans using CT [28]. Similarly, a 2014
study, also using cobalt-based SRS, found that uncorrected distortion due to BO field
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inhomogeneities can lead to underdosed tumors [29], but it did not assess the effect of
gradient non-linearity, which is often the dominant source of distortion in standard MRI [12,
16]. This is in contrast to some older studies that measured MRI distortion and concluded
the magnitude of the distortion was not problematic for radiotherapy planning [30]).

The AAPM has an active Task Group (number 117) that is discussing quality control
procedures for spatial accuracy for MRI-guided SRS, but a formal guideline is not currently
available. A previous AAPM report in 2005 warned that users should verify whether the
stereotactic software they employ is able to detect and correct MRI distortion, as not all
commercial platforms have these capabilities [31]. For acceptance testing of MRI facilities,
a 2010 AAPM report recommends the measurement of the diameter of a phantom on MRI
should be within 2% of the true diameter [32]. The American College of Radiology (ACR)
MR Accreditation Phantom has a diameter of 190 mm, so 2% implies expected errors up to
3.8 mm in either direction, which is similar to the distortions causing geometric miss in our
study. For its own accreditation, the ACR limits errors to within = 2 mm [33], but this is still
only for a simple measurement of a phantom diameter.

Even when an MR system can demonstrate compliance with the phantom measurements
described by the AAPM and ACR, meaningful distortion may still be present. First, the
diameter of a phantom is hardly comprehensive, as the pattern of distortion in MRI is neither
homogeneous nor linear. Second, as AAPM Task Group 1 notes, the phantoms used for the
measurements typically cannot be rotated vertically within the phased-array head coils used
for modern brain imaging, so only one special case of phantom position is being tested [32].
Due to the position and location dependent nature of MRI distortion, it is unlikely a
phantom-based quality assurance program can be devised to give geometric accuracy
superior to prospective correction of the distortion in images from individual patients.

While manufacturer-supplied software is available in some cases to correct for gradient non-
linearity, 3D correction is a relatively new offering by the major vendors of MR systems.
Further, to our knowledge, these algorithms have so far all been limited to MR data acquired
in 3D, rather than the 2D slice acquisition more common in diagnostic radiology. Therefore,
3D correction by vendor-supplied algorithms is really only available to those who have
recently purchased it and are careful to ensure MR images used for SRS planning were
acquired with a 3D pulse sequence. This is an excellent option that will hopefully become
more prevalent with adoption of the newest technology.

Vendor-supplied 2D-only gradient non-linearity correction is available on many systems,
including the one used for the present study. 2D-only correction is helpful for qualitative
assessment in diagnostic radiology, but it is an intuitively problematic approach in
radiotherapy, where 3D accuracy is important. We have shown here that 2D-only correction
may be inadequate for the prevention of meaningful shifts in SRS targets because the
maximum displacement can remain large. This is consistent with other reports in the
literature. For example, a recent study using an MR phantom found that 3D correction was
superior to 2D-only correction. The authors also made the important observation that 3D
correction actually also improves the in-plane slice accuracy over 2D-only algorithms
because the 2D algorithms depend on the estimated 3D distance from isocenter to calculate
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distortion effect [25]. Another phantom study found that 2D-only correction merely reduced
maximal distortion in their experimental conditions from 3.4 mm to 3.2 mm, numbers that
are quite similar to those reported in the present work [9].

One alternative to correcting for distortion could be to increase the treatment margin to
account for it. The primary disadvantage to this approach is the increased planning target
volume, which for most brain metastases may be normal tissue that might otherwise be
spared. It is also difficult to predict the appropriate margin given the differences in
magnitude of distortion between different cases. In our original analysis, the largest
displacement of a GTV center of mass was close to 4 mm. For example, to add a symmetric
margin of 4 mm to a spherical tumor with 1 cm diameter implies a 6-fold increase in target
volume. The situation is even worse when we consider alternate patient positioning at time
of MRI scan, where an 8 mm margin might be required, implying a nearly 18-fold increase
in target volume for a 1 cm diameter tumor.

Other options are similarly unsatisfying. When comparing CT and MRI, if distortion can be
appreciated by the radiation oncologist or physicist, attempts can be made to compensate
with manual adjustments to improve registration locally near the tumor. Unfortunately, this
would likely prove unreliable and difficult to verify for quality control. Moreover, the effect
of these manual adjustments on avoidance structures or additional metastases would be
unpredictable. Finally, one might attempt to predict which patients are at risk of meaningful
distortion of targets (or organs at risk) in order to refer these patients to a center using
distortion correction. Unfortunately, this type of prediction is difficult, as the degree of
distortion is dependent on the position of the various structures within the particular MRI
gradient fields and only indirectly on patient-specific characteristics such as anatomic
location of a tumor. The best predictor of gradient non-linearity effect is likely the distance
from isocenter of the target or organ of interest. This method is probably only feasible on
MR systems using isocentric acquisition (such that the center of the static BO field and the
gradient field coincide), with only a single body region imaged in the sequence. In these
conditions, if the distance from magnet isocenter is deemed small, then the risk of large
gradient non-linearity distortion is likely also small. However, if there are multiple structures
of interest (e.g., organs at risk, additional targets), then this process would need to be
performed for each structure, taking the maximal distance from isocenter in each case. This
is a potentially tedious, though feasible, approach to identifying patients who require
corrected MRI.

Intuitively, it might be expected that the risk of missing a target completely is highest when
the target volume is small. However, the risk of missing tumor tissue is really a function of
displacement more than anything else. A small tumor may be located near the magnet
isocenter and experience virtually no distortion, therefore incurring a low risk of distortion-
related geometric miss, whereas a large tumor that extends to the periphery of the brain may
be subject to a relatively large displacement. Where the target size does seem to play a role
is in which criterion for geometric miss it is more likely to violate. Targets in this study
where >10% of the volume was underdosed were more likely to be smaller (median volume
213 mm3, compared to a median of 996 mm3 across all patients). Conversely, targets where
the absolute volume of underdosed GTV was >125 mm3—not surprisingly—tended to be
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larger (median volume 5858 mms3). For example, one patient had a target whose volume was
5348 mm3, and though 95% of the target received at least 90% of the prescription dose
without distortion correction, the underdosed portion was still 267 mm3—Ilarger than the
entire GTV for 7 of the other patients in the study. Accepting this plan would be arguably
equivalent to adequately treating a large metastasis but completely underdosing a smaller
satellite lesion. Minimizing displacement due to distortion should be the primary goal to
ensure adequate target coverage; correcting for the distortion itself is the most direct
approach to that end.

The distortion correction method used in this study has been extensively validated in
previous work. Technical aspects of the method are described elsewhere in detail, along with
the theoretical background and a demonstration of the impact on geometric accuracy [22].
The method was further validated on MR systems from four large, academic medical centers
using both phantom and human data [13]. Using phantom data and MR devices from two
major vendors, the authors showed that measurement of the diameter of a 220 mm phantom
in uncorrected images could be off by more than 15 mm, and 2D-only correction (applied by
default by the scanner software for some of the devices in the study) only reduced maximal
error to approximately 13 mm. With 3D correction, the phantom diameter measurement was
accurate to within 1 mm. The gradient non-linearity distortion method used in the present
paper has been adopted as the standard for multi-institution cooperative imaging initiatives,
including Morphometry Biomedical Informatics Research Network (BIRN:
www.birncommunity.org/tools-catalog/gradient-non-linearity-distortion-correction) and the
Alzheimer’s Disease Neuroimaging Initiative [23]. The method has also been adopted for
vendor-supplied distortion correction features provided with MR systems [9, 12, 25].

Limitations of this study include that the cohort represents a sample from a single institution.
Therefore, the results cannot be used to make extrapolations to predict the prevalence of the
problem in the general population, though the degree of distortion measured here is
consistent with previous studies [6, 10, 11]. To avoid differences in the magnitude of
distortion across different scanners, our data all come from one scanner—though it is a
modern MR system from a popular vendor, and gradient non-linearity is known to affect all
MRI [4, 5, 8, 9, 13]. Of note, distortion from gradient non-linearity is only one source of
geometric distortion in MRI. Other sources, such as static field inhomogeneity and eddy
currents are also known to affect image accuracy, and these are generally dependent on the
sequence used and the nature of the tissue interfaces imaged, whereas gradient non-linearity
is a function of the MR system itself, regardless of the sequence chosen [4, 5]. Efforts to
address sequence-specific distortion have had some success though residual distortion is
often dominated by effects of gradient non-linearity [16, 19, 29, 34, 35]. The present
investigation focuses on the clinical significance of gradient non-linearity effects because
correction of this source of inaccuracy has not been widely adopted in clinical practice [16,
17]. Despite these limitations, our data demonstrate that gradient non-linearity distortion in
MRI can have a meaningful impact on SRS accuracy.

This study was limited to intracranial SRS planning, chosen because of the tight margins and
requirement of high precision in these treatment plans. However, the principles of distortion
in MRI apply to radiation targets and normal structures anywhere in the body, as gradient
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non-linearity will affect all tissues. In fact, MR images of other body sites (e.g., liver or
pancreas) are vulnerable to greater distortion effects because the size of the body implies
some tissues will be farther from the center of the MR bore. Further investigation is
necessary to adequately describe the clinical significance of MRI distortion on stereotactic
and non-stereotactic treatments for any targets using MRI, whenever the treatments require
precise anatomic accuracy.

Conclusions

Gradient non-linearity causes distortion in MRI that can displace intracranial targets by
nearly 4 mm, with the potential for displacement of up to 8 mm. This distortion is sufficient
in some cases to cause geometric miss of SRS targets. Correction of MR images for gradient
non-linearity distortion should be implemented as a routine step for accurate SRS planning.
Each radiation oncology center should review its own process to ensure anatomic accuracy
of MRI for stereotactic radiosurgery, including discussion with radiology departments,
where applicable.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Tlg post-contrast MRI for 3 example patients (A—C). True (corrected) GTV is outlined in
cyan as contoured (left pane). Uncorrected/distorted GTV is outlined in yellow (middle and
right panes). Displacement of centers of mass: 3.4 mm (A), 3.9 mm (B), 3.9 mm (C).
Volume of true GTV not covered by = 90% of prescription dose (shown in red, right pane):
28%, 96 mm3 (A); 11%, 75 mm? (B); 75%, 62 mm3 (C).
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Fig. 2.
Distortion related to distance from isocenter. Displacement from distortion was measured as

the Euclidean distance (in 3D) between the distorted and corrected positions of the center of
mass of the target volume. Distance from isocenter was also measured for the target volume
center of mass as a Euclidean distance in 3D. Each point on the scatter plot represents one
study patient. Gray line is the least squares regression line. Correlation coefficient r=10.79
(p<1079)
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TABLE 1
Cohort Characteristics (n = 28)
Descriptor Number (%) Median (IQR)
Tumor Location (Lobe)
Frontal 14 (50%) -
Parietal 5 (20%) -
Cerebellum 4 (16%) -
Temporal 2 (8%) -
Occipital 2 (8%) -
Brainstem 1 (4%) -

Target Volume (mm3)

995.7 (261.55 - 4703.1)

Target equivalent sphere diameter
(mm)

6.2 (3.9-10.4)
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TABLE 2

Effect of Distortion on Target

Effect of distortion on target

Distortion with patient in original position 1t

Median  1stquartile  3rd quartile  \worst case$

Displacement without correction * Lzmm 0-1 mm 23mm 39 mm
with 2D-only correction 11mm  0.1mm 1.9 mm 3.8 mm
Dice similarity coefficient (0-1) f 0.86 0.79 1.00 015

Distortion with patient in alternate pasitiunl/

Median  1stquartile  3rd quartile  \worst case$
Displacement without correction ™ 1.9mm  0.5mm 3.4 mm 7.8 mm

Dice similarity coefficient (0-1) 7 0.79 0.60 0.92 0.00

*

Displacement without correction = distance in millimeters that the center of mass of the GTV moves when MR images are corrected for distortion
fDice similarity coefficient = degree of overlap between the uncorrected and corrected GTV (1 indicates full overlap; 0 indicates no overlap)
ﬁOriginaI position = refers to the actual MR images with the patient in whatever position he or she was scanned in

Alternate position = refers to images modified to reflect a hypothetical, small change in the patient’s positioning in the MRI system

§Worst case = results of the SRS case with the most severe distortion (i.e., maximal displacement)
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TABLE 3

Effect of Distortion on Target Coverage and SRS Plan

7
)
B
)
@
)

7
)
B
)
c
)

Inadequacy of true target coverage with plans using uncorrected (distorted)

target

Distortion with patient in original U position

No. of cases .
Criterion for inadequate plan (n=28) Median
>2% of target received <100% Rx dose 20 12.3%
>10% of target received <90% Rx dose 4 43.0%
>125mm?3 of target received <90% Rx 258
dose 4 mm3
Geometric miss by criteria (B) or (C) 8 -

Distortion with patfent in alternate’? position

No. of cases
Criterion for inadequate plan (n=28) Median
>2% of target received <100% Rx dose 25 17.8%
>10% of target received <90% Rx dose 10 21.6%
>125mm?3 of target received <90% Rx 359
dose 10 mm3
Geometric miss by criteria (B) or (C) 13 -

Maximum

*

98.2%
74.7%
427 mm3

Maximum
*

100.0%

92.4%

1966
mm3

*
The median and maximum values (across patients) for each criterion are shown

7‘Original position=refers to the actual MR images with the patient in whatever position he or she was scanned in

ﬁAIternate position=refers to images modified to reflect a hypothetical, small change in the patient’s positioning in the MRI system

Geometric miss=a plan is considered a geometric miss if it fails by either criterion (B) or (C)
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