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Abstract
Purpose: Target localization, for stereotactic radiosurgery (SRS) treatment with
Gamma Knife, has become increasingly reliant on the co-registration between
the planning MRI and the stereotactic cone-beam computed tomography
(CBCT). Validating image registration between modalities would be particularly
beneficial when considering the emergence of novel functional and metabolic
MRI pulse sequences for target delineation. This study aimed to develop
a phantom-based methodology to quantitatively compare the co-registration
accuracy of the standard clinical imaging protocol to a representative MRI
sequence that was likely to fail co-registration. The comparative methodology
presented in this study may serve as a useful tool to evaluate the clinical
translatability of novel MRI sequences.
Methods: A realistic human skull phantom with fiducial marker columns
was designed and manufactured to fit into a typical MRI head coil and
the Gamma Knife patient positioning system. A series of “optimized” 3D
MRI sequences—T1-weighted Dixon, T1-weighted fast field echo (FFE), and
T2-weighted fluid-attenuated inversion recovery (FLAIR)—were acquired and
co-registered to the CBCT. The same sequences were “compromised” by
reconstructing without geometric distortion correction and re-collecting with
lower signal-to-noise-ratio (SNR) to simulate a novel MRI sequence with poor
co-registration accuracy. Image similarity metrics—structural similarity (SSIM)
index, mean squared error (MSE), and peak SNR (PSNR)—were used to quan-
titatively compare the co-registration of the optimized and compromised MR
images.
Results: The ground truth fiducial positions were compared to positions
measured from each optimized image volume revealing a maximum median
geometric uncertainty of 0.39 mm (LR), 0.92 mm (AP), and 0.13 mm (SI)
between the CT and CBCT, 0.60 mm (LR), 0.36 mm (AP), and 0.07 mm (SI)
between the CT and T1-weighted Dixon, 0.42 mm (LR), 0.23 mm (AP), and
0.08 mm (SI) between the CT and T1-weighted FFE,and 0.45 mm (LR),0.19 mm
(AP), and 1.04 mm (SI) between the CT and T2-weighted FLAIR. Qualita-
tively, pairs of optimized and compromised image slices were compared using
a fusion image where separable colors were used to differentiate between
images.Quantitatively,MSE was the most predictive and SSIM the second most
predictive metric for evaluating co-registration similarity. A clinically relevant
threshold of MSE, SSIM, and/or PSNR may be defined beyond which point an
MRI sequence should be rejected for target delineation based on its dissimilarity
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to an optimized sequence co-registration. All dissimilarity thresholds calculated
using correlation coefficients with in-plane geometric uncertainty would need to
be defined on a sequence-by-sequence basis and validated with patient data.
Conclusion: This study utilized a realistic skull phantom and image similarity
metrics to develop a methodology capable of quantitatively assessing whether
a modern research-based MRI sequence can be co-registered to the Gamma
Knife CBCT with equal or less than equal accuracy when compared to a
clinically accepted protocol.

KEYWORDS
cone beam computed tomography, co-registration, gamma knife, magnetic resonance imaging,
radiation therapy, skull phantom

1 INTRODUCTION

Stereotactic radiosurgery (SRS) is a radiation ther-
apy technique, which utilizes precisely focused pho-
ton beams to deliver a highly concentrated dose to
a target area, often in a single treatment session,
with high spatial accuracy and steep dose gradients
to minimize injury to the surrounding healthy struc-
tures. Gamma Knife radiosurgery is a cranial SRS
technique, often hypo-fractionated that requires sub-
millimeter accuracy in image guidance to ensure safe
radiation delivery to patients.1 For brain metastases, the
target volume is typically defined using 3D T1-weighted
magnetic resonance imaging (MRI) with gadolinium
contrast enhancement; edema is defined using 3D T2-
weighted MRI; and a geometrically accurate reference
image is obtained using computed tomography (CT).2

Gamma Knife offers cone-beam CT (CBCT) on-board
imaging as stereotactic reference.3 Target localization
for SRS has become increasingly reliant on the co-
registration between the nonstereotactic planning MRI
and stereotactic CBCT.4 Currently, co-registration accu-
racy is qualitatively verified in the treatment planning
software by overlaying the planning MRI on the CBCT
and manually ensuring coincidence of skull-based land-
marks. This process is sensitive to MRI parameters,
particularly those that relate to geometric distortion,
such as B0 strength, receiver bandwidth, and gradi-
ent nonlinearity correction.5 Patient-specific parameters
including motion artifacts and/or susceptibility artifacts
(e.g., permanent retainers) may additionally contribute
to an imperfect co-registration.

With the continuously evolving optimization of MRI
pulse sequences for target delineation comes the need
to validate image registration between modalities,partic-
ularly when considering the use of emerging functional
and metabolic imaging techniques,6 such as magne-
tization transfer (MT) sequences used to distinguish
radiation necrosis from tumour progression.7 Evaluating
the co-registration accuracy of modern research-based
MRI sequences in relation to the standard clinical MRI
sequences used for Gamma Knife is critical to ensure

that modern sequences are being co-registered to the
CBCT with at least equivalent accuracy when compared
to clinical sequences.

Building on previous work8 and relevant Gamma Knife
co-registration literature,9–12 this study aimed to develop
a phantom-based methodology to quantitatively com-
pare the co-registration accuracy of a compromised MRI
sequence with unknown signal and geometric variability
to a standard clinical MRI sequence optimized for tar-
get delineation. Commercially available MRI distortion
phantoms are limited in their ability to validate modern
research-based MRI sequences for the Gamma Knife
workflow since they do not accurately model the geom-
etry, image contrast, and distortion artifacts observed in
the skull of a patient. To overcome these limitations, a
realistic skull phantom was required, which mimicked
some of the challenges in co-registration between MRI
and CBCT.

In this study, a realistic skull phantom was designed
and built to accurately model the geometry and dis-
tortion artifacts typically observed in bone. The skull
phantom was imaged using a variety of MRI sequences,
which were each separately co-registered to a CBCT
volume. Three clinical standard 3D MRI sequences—
T1-weighted Dixon, T1-weighted fast field echo (FFE),
and T2-weighted fluid-attenuated inversion recovery
(FLAIR)—were defined as “optimized” sequences for
image co-registration. For each optimized sequence,
two corresponding “compromised” sequences were
acquired, one reconstructed without geometric distor-
tion correction and the other with low signal-to-noise
ratio (SNR). The compromised sequences represent
two extreme cases of modern research-based MRI
sequences, which are likely to fail when co-registered to
the CBCT. The optimized and compromised sequences
were compared slice-by-slice after co-registration using
various quantitative image similarity metrics to evalu-
ate co-registration similarity. The methods presented in
this study provide a quantitative measure for compar-
ing the co-registration of a modern research-based MRI
sequence to a similar clinical standard sequence, such
as the MRI protocol described above for Gamma Knife.
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GK CBCT TO MRI CO-REGISTRATION ACCURACY 7073

F IGURE 1 Skull phantom assembly. Left: Annotated exploded view. Right: Assembly view and photograph. The skull and mandible were
suspended in the phantom using two ear canal screws, two positioning screws, and a jaw holder. Five fiducial marker columns—located on each
of the four sides of the skull and one protruding through the foramen magnum—were used to aid in the assessment of geometric uncertainty
and co-registration similarity. The skull phantom shell was filled with deionized water, and the lid was sealed using 10–24 flat head socket cap
(FHSC) nylon screws, an ethylene propylene diene monomer (EPDM) O-ring, and silicone sealant

This comparative methodology may serve as a valuable
tool to evaluate the clinical translatability of novel MRI
sequences for SRS.

2 METHODS

2.1 Skull phantom design

A human skull was purchased (Osta International,
White Rock, BC, Canada), which had been cleaned and
bleached but not further chemically treated in order to
maintain the native MR properties of bone. A skull sur-
face model was created from CT data and used as a
template to design the geometry of the skull phantom
(Figure 1) in Autodesk Inventor Pro 2020 (Autodesk,San
Rafael, CA, USA). The size and shape of the skull phan-
tom was minimized to allow for easy insertion into a
typical MRI head coil as well as the patient positioning
system on the Gamma Knife Icon (Elekta, Stockholm,
Sweden). This meant that the skull phantom had to be
contained within a geometry of approximately 17 cm
left-right and 22 cm anterior-posterior. The superior-
inferior dimension was a less relevant design constraint
because the inferior end of any head positioning sys-
tem is open to make room for the neck. A skull phantom
shell, fiducial marker columns, jaw holder, and lid were
3D printed (Viper si, 3D Systems, Rock Hill, SC, USA)
out of Accura ClearVue plastic. Five fiducial marker

columns for landmarking were included in the design
to aid in the quantitative assessment of geometric dis-
tortion and co-registration, one located at each of the
four sides of the skull and one penetrating through
the foramen magnum. Seven identical fiducial subunits,
each consisting of three cut out rectangular sticks
(2 × 2 × 5 mm3) aligned along the Cartesian axes,
were equally distributed along each column forming 35
fiducial markers visible on both MRI and CT. The skull
was suspended in the shell using four nylon screws
(one in each ear canal and two on the inferior side of
the skull) to ensure positioning reproducibility and min-
imize contact with the walls. Additionally, a two-piece
jaw holder was designed, and 3D printed to hold the
mandible in position. The skull phantom was filled with
deionized water, and the lid was sealed using 10–24
flat head socket cap (FHSC) nylon screws, an ethylene
propylene diene monomer (EPDM) O-ring, and silicone
sealant.

2.2 Image acquisition

A 3D spiral CT volume (Brilliance Big Bore, Philips Med-
ical Systems, Best, Netherlands) was acquired with 120
kVp, 415 mA, FOV = 350 × 350 × 250 mm3, 1 mm slice
thickness, and 512 × 512 in-plane resolution. A high
SNR CBCT volume (CTDI = 6.3 mGy) was acquired
using the Gamma Knife Icon (Elekta, Stockholm,
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7074 GK CBCT TO MRI CO-REGISTRATION ACCURACY

F IGURE 2 Through plane (axial, coronal, and sagittal) image slices of the skull phantom from the Autodesk Inventor design, computed
tomography (CT), cone-beam computed tomography (CBCT), and Dixon water-only, T1-weighted fast field echo (FFE), and T2-weighted
fluid-attenuated inversion recovery (FLAIR) MRI sequences

Sweden) scanner with 90 kVp, FOV = 224 × 224 ×

224 mm3, 0.5-mm slice thickness, and 448 × 448
in-plane resolution. MR images were acquired at 3T
(Achieva, Philips Medical Systems, Best, Netherlands)
using a Q-body transmit coil and a SENSE-Head-8
receive coil. Three different 3D axial MRI volumes were
reconstructed: a T1-weighted Dixon-derived water-only
volume; a T1-weighted FFE volume; and a T2-weighted
FLAIR volume. The Dixon volume was acquired using
a fast field echo sequence (FFE; TR = 6.629 ms;
TE1/TE2 = 1.93/3.4 ms; FA = 15◦; FOV = 220 × 220
× 240 mm3; acquired matrix = 220 × 220 × 240;
reconstructed matrix = 560 × 560 × 240; pixel band-
width = 1061 Hz; averages = 2). The T1-weighted
volume was also acquired using a fast field echo
sequence (FFE; TR = 4.414 ms; TE = 1.448 ms;
FA = 30◦; FOV = 220 × 220 × 240 mm3; acquired
matrix = 220 × 220 × 240; reconstructed matrix = 240
× 240 × 240; pixel bandwidth = 803 Hz; averages = 1).
Lastly, the FLAIR volume was acquired using a turbo
inversion recovery sequence (TIR; TR = 4800 ms;
TE = 262.2 ms; echo train length = 182; TI = 1650 ms;
FA = 90◦; FOV = 220 × 220 × 240 mm3; acquired
matrix = 200 × 200 × 240; reconstructed matrix = 288
× 288 × 120; pixel bandwidth = 1411 Hz; averages = 2).
An axial, coronal, and sagittal slice of each modality
and MRI sequence is given alongside the skull phantom
Autodesk design in Figure 2.

First, in addition to those MRI volumes reconstructed
using the standard clinical sequence parameters

(denoted as the “optimized” volumes), each volume was
reconstructed without the default geometric distortion
correction.Second, for comparison,each sequence was
acquired again using the Q-body receive coil rather than
the SENSE-Head-8 receive coil to demonstrate a case
with lower SNR. These additional data are denoted as
the “compromised” volumes further in the manuscript.
The compromised MRI volumes with low SNR or no
geometric distortion correction represent two extreme
cases of modern research-based MRI sequences (e.g.,
echo planar imaging [EPI]-based sequences sensitive
to field inhomogeneities), which are likely to fail when
co-registered to the CBCT.

2.3 Data analysis

The first step in the data analysis was to assess the geo-
metric uncertainty between the ground truth positions of
the skull phantom fiducials and the positions measured
from each MRI volume. The ground truth positions were
defined using the high-resolution CT with voxel volumes
of 0.68 × 0.68 × 1 mm3, which are sufficiently precise
to serve as the ground truth for MR images collected at
1 mm in-plane spatial resolution.Material deflection due
to loading with the skull and water was not observed at
the resolution of the images acquired. Fiducial positions
in each volume were measured manually using Leksell
GammaPlan treatment planning software (LGP; ver-
sion 11.1.0, Elekta, Stockholm, Sweden), and distances
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GK CBCT TO MRI CO-REGISTRATION ACCURACY 7075

between each fiducial were calculated and compared
to the ground truth to quantify the geometric uncer-
tainty of the optimized MRI volumes.Manual selection of
the fiducial positions has an in-plane uncertainty limited
by the spatial resolution and a through-plane uncer-
tainty of ±50% slice thickness due to partial volume
effects at the interface between water and the fiducials
markers.

Next, each MRI sequence was imported into LGP and
co-registered to the CBCT using a mutual information
algorithm with subvoxel accuracy.13 The LGP mutual
information algorithm finds the best rigid transforma-
tion (six degrees of freedom – three rotations and three
translations) between anatomically corresponding posi-
tions in two images by optimizing the narrowness of
an intensity histogram produced using the normalized
mutual information measure.14 The resulting transfor-
mation matrices were manually extracted from the LGP
file for each MRI sequence. A transformation matrix for
the ith MRI volume, Ai, was applied to each image in the
volume as follows:

MR I
′

i = Ai MRIi , (1)

where MRI
′

i is the ith MRI volume in the new coordi-
nate system and MRIi, in the original coordinate system.
Rather than directly compare the transformation matri-
ces, we considered it more valuable to transform each
MRI and compare the similarity between pairs of opti-
mized and compromised image slices to provide a
regional assessment of those locations around the skull
that may most negatively impact co-registration. Eval-
uation of the transformation matrices alone would not
provide the spatially specific co-registration errors rel-
evant for treatment planning. The image processing
algorithm for each pair of MR images is illustrated in
Figure 3.

The final step of image analysis was to assess
the similarity between pairs of optimized and compro-
mised MRI sequence slices following co-registration to
CBCT stereotactic space. The similarity between pairs
of images was assessed using mean squared error
(MSE) and peak signal-to-noise ratio (PSNR),15 as well
as the structural similarity (SSIM) index.16

If xi represents the voxel intensity of an MR image to
be measured and yi the voxel intensity of a reference
MR image, then the MSE is defined as:

MSE =

∑N
i=1 [xi − yi]

2

N
, (2)

where N is the number of voxels. The MSE provides
a measure of the mean squared difference between
the reference image (optimized MRI) and the image to
be measured (compromised MRI). In general, a smaller
MSE implies fewer differences between images. PSNR

is defined as:

PSNR = 10log10

(
x2

i,MAX

MSE

)
, (3)

where xi,MAX is the maximum voxel value of the input
image. The PSNR is additionally useful in this con-
text because the MR images being compared have
different dynamic range. A simple SNR calculation was
additionally included for reference and is defined as:

SNR = 10log10

⎛⎜⎜⎝
y2

i

MSE

⎞⎟⎟⎠ , (4)

where y2
i is the mean squared reference image. Lastly,

the SSIM index is defined as:

SSIM (x, y) = [l (x, y)]𝛼 [c (x, y)]𝛽[s (x, y)]𝛾 (5)

where the SSIM is a weighted combination of luminance
(l), contrast (c), and structure (s):

l (x, y) =
2𝜇x𝜇y + C1

𝜇2
x + 𝜇2

y + C1

(6)

c (x, y) =
2𝜎x𝜎y + C2

𝜎2
x + 𝜎2

y + C2

(7)

s (x, y) =
𝜎xy + C3

𝜎x𝜎y + C3
. (8)

If α = β = γ = 1 (equivalent weighting of luminance,
contrast, and structure) and C3 = C2/2, then the SSIM
index simplifies to:

SSIM (x, y) =

(
2𝜇x𝜇y + C1

) (
2𝜎xy + C2

)(
𝜇2

x + 𝜇2
y + C1

) (
𝜎2

x + 𝜎2
y + C2

) , (9)

where μx and μy are the mean of xi and yi, respectively;
σx

2 and σy
2 are the variance of xi and yi, respectively;

C1 = (k1xi,MAX)2 and C2 = (k2xi,MAX)2 are constants used
to avoid instability when μx

2 + μy
2 is close to zero;k1 and

k2 are small constants ≪1; and σxy is the covariance of
xi and yi defined as:

𝜎xy =
1

N − 1

N∑
i = 1

(xi − 𝜇x)(yi − 𝜇y). (10)

The SSIM index served as a useful tool to quantify the
visibility of co-registration errors between an optimized
and compromised image using the known properties
of human visual perception: luminance, contrast, and
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F IGURE 3 Image processing algorithm for each pair of optimized and compromised MR images. Both MRI1 and MRI2 are transformed to
cone-beam computed tomography (CBCT) stereotactic space and the resultant similarity between images calculated using the structural
similarity (SSIM) index, mean squared error (MSE), and peak signal-to-noise ratio (PSNR)

structure. Pearson’s correlation coefficients were calcu-
lated between SSIM, MSE, and the median geometric
uncertainty between the ground truth fiducial positions
and the optimized MR image volumes.

3 RESULTS

The outcome of image comparison between opti-
mized and compromised MRI sequences following
co-registration relied on the geometric uncertainty
of the optimized images. The ground truth fiducial
positions—as defined by the high-resolution CT—were
compared to positions measured from each optimized
volume: CBCT, Dixon water-only, T1-weighted FFE, and
T2-weighted FLAIR (Figure 4). The fiducials, consisting
of five subunits per axial plane, define eight line seg-
ments in the left-right (LR) and anterior-posterior (AP)
directions for comparison: AB, AC, CE, AD, BE, BC, CD,
and DE. Superior-inferior (SI) geometric uncertainty
was estimated along each of the five fiducial marker
columns by defining six additional line segments: 1 –
2, 2 – 3, 3 – 4, 4 – 5, 5 – 6, and 6 – 7. The distance
between each fiducial, along each line segment, was
calculated,and the results are illustrated as a series box
plots.

The results of the fiducial position comparison
for the optimized images reveal a maximum median

geometric uncertainty of 0.39 mm (LR), 0.92 mm (AP),
and 0.13 mm (SI) between the CT and CBCT, 0.60 mm
(LR), 0.36 mm (AP), and 0.07 mm (SI) between the CT
and Dixon water-only, 0.42 mm (LR), 0.23 mm (AP), and
0.08 mm (SI) between the CT and T1-weighted FFE,
and 0.45 mm (LR), 0.19 mm (AP), and 1.04 mm (SI)
between the CT and T2-weighted FLAIR.

Following the quantification of geometric uncertainty
in the optimized images,pairs of optimized and compro-
mised images were compared slice-by-slice using the
SSIM index, MSE, and PSNR. The differences between
pairs of images were qualitatively illustrated by the use
of a fusion image where the two images are over-
laid using separable colors. In this case, the optimized
images are shown in red, and the compromised images
are shown in cyan. A fusion montage is illustrated in
Figure 5, showing 15 of 500 total slices in CBCT stereo-
tactic space of the Dixon water-only images with and
without geometric distortion correction.From these data,
it is evident that image distortion and misalignment
is most clear at large distances away from magnetic
isocenter (defined as slice 0 in CBCT stereotactic
space). These misalignments are most dramatically
observed at slice location -175 in Figure 5.

In addition, Figure 6 qualitatively illustrates the dif-
ference between all optimized and compromised MRI
sequences using a fusion image for a selection of
axial slices through the skull phantom. Examination of
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GK CBCT TO MRI CO-REGISTRATION ACCURACY 7077

F IGURE 4 Absolute geometric uncertainty |Δ| between the ground truth fiducial positions as defined by the computed tomography (CT)
and the optimized images. Top: Fiducial marker column line segment definitions and optimized image volumes: CT, cone-beam computed
tomography (CBCT), Dixon water-only, T1-weighted fast field echo (FFE), and T2-weighted fluid-attenuated inversion recovery (FLAIR). Bottom:
Box plot diagrams demonstrating the difference in line segment length for an optimized image compared to the CT. Left-right and
anterior-posterior line segments contains an N = 7 sample size, while superior-inferior data contains an N = 5 sample size. Note that line
segment 6–7 was included for completeness but should not be taken into consideration for geometric uncertainty since the inferior end of the
skull phantom was not captured by the CBCT and the signal-to-noise ratio (SNR) of the T2-weighted FLAIR was too low to accurately
determine the location of fiducial marker 7
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7078 GK CBCT TO MRI CO-REGISTRATION ACCURACY

F IGURE 5 Fusion montage illustrating the difference between co-registered Dixon water-only images with geometric distortion correction
(red) and without geometric distortion correction (cyan) for a selection of 15 of 500 axial slices through the skull phantom. Magnetic isocenter is
co-incident with slice location 0 in cone-beam computed tomography (CBCT) stereotactic space

Figure 6 demonstrates that of the two selected com-
promised volumes, the volumes reconstructed without
geometric distortion correction have a much greater
effect on co-registration accuracy than the low SNR
volumes collected with the body receive coil. From
Figure 6, it is difficult to qualitatively conclude which
of the three MRI sequence co-registrations is most
negatively affected by the compromization methods. A
quantitative image similarity metric is required for this
type of assessment.

To demonstrate a more quantitative approach to com-
paring the optimized and compromised co-registered
images, the SSIM index and MSE for each slice are plot-
ted in Figure 7 and the PSNR and SNR, in Figure 8.
Given two identical images, the SSIM index would be
equal to one and the MSE, to zero. At the edges of the
image volumes, where slice location is near ±200, the
difference between optimized and compromised images
is negligible since there is low signal and high noise
in these regions. The SSIM index and MSE become
more meaningful and interpretable in the location of
the skull phantom with the greatest number of struc-
tural details, since it is these details that produce the
greatest difference when co-registered. The PSNR, in
a reciprocal manner to MSE, is large when the differ-
ence between images is low. As PSNR decreases, the
difference between images increases. The SNR of the
optimized images is included in Figure 8 to aid the inter-
pretation of results. The mean of each similarity metric
provided in Table 1 was computed to summarize the

difference between pairs of co-registered images as a
single global measure. In order to provide a connection
between the physical geometric uncertainty defined in
Figure 4 and image similarity metrics, Pearson’s corre-
lation coefficients were calculated between the median
in-plane geometric uncertainty, SSIM index, and MSE in
Figure 9. Correlation coefficients for the SSIM index are
consistent and range from R = 0.76–0.81 (Figure 9a–c),
while correlation coefficients for the MSE are inconsis-
tent with a difficult to interpret range from R= -0.81–0.08
(Figure 9d–f).

4 DISCUSSION

This study demonstrated a phantom-based methodol-
ogy, which may be used to quantitatively assess the
similarity between two MRI volumes that have both
been co-registered to a CBCT volume.Any co-registered
MRI sequence, which deviates beyond an acceptable
threshold of MSE, SSIM, and/or PSNR, may be rejected
for SRS target delineation on the basis of poor co-
registration to the CBCT. All predetermined thresholds
would need to be defined on a sequence-by-sequence
basis and validated using patient data.The realistic skull
phantom developed for this study allows for repeated
iterations of MRI sequence optimization prior to defin-
ing a clinical dissimilarity threshold. One method of
defining an MSE, SSIM, and PSNR threshold would
be to first quantify the baseline dissimilarity between
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F IGURE 6 Fusion montage illustrating the difference between each optimized (red) and compromised (cyan) co-registered MRI sequence
for a selection of 6 of 500 axial slices through the skull phantom. Magnetic isocenter is co-incident with slice location 0 in cone-beam computed
tomography (CBCT) stereotactic space

two identical MRI sequences collected sequentially,
thereby characterizing the intrinsic dissimilarity caused
by MR parameter fluctuation and biological variability.
After quantifying the baseline dissimilarity between MRI
volumes, one could additionally define an acceptable
co-registration-specific dissimilarity based on the cor-
relation with in-plane geometric uncertainty that would
adhere to the safety margins of the prescribed dose
delivery plan. Defining a clinically relevant dissimilarity
threshold will require dose simulations on a variety of
co-registered MRI volumes and will be the subject of
future work.

Each pair of images compared in Figures 7 and 8
presented an exaggerated case in which an MRI volume
co-registration may be rejected on the basis of dissim-

ilarity to an optimized co-registration. The images com-
promised by reconstructing the data without geometric
distortion correction measure a minimum SSIM index
value of 0.9993 and a maximum MSE value of 28440.
Comparatively, the images compromised by using the
body receive coil to reduce SNR measure a minimum
SSIM index value of 0.9997 and a maximum MSE value
of 25880. By qualitative inspection of the fusion images,
we would suggest that the images compromised by
reconstructing the data without geometric distortion
correction should be rejected, while the images com-
promised by low SNR could be accepted,based on their
similarity to the optimized co-registered MRI sequences.
The qualitative suggestion to reject the data recon-
structed without geometric distortion correction may be
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F IGURE 7 Structural similarity (SSIM) index and mean squared error (MSE) as a function of slice location for each pair of optimized and
compromised MRI sequence

F IGURE 8 Peak signal-to-noise ratio (PSNR) and signal-to-noise ratio (SNR) as a function of slice location for each pair of optimized and
compromised MRI sequence
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TABLE 1 Mean image similarity metrics between each pair of optimized and compromised co-registered MRI sequences. The voxels were
defined by the number of common voxels between the two volumes after co-registration to the cone-beam computed tomography (CBCT)

Dixon water-only T1-weighted FFE T2-weighted FLAIR

No geometric
distortion
correction

SSIM 0.999896 0.999975 0.999860

MSE 17420 503 2010

SNR 1.28 4.92 8.64

PSNR 59.1 72.6 69.9

Voxels 588 × 493 × 501 507 × 469 × 521 542 × 491 × 495

Body receive coil SSIM 0.999890 0.999984 0.999923

MSE 6511 1292 11257

SNR 2.77 0.55 −0.30

PSNR 60.8 69.3 61.1

Voxels 588 × 489 × 501 504 × 470 × 533 566 × 494 × 496

Abbreviations:FFE, fast field echo;FLAIR,fluid-attenuated inversion recovery;MSE,mean squared error;PSNR,peak SNR;SNR,signal-to-noise-ratio;SSIM,structural
similarity.

F IGURE 9 Pearson’s correlation coefficients comparing structural similarity (SSIM) and mean squared error (MSE) versus median in-plane
geometric uncertainty for each MRI sequence compromised without geometric distortion correction

quantitatively supported by the correlation coefficients
calculated between SSIM, MSE, and in-plane geometric
uncertainty in Figure 9. Correlation coefficients for
SSIM are relatively high (R = 0.76–0.81), but for MSE
is relatively low (R = −0.81– 0.08) and inconsistent.
SSIM and MSE are both sensitive to in-plane geometric
uncertainty; however, these metrics are also sensitive

to in-plane structural complexity, luminance distortion,
and image contrast. Therefore, it is not expected that
SSIM and MSE would be perfectly correlated with
in-plane geometric uncertainty.Patient data with greater
sample sizes should be used to characterize these
correlation coefficients more accurately in a clinical
setting.
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Table 1 presented global image similarity metric
means between each pair of optimized and compro-
mised MRI sequences, which may be used as a tool to
compare between the co-registration accuracy of com-
promisation methods. However, for the most accurate
assessment of the co-registration differences between
the optimized and compromised image volumes, the
whole of the similarity metric data must be considered
since a mean can hide relevant increases in image
dissimilarity. Of each of the image similarity metrics
investigated in this study, the MSE appears to be the
most predictive of poor co-registration to the CBCT.
Of the three clinical standard MRI sequences chosen,
the T1-weighted FFE sequence was the least suscepti-
ble to co-registration inaccuracy caused by geometric
distortion (mean MSE = 503) and low SNR (mean
MSE = 1292); the Dixon water-only, the most suscep-
tible to geometric distortion (mean MSE = 17420); and
the T2-weighted FLAIR sequence, the most susceptible
to low SNR (mean MSE = 11257). Note that the meth-
ods presented in this study were limited because of their
reliance on the accurate co-registration of the optimized
clinical MRI sequences to the CBCT. The image similar-
ity metrics were not specific towards the co-registration
accuracy of the optimized sequences, but rather indi-
cated if the compromised sequences are co-registered
with equal or less than equal accuracy to the optimized
sequences.

A critical consideration for future work will be to
assess how accurately our compromization methods
truly model a novel MRI sequence, and whether there
will always exist a clinically optimized MRI sequence
for relevant comparison. For example, if the goal were
to assess whether a diffusion-weighted sequence could
be co-registered to a CBCT with equivalent accuracy
when compared to a clinically optimized sequence, two
questions arise: (1) what clinically optimized sequence
should be chosen for the most accurate co-registration
comparison, and (2) will voxel intensity used to calcu-
late SSIM and MSE be sufficiently similar to accurately
compare sequences? These two questions must be
considered for each novel MRI sequence investigated,
and the solutions may vary in complexity depending on
the novelty of the sequence being investigated. How-
ever, we would suggest for the majority of sequences
currently being investigated for target delineation,a clin-
ically optimized sequence exists which can be used for
comparison to quantify co-registration accuracy.

The skull phantom utilized in this study provides a
more anatomically accurate skull geometry and served
its purpose well as a tool for method development.
However, it is not necessarily superior to commercially
available phantoms at this stage. Commercially avail-
able MRI head phantoms come in a variety of styles
including: (1) sphere-shaped system phantoms, which
aim to standardize T1 and T2 relaxation, proton density,
and resolution17–19; (2) sphere-shaped phantoms,which

aim to standardize the blood-oxygen-level-dependent
(BOLD) signal,20 magnetic resonance spectroscopy
(MRS),21 and diffusion-weighted imaging22,23; (3) head-
shaped end-to-end phantoms, which aim to verify
dose delivery24,25; and (4) synthetic skull-containing
head-shaped phantoms, which aim to mimic realistic
anatomy and tissue contrast.26–29 When compared to
commercially available MRI head phantoms, the skull
phantom used in this study presented greater similar-
ity in anatomy and native MR properties of bone to
that observed in a patient. However, the skull phantom
remains limited in its ability to model realistic tissue
contrast, air cavities, and pulsatile motion. These lim-
itations can be overcome by further customization of
the skull phantom. Realistic tissue contrast can be mod-
eled by combining T1 and T2 relaxation contrast agents
(e.g., salts of paramagnetic ions) with carbohydrate-
containing gels (e.g., agar), rather than the deionized
water used in these experiments. Realistic tissue con-
trast would greatly improve the ability of the skull
phantom to access the co-registration accuracy of MRI
sequences, which aim to suppress fat signal or quan-
tify relaxivity. The skull phantom could additionally be
improved by incorporating air cavities, which mimic the
geometry of the sinuses. This could be achieved by
inserting a thin walled, hollow (air-filled) part, 3D printed
to fit within the geometry of the nasal cavity. The addi-
tion of air cavities would improve the ability of the
skull phantom to assess co-registration accuracy of MRI
sequences sensitive to susceptibility artifacts such as
EPI.30 Similarly, the skull phantom could be modified to
evaluate MRI sequences, which aim to reduce metal
artifacts such as metal artifact reduction sequence.31

This could be accomplished by placing a stainless steel
or titanium-alloy pedicle screw in a relevant location
within the skull phantom. Lastly, and most challenging
of all, would be to improve the accuracy of the skull
phantom by recreating the pulsatile motion of the basal
ganglia and brain stem during systole.32 It is unclear
what the best method to accomplish pulsatile motion
would be, but it would most likely require a re-design
of the skull phantom to incorporate an MR compatible
mechanism to displace contrast agent into and out of the
foramen magnum. If pulsatile motion was successfully
modeled, then cine MRI sequence co-registration could
be evaluated for the purposes of adaptive radiotherapy.
However, a simple geometry may be more beneficial for
motion evaluation at this stage of development.

Future work will involve repeating the described
method of image similarity analysis to assess co-
registration of the planning MRI sequences to the CBCT
on patient data. The assessment of patient data will
require a statistical analysis to account for the greater
number of image volumes compared to the single sam-
ple volumes presented here. Following the completion
of a statistical analysis on patient data and subse-
quent validation of the proposed method to assess
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co-registration accuracy, the next step will be to inves-
tigate the most recently developed MRI sequences for
target delineation. Noninvasive MRI contrast mecha-
nisms such as diffusion tensor imaging,33 MT,34 chemi-
cal exchange saturation transfer,35 magnetic resonance
thermometry,36 and MRS37 are of particular interest
based on recent research in the assessment of radiation
therapy effectiveness. If successful, the methodology
presented in this study may provide insight into the most
valuable MR parameters and/or sequences required for
successful co-registration to CBCT, thereby maximizing
the accuracy of target localization to achieve the highest
quality patient care with Gamma Knife radiosurgery.

5 CONCLUSIONS

The methods presented in this study utilized image sim-
ilarity metrics to analyze whether a modern research-
based MRI sequence can be co-registered to a Gamma
Knife CBCT with equal or less than equal accuracy
when compared to a clinically accepted MRI sequence.
By extracting the transformation matrices from Gamma-
Plan, it was shown that optimized and compromized
MRI sequence co-registration to CBCT can be quantita-
tively compared using the SSIM index, MSE, and PSNR.
A consistent correlation was found between median
in-plane geometric uncertainty and SSIM.
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