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The use of modern stereotactic methods has increased 
the requirements for precise stereotactic imaging. 
Imaging techniques such as computed tomography 

(CT) and magnetic resonance imaging (MRI) are routine-
ly used for target localization in stereotactic radiosurgery. 

The choice of imaging technique depends on various fac-
tors, including individual radiological lesion parameters as 
well as patient status and medical history (e.g., surgical 
implants, pace makers, shunts, etc.). It is commonly ac-
cepted that CT imaging provides more precise geometri-
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OBJECTIVE The aim of this study was to compare 3 different methods to assess the geometrical distortion of two 1.5-
T and one 3-T magnetic resonance (MR) scanners and to evaluate co-registration accuracy. The overall uncertainty of 
each particular method was also evaluated.
METHODS Three different MR phantoms were used: 2 commercial CIRS skull phantoms and PTGR known target 
phantom and 1 custom cylindrical Perspex phantom made in-house. All phantoms were fixed in the Leksell stereotactic 
frame and examined by a Siemens Somatom CT unit, two 1.5-T Siemens (Avanto and Symphony) MRI systems, and 
one 3-T Siemens (Skyra) MRI system. The images were evaluated using Leksell GammaPlan software, and geometrical 
deviation of the selected points from the reference values were determined. The deviations were further investigated for 
both definitions including fiducial-based and co-registration–based in the case of the CIRS phantom images. The same 
co-registration accuracy assessment was also performed for a clinical case. Patient stereotactic imaging was done on 
3-T Skyra, 1.5-T Avanto, and CT scanners.
RESULTS The accuracy of the CT scanner was determined as 0.10, 0.30, and 0.30 mm for X, Y, and Z coordinates, 
respectively. The total estimated uncertainty in distortion measurement in one coordinate was determined to be 0.32 mm 
and 0.14 mm, respectively, for methods using and not using CT as reference imaging. Slightly more significant distortions 
were observed when using the 3-T than either 1.5-T MR units. However, all scanners were comparable within the esti-
mated measurement error. Observed deviation/distortion for individual X, Y, and Z stereotactic coordinates was typically 
within 0.50 mm for all 3 scanners and all 3 measurement methods employed. The total radial deviation/distortion was 
typically within 1.00 mm. Maximum total radial distortion was observed when the CIRS phantom was used; 1.08 ± 0.49 
mm, 1.15 ± 0.48 mm, and 1.35 ± 0.49 mm for Symphony, Avanto, and Skyra, respectively. The co-registration process 
improved image stereotactic definition in a clinical case in which fiducial-based stereotactic definition was not accurate; 
this was demonstrated for 3-T stereotactic imaging in this study. The best results were shown for 3-T MR image co-
registration with CT images improving image stereotactic definition by about 0.50 mm. The results obtained with patient 
data provided a similar trend of improvement in stereotactic definition by co-registration.
CONCLUSIONS All 3 methods/phantoms used were evaluated as satisfactory for the image distortion measurement. 
The method using the PTGR phantom had the lowest uncertainty as no reference CT imaging was needed. Image co-
registration can improve stereotactic image definition when fiducial-based definition is not accurate.
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cal localization with less contrast resolution of anatomical 
structures and the lesion itself,27,28 while MRI provides 
better resolution of many radiosurgical lesions. In addi-
tion, MRI can be performed in any plane, including the 
axial, coronal, and sagittal planes.28 The accuracy of the 
delivered dose by Leksell Gamma Knife (LGK) or any 
other radiosurgical techniques strongly depends on the 
precision of the MR images used for treatment planning. 
The use of MRI for stereotactic treatment has, unfortu-
nately, 2 shortcomings; the electron density of the tissue 
is not provided for dosimetric (heterogeneity) calculation, 
and geometrical distortion of the images can be observed. 
However, the bulk electron density can be assigned to the 
structure contour for brain MRI when heterogeneity cor-
rection for the dose calculation is necessary.20,26

MRI geometrical distortion is a complex issue and can 
have various causes. To obtain data, the static B0 mag-
netic field, radiofrequency B1 field, and 3 independent lin-
ear gradient magnetic fields are used. When the static B0 
field and ideal gradient fields are perturbed, image distor-
tion can occur.15,24 The possible causes of the distortion 
can be defined as hardware related or tissue related. The 
main sources contributing to hardware-related distortions 
are inhomogeneity of the main magnetic field as well as 
nonlinearity of the gradient fields, but they can also be re-
lated to switching of the gradient coils. On the other hand, 
tissue-related distortions are caused mainly by chemical 
shift effects. Focusing on distortions caused by gradient 
field nonlinearities, these can manifest in 3 ways: barrel 
aberration, potato-chip effects, and bow-tie effects. The 
only type of geometrical distortion produced in 3D MRI 
is the barrel aberration.26

It is also necessary to note that newer MRI technology 
does not automatically imply better MR image geometri-
cal accuracy. It must be considered that the geometrical 
distortions depend on the MR model/unit itself, slice ori-
entation, scanning parameters, scanning position from the 
center of the head coil, and certain materials related to the 
patient (surgical clips, dental materials, etc.). Geometrical 
distortions vary between scanning protocols even on the 
same MR scanner, and it is essential to consider the MRI 
setup and scanning protocols. Parameters that can help 
include applying whisper gradients mode, nonselective 
excitation, optimal bandwidth, and distortion correction if 
available. Typically, more massive geometrical distortions 
are observed with coronal orientation than with axial ori-
entation. Greater distortions are also seen in noncentrally 
located slice positions in the investigated volume (further 
inferior or further superior).14,15

The complex solution to check MRI distortion consists 
of measurements of the fiducial geometry individually for 
every patient, comparison of images from both CT and 
MRI, and, most importantly, phantom measurements. 
Several authors have evaluated geometrical distortion of 
MR images and performed measurements with the phan-
toms.11–13,16,18,23 However, uncertainties involved in imaging 
and image definition processes still need to be discussed. 
Most distortion correction techniques consist of 3 gener-
al components: identification and registration of a fixed 
implemented coordinate system, which is derived from 
the reference data set. The next steps are to quantify the 

distortions and apply the distortion correction algorithm. 
To measure the distortion accurately, phantoms with the 
established geometry must be used, usually consisting of 
square grids, cylindrical rods, or capillary tubes.17,28

Image co-registration is the process of finding the 
mathematical transformation that aligns several different 
radiographic studies.4 Co-registration software has been 
implemented to the latest versions of Leksell GammaPlan 
(LGP). There are obvious potential advantages of includ-
ing image co-registration processes in treatment planning, 
especially for preplanning or patient follow-up. The patient 
can be imaged by nonstereotactic MRI, and the co-regis-
tration process may be used in combination with stereotac-
tic imaging by MRI or CT for treatment or post-treatment 
monitoring.4,6,13 It is possible to use it also when the stereo-
tactic definition cannot be performed (for example, due to 
missing fiducials in the image). Co-registration of the MR 
images with the CT scans can also improve image stereo-
tactic definition accuracy when the primary method based 
on fiducial definition is not satisfactory for the stereotactic 
treatment purposes due to the high fiducial errors.

Although many studies have evaluated MR image dis-
tortions by several different phantoms and methods, very 
limited information can be found about the uncertainty 
of the measurement itself. Many studies report submil-
limeter results when evaluating MRI distortions but no 
information regarding the uncertainty of these measure-
ments. The aim of this study was to perform assessment 
and comparison of MRI distortions with the use of 3 dif-
ferent phantoms and methods (2 commercial and 1 made 
in-house). The second aim was to validate the uncertainty 
in image co-registration and determine whether image co-
registration can improve stereotactic image definition, es-
pecially in cases when the primary method (fiducial-based 
image definition) fails. Image distortion was evaluated and 
compared for 3 different Siemens MRI scanners, two 1.5 
T and one 3 T.

Methods
Three different phantoms (PTGR, CIRS, and custom-

made) were used in this study. The PTGR phantom (Physi-
kalisch-Technische Gesellschaft für Radiologie GmbH) 
consists of slabs with 21 embedded known targets (cross-
hairs with plastic vials, 3 mm outside diameter, 1.5 mm 
inside diameter). Crosshairs are positioned at known Lek-
sell coordinates and cover the whole stereotactic space.10,19 
Crosshairs can be filled with contrast medium for MR 
imaging; in this case, the same CuSO4 (copper sulfate) so-
lution as for the stereotactic imaging box was used. The 
rest of the tissue-equivalent plastic phantom is filled with 
water. Since stereotactic coordinates of 21 crosshairs are 
known from manufacturers (when the phantom is fixed in 
a Leksell stereotactic frame), it is not necessary to perform 
any reference imaging.

The next phantom was the CIRS (Computer Imaging 
and Reference Systems, Inc.) 3D anthropomorphic skull 
phantom model 603A. The whole cranial portion of the 
skull volume is filled with a 3D matrix of 3-mm–diameter 
rods spaced 15 mm apart. It was designed for end-to-end 
testing, and thanks to the skull-like filling can be imaged 
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using most modalities, including CT and various MRI 
sequences.2 The individual pads of the phantom allow it 
to be fixated in the stereotactic frame and used for the 
evaluation of the geometrical distortion during imaging 
or image co-registration. Reference imaging (e.g., CT) is 
needed for this phantom when evaluating MRI distortion.

The custom-made cylindrical Perspex phantom con-
tains an insert consisting of solid plastic rods (3-mm diam-
eter, spaced 15 mm apart). There are 55 and 72 plastic rods 
in 2 orientations positioned in a single insert. The rest of 
the phantom is filled with water.15 Reference imaging (e.g., 
CT) is needed for this phantom when evaluating MRI dis-
tortion. The design of all 3 phantoms can be seen in Fig. 1.

All 3 phantoms were mounted in the Leksell stereotac-
tic head frame for standard patient treatment and investi-
gated within the MRI head coil. All 3 phantoms used were 
imaged by CT and MRI scanners with the Leksell fidu-
cial box attached. For CT imaging, a Siemens Somatom 
Definition Flash was used, and for MRI, a Siemens 1.5-T 
Magnetom Symphony, 1.5-T Magnetom Avanto, and 3-T 
Magnetom Skyra were used.

Identical scanning conditions as for patient imaging 
were used; the same stereotactic head frame, screws, and 
MRI adaptor and identical positioning. The PTGR and 
the custom-made cylindrical Perspex phantoms could not 
be mounted with the use of frame posts and pins as in 
the case of a patient, the torque of the pins causing po-
tentially small mechanical distortion of the frame was 
thus excluded in this study. However, posts and pins were 

always included in all 3 phantoms as a potential source 
of an MRI distortion. We believe the mechanical frame 
distortion should be generally very small and detectable 
by attaching an MRI Leksell fiducial box. T1-weighted 
3D imaging was performed using a whisper gradient echo. 
The complete list of scanning parameters used for all 3 
scanners is shown in Table 1. The parameters of the scan-

TABLE 1. Acquisition parameters for Siemens CT and MRI

Parameter
CT 

Somatom
Avanto 
1.5 T

Symphony 
1.5 T

Skyra  
3 T

Voltage (V) 120 — — —
Current (mA) 205 — — —
Matrix size 512 × 512 256 × 256 179 × 256 173 × 256
No. of slices 140 176 144 144
Slice thickness (mm) 1.00 1.00 1.25 1.00
Slice gap (mm)   0.00    0.00   0.00   0.00
Field of view (mm) 240 256 250 256
Image mode — 3D TFL 3D FL 3D FL
Encoding — Rt-Lt Rt-Lt Rt-Lt
Repetition time 

(msec)
— 2030 25 16

Echo time (msec) — 3.54 3.1 4.32
No. of excitations — 1 1 1

FIG. 1. Phantoms used for measurements. A: PTGR known target phantom consisting of 8 slabs with the 21 contrast medium–
filled crosshairs. B: CIRS anthropomorphic skull phantom. C: Custom-made cylindrical Perspex phantom with an insert consisting 
of solid plastic rods.
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ning sequences correspond to the standard patient scan-
ning conditions, and the setting was chosen to approach 
the standard situation as much as possible.

It was possible to apply distortion correction provided 
by Siemens as a part of an operator’s software used for 
preparing and controlling the scanning process when im-
aging on the Avanto and Skyra MRI scanners. The final 
images were processed in Leksell GammaPlan software 
and defined based on fiducial markers. First, the PTGR 
phantom was used for the evaluation of the CT imaging 
inaccuracy—the stereotactic coordinates of 21 points were 
compared with manufacturer-quoted values. The inaccu-
racy of reference imaging methods (CT) for CIRS and 
custom-made phantoms was thus determined.

The MR images of all 3 phantoms were first registered 
based on fiducial markers, and deviations from the chosen 
point’s position (stereotactic coordinate) on the CT ver-
sus MR images were determined. For the PTGR phantom, 
the deviations from the manufacturer-quoted values of the 
reference points were determined the same way as for CT 
scanning. The deviations between stereotactic coordinates 
based on CT and MRI were evaluated in the case of CIRS 
and custom-made phantoms.

The coordinates were separately measured in Leksell 
GammaPlan software. Deviations in 3 stereotactic indi-
vidual coordinates ∆X, ∆Y, and ∆Z were determined, and 
the total deviation DR was calculated as

.

Because the CIRS anthropomorphic phantom is the 
closest to patient head dimensions and shape, and also 
provides some anatomical structures, it was used for 
image co-registration assessment. In order to identify 
whether there is a benefit to image co-registration versus 
fiducial-based stereotactic definition, MRI with the larg-
est distortions was selected on the basis of the stereotactic 
coordinate deviation data for the 3 evaluated MRI scan-
ners (see Table 4). The largest deviations were observed 
for the 3-T Skyra scanner. Co-registration was performed 
using the implemented software in Leksell GammaPlan, 
and 3-T Skyra images were co-registered subsequently to 
stereotactic images from 1.5-T Symphony, 1.5-T Avanto, 
and CT. The same 30 point positions as in the previous 
measurement were read out, and the deviations from the 
reference CT points evaluated. As a reference image, CT 
was chosen in order to evaluate the benefit of image co-
registration.

The same co-registration accuracy assessment was also 
performed for a clinical case. Patient stereotactic imaging 
was done on 3-T Skyra, 1.5-T Avanto, and CT scanner. 

Images from the 3-T Skyra were first defined based on 
fiducial markers and then subsequently co-registered to 
1.5-T Avanto and CT stereotactic template images. As a 
reference, CT images were taken. Co-registration was also 
performed by using the implemented software in Leksell 
GammaPlan as for the phantoms. The stereotactic coordi-
nates X, Y, and Z were measured for 10 various anatomical 
structures subsequently in CT fiducial-based stereotactic 
images, 3-T Skyra fiducial-based stereotactic images, 3-T 
Skyra co-registered images to stereotactic 1.5-T Avanto 
images, and 3-T Skyra co-registered images to stereotactic 
CT images. The following 10 anatomical structures were 
measured: 1) pontomesencephalic vein running along the 
trigeminal nerve, 2) basilar artery at the pontomesence-
phalic junction (bifurcation between the posterior cerebral 
arteries), 3) tentorial roof, 4) anterior commissure, 5) prox-
imal part of the infundibulum, 6) basilar artery at the level 
of the inferior sella turcica, 7) tentorial roof (second point), 
8) anterior horn of the right lateral ventricle, 9) anterior 
horn of the left lateral ventricle, and 10) anterior portion 
of a pseudocyst in the left thalamus. The deviations in 3 
stereotactic individual coordinates ∆X, ∆Y, and ∆Z were 
determined (with CT taken as a reference imaging) as well 
as the total deviation DR for both phantom and patient 
measurements. Although we are aware of the potential 
uncertainty in choosing anatomical points/landmarks for 
reference points of measurement, it is equilibrated by us-
ing and demonstrating results on data from a real patient 
(and not a phantom). Our main purpose in using real clini-
cal data was to confirm the trend observed with phantoms.

Results
In order to assess the uncertainty of the CIRS and 

custom-made phantom-based method of MRI geometrical 
distortion measurement, CT stereotactic imaging accu-
racy was evaluated with the PTGR phantom. The results 
are shown in Table 2. The precision of point measurement 
in Leksell GammaPlan was evaluated by 2 independent 
observers for 10 consecutive readings of stereotactic co-
ordinates by each observer for an identical point with 3 
different phantoms. The uncertainty in choosing points as 
well as the anatomical landmarks was determined. The 
results of CT scanner accuracy measurements together 
with the uncertainty of separate point readout and me-
chanical accuracy of phantom manufacturing were used 

TABLE 2. Assessment of CT scanner accuracy by PTGR phantom

Mean Deviation in mm

DX 0.10
DY 0.30
DZ 0.30
DR 0.47 ± 0.19

TABLE 3. Estimated total uncertainty of measurement

Uncertainty

Estimated Uncertainty of 
Measurement in mm

Custom PTGR CIRS

Mechanical accuracy of phantom 
manufacturing

NA (0.10) 0.10 NA (0.10)

Accuracy of CT reference image 0.30 NA 0.30
Precision of point measurement in 

Leksell GammaPlan
0.10 0.10 0.10

Total uncertainty 0.32 0.14 0.32

NA = not applicable.
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for calculation of the total uncertainty. An overview of the 
uncertainties included in the total uncertainty calculation 
is presented in Table 3.

The X, Y, and Z stereotactic coordinates of grid points 
in each phantom were read out in Leksell GammaPlan 
software in order to obtain ∆X, ∆Y, and ∆Z as a deviation 
between the manufacturer’s values (for the PTGR phan-
tom) and CT-based values (for the CIRS and custom-made 
phantoms). There were 21 points for the PTGR phantom, 

30 points for the CIRS phantom, and 48 points for the 
custom-made phantom evaluated throughout stereotactic 
space. Individual ∆X, ∆Y, and ∆Z stereotactic coordinate 
deviations and total ∆R deviation for all 3 phantoms and 
3 evaluated MRI scanners are shown in Table 4. Images 
of all 3 phantoms as imported and evaluated in Leksell 
GammaPlan are shown in Fig. 2.

The CIRS phantom co-registration deviations were 
evaluated in the same 30 points as for the fiducial-based 

FIG. 2. Axial (left) and coronal (right) images of all 3 phantoms as imported and evaluated in Leksell GammaPlan. A: PTGR phan-
tom. B: CIRS phantom. C: Custom-made phantom. The phantom design, including grid points, can be seen.

TABLE 4. Individual ∆X, ∆Y, and ∆Z stereotactic coordinate deviations and total ∆R deviation for all 3 phantoms and 3 evaluated MRI 
scanners

Scanner
Custom PTGR CIRS

DX DY DZ DR DX DY DZ DR DX DY DZ DR

Symphony 1.5 T 0.25 0.63 0.45 0.90 ± 0.31 0.19 0.34 0.60 0.78 ± 0.47 0.22 0.54 0.76 1.08 ± 0.49
Avanto 1.5 T 0.26 0.40 0.30 0.63 ± 0.23 0.28 0.67 0.38 0.92 ± 0.39 0.20 0.42 0.97 1.15 ± 0.48
Skyra 3 T 0.27 0.48 0.42 0.78 ± 0.37 0.25 0.75 0.65 1.20 ± 0.53 0.27 0.68 1.03 1.35 ± 0.49

Data are presented as the mean deviation in millimeters (± SD for DR).
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definition for the MR Skyra to CT and MR Skyra to MR 
Avanto. The results from phantom co-registration are 
shown in Table 5. The co-registration deviations were also 
determined for the clinical case—the results of patient co-
registration are shown in Table 6.

Discussion
Stereotactic definition, localization, and subsequent 

treatment of the target are strongly dependent on the pre-
cision of the images used. The most commonly used mo-
dality for target localization in intracranial stereotactic 
treatment is MRI, which is complemented by CT, digital 
subtraction angiography, and positron emission tomog-
raphy (PET) in some situations. MRI provides excellent 
anatomical resolution, allows the choice of optimal pulse 
sequence or contrast enhancement, and minimizes arti-
facts caused by the stereotactic frame itself.14,15,26 On the 
other hand, possible shortcomings arising from MRI in 
stereotactic treatment must be considered, especially geo-
metrical distortions.

Although a substantial number of studies have dealt 
with the issue of MRI geometrical distortion, the topic 
of accuracy in image definition and co-registration still 
needs to be discussed and developed. Geometrical distor-
tion in MRI usually affects the fiducial markers from the 
MR indicator box rather than the image itself, so fiducial 
distance evaluation for clinical cases can be viewed as the 
first step in assessing the geometrical accuracy of images. 
Also, comparison between MRI and CT can be performed. 
However, for the accurate assessment of the geometrical 
image distortions, direct measurement of stereotactic X, Y, 
and Z coordinates of given phantom grid points in stereo-
tactic space is needed instead of only measurement of the 
distances between these points.

This study focused on comparing 3 different methods 
that can be used for the evaluation of image geometrical 
distortions of various MRI scanners while performing 
quality assurance. It is not very common to have the op-
portunity to evaluate and compare 2 commercial phan-
toms and 1 custom-made phantom, as in this study. The 
measurements were performed in the same way as for 
patients and thus should mimic real clinical situations 
very well. Evaluation was also done using clinical treat-
ment planning software that is routinely used for patient 

treatment planning (Leksell GammaPlan). The presented 
results reflect total imaging inaccuracies, so they show not 
only deviation due to geometrical distortion from the MRI 
scanners but the inaccuracies of the whole stereotactic sys-
tem (definition software, stereotactic frame).

For this study, CT images were used as a reference. 
There are various studies considering geometrical distor-
tions of CT images as minimal and using CT images for 
MRI distortion evaluation.7,10,13,15,21,25 For the evaluation of 
CT imaging accuracy, the PTGR known target phantom 
was used. The deviations of all 21 measured crosshair 
coordinates from known values were calculated, and the 
total (radial) error of the CT scanner DR was determined 
as 0.47 ± 0.19 mm. The distortion for each coordinate was 
determined as 0.10, 0.30, and 0.30 mm for X, Y, and Z co-
ordinates, respectively. The total estimated uncertainty in 
distortion measurement in one coordinate was determined 
to be 0.32 mm and 0.14 mm for methods using and not 
using reference CT imaging, respectively. This result cor-
responds with the previously published studies9,13,28 and the 
determined error of the CT images was taken into account 
while assessing MRI results. It must also be taken into 
consideration that the best accuracy that can be achieved 
for both scanning modalities is the size of 1 pixel, which is 
approximately 0.5–0.9 mm.8

Results obtained from MRI and the evaluation of 3 dif-
ferent phantoms are presented in Table 4. Results from all 3 
phantoms and methods were comparable within the level of 
estimated uncertainty, except for the CIRS phantom where 
more considerable distortion (perhaps also error of mea-
surement) was observed in the Z coordinate. In general, 
the average distortions obtained from each individual co-
ordinate were typically less than 0.6 mm. However, for the 
CIRS phantom and Z coordinate, the measured distortion 
was larger and close to 1.0 mm as can be seen in Table 4.

The total radial distortion DR was typically lower than 
0.9 mm for all but the CIRS phantom (DR distortion was 
larger than 1.0 mm).

Better results were observed for the Siemens 1.5-T 
Avanto and 1.5-T Symphony units than for the Siemens 
3-T Skyra scanner. The results for 1.5-T units correspond 
with previously published studies,3,5,9 and all 3 methods 
presented in this study showed the capability to measure 
MRI geometrical distortion reliably. For the 3-T Skyra 
MR unit, the measured distortions were slightly higher 
than for the 1.5-T MR units for both the PTGR and CIRS 

TABLE 5. Results of image co-registration for the CIRS phantom

Phantom Data
Image Co-Registration Mean  

Deviation in mm

Co-registration DX DY DZ DR
MR Skyra–MR Avanto 0.25 0.44 0.97 1.17 ± 0.52
MR Skyra–MR Symphony 0.26 0.57 0.73 1.02 ± 0.44
MR Skyra–CT 0.21 0.37 0.64 0.83 ± 0.37
MR Skyra fiducial-based 

image definition
0.27 0.68 1.03 1.35 ± 0.49

Co-registration was performed for 3-T Skyra images with 1.5-T Symphony, 
1.5-T Avanto, and CT. As a reference image, CT was chosen. Individual DX, 
DY, and DZ stereotactic coordinate deviations and total DR deviations (± SD) 
are shown.

TABLE 6. Results of image co-registration for patient data

Patient Data
Image Co-Registration Mean  

Deviation in mm

Co-registration DX DY DZ DR
MR Skyra–MR Avanto 0.34 0.64 0.48 0.97 ± 0.41
MR Skyra–CT 0.22 0.36 0.33 0.59 ± 0.36
MR Skyra fiducial-based 

image definition
0.32 1.03 1.89 2.24 ± 0.43

Co-registration was performed for 3-T Skyra images with 1.5-T Avanto and CT. 
As a reference image, CT was chosen. Individual DX, DY, and DZ stereotactic 
coordinate deviations and total DR deviations (± SD) are shown.
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phantoms; for the custom-made phantom, distortions were 
slightly higher for the 1.5-T Avanto and slightly lower for 
the 1.5-T Symphony. Our results correspond with previ-
ously published data1 and prove that geometrical distor-
tions for 1.5 T and 3 T are comparable within the esti-
mated error level. We also show that the distortion correc-
tion algorithm implemented in the 3-T unit suppresses the 
geometrical inaccuracies very well.

Image co-registration is a very valuable tool for pre-
planning and also patient follow-up. It also facilitates im-
porting any nonstereotactic images (e.g., older images, 
PET images, etc.). By co-registration of the subsequent 
follow-up images with treatment images associated with 
treatment dose distribution, changes in lesions can be eas-
ily assessed visually. It is also a very efficient software tool 
in some problematic clinical situations to improve inaccu-
racy of distorted images.13,23

The accuracy of image co-registration was tested with 
the CIRS anthropomorphic phantom for 3-T Skyra im-
ages, which were co-registered to 1.5-T Avanto, 1.5-T 
Symphony, and CT. The 3-T Skyra MR unit was chosen 
for co-registration evaluation as the highest distortions for 
fiducial-based image definition were measured when that 
unit was used.

All 3 co-registered images showed better accuracy than 
fiducial-based image definition. Co-registration with CT 
images showed a total radial distortion DR = 0.83 mm 
compared to the fiducial-based definition of DR = 1.35 mm.

The accuracy of image co-registration was also simi-
larly tested for patient clinical data. The 3-T Skyra images 
were co-registered with 1.5-T Avanto and CT stereotactic 
template images. Both co-registered images showed bet-
ter accuracy than fiducial-based 3-T Skyra image defini-
tion. Co-registration with CT images showed a total radial 
distortion DR = 0.59 mm compared to the fiducial-based 
definition of DR = 2.24 mm. All distortions were related 
to CT as a primary reference stereotactic image. A sig-
nificantly higher benefit of the co-registration compared 
to the fiducial-based method was observed in the case of 
the patient data than in the case of the CIRS phantom. 
The possible reason of the higher distortion measured in 
the patient case could be the increasing magnetic suscep-
tibility.22 The co-registration process then shows higher 
improvement than in the case of inanimate phantom. The 
second reason for a higher distortion measured in patient 
data can be the use of anatomical points and landmarks, 
which are a greater source of uncertainty than just simple 
points evaluated using phantoms.

Co-registration benefits in both phantom and patient 
cases were obvious. Although the level of improvement in 
geometrical accuracy was slightly different in the phan-
tom and patient measurements, it showed the same trend. 
In both cases the best geometrical accuracy was obtained 
for 3-T Skyra image co-registration to stereotactic CT.

Potential bias due to the definition of the CT images 
and using those images as reference images must be con-
sidered. However, this measurement showed the benefit of 
the image co-registration and the advantages of both CT 
scanning and MR imaging for patients to reduce the geo-
metrical inaccuracies in the situation when MR images are 
more distorted.

It is, however, important to stress that co-registration 
itself is also associated with some imperfection and un-
certainty. The best accuracy that can be achieved for im-
age co-registration is typically considered in the range of 
the size of 1 pixel, which is approximately 0.5–0.9 mm.8 
Thus, our approach is to use fiducial-based image stereo-
tactic definition as much as possible, and only in situa-
tions (e.g., patients with shunts, metallic implants, surgical 
clips, etc.) when MR stereotactic images are significantly 
more distorted (typically over pixel size) to move to im-
age co-registration stereotactic image definition. In such 
situations, stereotactic CT imaging is used as a reference/
template stereotactic image. The 3-T Skyra unit is cur-
rently not used clinically for stereotactic fiducial-based 
imaging at our institution, and, when necessary, images 
are co-registered to some other accurate stereotactic im-
ages (MRI or CT).

The results presented in this study are strictly related to 
a specific site and scanners used in this study. Although the 
study can be used as an example of observed geometrical 
distortions, every center must perform individual quality 
assurance for all imaging modalities used for stereotactic 
procedures.

Conclusions
The precision of both image definition by fiducials and 

image co-registration was investigated for 1 CT unit and 3 
MR units (two 1.5 T and one 3 T). Three different meth-
ods were used for this study—2 commercial PTGR and 
CIRS phantoms and 1 custom-made cylindrical Perspex 
phantom. Although each method/phantom used in this 
study provided slightly different results, they all showed 
the same trend in distortion for measured MR units when 
considering uncertainties. All 3 methods can certainly be 
used for MRI distortion assessment.

The total estimated uncertainty in distortion measure-
ment in 1 coordinate was determined to be 0.32 mm and 
0.14 mm for methods using and not using reference CT 
imaging, respectively. Slightly larger distortions were ob-
served when using the 3-T MR unit than when using ei-
ther of the 1.5-T MR units, but all of the distortions may 
be comparable and are within the estimated measurement 
error. The maximum total radial distortion was obtained 
from the CIRS phantom measurement; for the 1.5-T MR 
unit it was 1.15 ± 0.48 mm, and for the 3-T unit it was 1.35 
± 0.49 mm. The co-registration process proved beneficial 
for geometrical distortion elimination in the case of the 3-T 
scanner. The best results/improvement were shown for 3-T 
MR image co-registration with the CT image—0.83 ± 0.37 
mm versus 1.35 ± 0.49 mm for fiducial-based image defini-
tion. The co-registration results showed that the indepen-
dent stereotactic imaging performed with CT or another 
(more accurate) MRI scanner can improve the geometrical 
precision of the imaging and reduce the distortion.
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