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Abstract—Magnetic Resonance Imaging (MRI) longitudinal
studies conducted to assess changes in tibia bone quality
impose strict requirements on the reproducibility of the
prescribed region acquired. Registration, the process of
aligning two images, is commonly performed on the images
after acquisition. However, techniques to improve image
registration precision by adjusting scanning parameters
prospectively, prior to image acquisition, would be preferred.
We have adapted an automatic prospective mutual informa-
tion based registration algorithm to a MRI longitudinal
study of trabecular bone of the tibia and compared it to a
post-scan manual registration. Qualitatively, image align-
ment due to the prospective registration is shown in 2D
subtraction images and 3D surface renderings. Quantita-
tively, the registration performance is demonstrated by
calculating the sum of the squares of the subtraction images.
Results show that the sum of the squares is lower for the
follow up images with prospective registration by an average
of 19.37% = 0.07 compared to follow up images with post-
scan manual registration. Our study found no significant
difference between the trabecular bone structure parameters
calculated from the post-scan manual registration and the
prospective registration images (p > 0.05). All coefficient of
variation values for all trabecular bone structure parameters
were within a 2-4.5% range which are within values
previously reported in the literature. Results suggest that
this algorithm is robust enough to be used in different
musculoskeletal imaging applications including the hip as
well as the tibia.
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INTRODUCTION

Osteoporosis is a metabolic disorder that results in
bone with decreased mechanical strength and increased
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fracture risk. It primarily targets trabecular bone,
which is spongy bone found in skeletal sites such as the
vertebrae and the proximal and distal parts of the
appendicular skeleton, with both thinning and loss of
structure.'® Trabecular bone micro-architecture is of
particular importance to bone strength.” Studies have
confirmed that MRI can be used to detect differences
in trabecular bone due to age, bone mineral density,
and osteoporotic status.’’*® Longitudinal studies
conducted to assess changes in bone quality in the tibia
impose strict requirements on the reproducibility of
data acquired.'>?? The same region must be consis-
tently analyzed between baseline and follow-up image
acquisition. To this end, registration is usually per-
formed manually at the MRI scanner based on visually
locating anatomic landmarks such as the endplate
prior to image acquisition. Additional registration is
still needed post-acquisition by manually matching
slices.

Techniques to improve image registration precision
by prospective registration, adjusting scanning
parameters prior to image acquisition, have been re-
ported recently in literature.®'* A prospective regis-
tration technique for proton magnetic resonance
spectroscopy of brain longitudinal examinations to
track disease progression'® has been developed. This
technique utilizes a mutual information registration
algorithm? to register images in a baseline and follow-
up exam. The output of the registration algorithm,
three translations and three Euler angles, is used to
redefine the region to be imaged and thus to acquire a
follow-up oblique imaging volume identical to the
baseline volume. This pre-registration has provided
improved region overlaps as well as generally de-
creased short-term measurement variability and im-
proved workflow. Much work has been done to
optimize and validate prospective registration in MR
brain images*®'> including methods to prospectively
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register brain images to an atlas®® and to register brain
spectroscopy images.'*'* However, no such techniques
have been applied to musculoskeletal imaging. All
methods to register musculoskeletal images, such as
the radius and tibia, for bone structure analysis have
been performed post-acquisition.'?*

When imaging trabecular bone in osteoporosis, the
regional variations in structure of bone are inherent
and follow-up images registered to the baseline images
would have profound impact on the quantitative
evaluation of trabecular bone architecture. A study
performed by Gomberg et al.'? investigating the error
sources in MRI-based trabecular bone structural
parameters found the two main sources of variation to
be patient motion and failure to match the ROI. They
found that even if the ROI is offset by one slice, BV/
TV can vary by a median error of 1%. An imple-
mentation of prospective registration to musculoskel-
etal MRI longitudinal studies would be of significant
importance for characterizing trabecular bone. Pro-
spective registration would reduce the need for an
additional manual post-processing step that requires
substantial expertise. It would therefore reduce the
post-processing time and subjectivity while maintain-
ing the precision of trabecular bone measurements
such as apparent bone volume fraction (App.BV/TV),
apparent trabecular separation (App.Tb.Sp), apparent
trabecular thickness (App.Tb.Th) and apparent tra-
becular number (App.Tb.N).

METHODS

Registration Algorithm

Image registration involves aligning two images
(either 2D or 3D) by adjusting the parameters of a
transformation which maps one image to the other.
The parameters are adjusted until a metric function is
optimized. We used the same technique as presented by
Hancu er al.'? by implementing a mutual information
metric to rigidly register baseline and follow-up low
resolution images. Mutual information is a measure of
the information one image provides with respect to
another. The use of mutual information for medical
image registration applications was introduced in 1997
by both Viola and Wells*® and Collignon er al.*® For
two images, the mutual information is computed from
the joint probability distribution of the images’ inten-
sity or gray-level values. When two images are per-
fectly aligned, they should provide maximal
information about each other and the joint probability
distribution would yield a high mutual information
value.® The information contributed by each of the
two images, denoted image 4 and image B, is entropy

which measures the dispersion of a probability distri-
bution. The entropy measure of an image is defined as

H(A) = =" pa(a) log [p4(a) (1)

Here, p 4 is the marginal probability distribution, the
likelihood of finding pixels of an intensity throughout
the imaging volume.” The joint entropy of the two
imaging volumes A and B is defined as

H(A,B) ==Y > panla,b)loglpas(a,b)]  (2)

Therefore, the mutual information of two images
can be defined as the degree of dependence between
image A and image B by the Kullback-Leibler'” dis-
tance between the joint distribution, p4z(a,b), and the
distribution associated with the case of complete
independence, p 4(a)pp(b):

MI(4, B) = 72 ZPAB(a;b)log [%} (3)

= H(A)+ H(B) — H(A, B) (4)

For the prospective registration algorithm, image 4
was the baseline image and image B was the trans-
formed follow-up image. The transformation involves
a rotation matrix, characterized by three Euler angles,
and a translation vector composed of three translation
parameters. The rotation matrix and the translation
vector define the movement of a point from the follow-
up to the baseline image. A conjugate gradient descent
method" was implemented to search for the six
parameters that define the rotation matrix and trans-
lation vector which optimize the mutual information,
MI(A4,B).

Magnetic Resonance Imaging

The right distal tibia of five healthy volunteers
(average age of 26 £ 3 years old) were scanned with
their informed consent in accordance with the regula-
tions of the Committee of Human Research at the
University of California, San Francisco. All scans for
each subject were performed on the same day. Subjects
were removed from the scanner and repositioned be-
tween baseline and follow-up scans. To ensure a con-
sistent clinical position between scans, a leg holder and
pads were used in scanning which helped to limit
rotation to small angles (<10°). The longitudinal
landmark line was aligned with the subject’s lower leg
and the transverse landmark line was aligned at the
medial malleolus of the tibia.

All MR images were acquired axially on a 3-T Signa
Scanner (GE Healthcare, Milwaukee, WI, USA) with a
modified multi-acquisition SSFP sequence (Steady
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State Free Procession) applying a maximum intensity
projection of two images (MI-SSFP).> A Nova Medi-
cal (Wilmington, MA, USA) four-coil surface phased
array receiver coil was used. The scanning procedure is
depicted in Fig. 1. After a three-plane localizer, two
baseline scans were obtained. The first baseline scan
was a low spatial resolution scan in the axial plane with
a 256 x 256 matrix, 8 cm FOV, 0.5 mm slice thickness,
64 slices, 60° flip angle, 17/6.5 ms TR/TE, and a scan
time of approximately 4 min. The second baseline
scan, intended for quantitative analysis and compari-
son, was a high spatial resolution with a 512 x 384
matrix, 8 cm FOV, 0.5 mm slice thickness, 64 slices,
60° flip angle, 17/6.5 ms TR/TE, and approximately
16 min of scan time (Fig. 2).

The volunteers were then removed from the scanner
and repositioned for the follow up scans. After a three
plane localizer, four follow-up scans were obtained.
The first two follow-up scans used the same protocols
as the first two baseline scans, one low spatial resolu-
tion follow-up scan for registration (~4 min scan time)
and a high spatial resolution scan for quantitative
trabecular bone structure analysis and comparison
(~16 min scan time). The low-resolution axial baseline
and follow-up scans were then registered using the
mutual information based rigid registration scheme
described previously. The registration was performed
while the patient remained in the scanner and took less
than 1 min, including the time to upload the baseline
and follow-up volumes.

The final two follow-up scans required a modifi-
cation of the MI-SSFP sequence to allow for the
input of the six registration parameters (three trans-
lations and three rotations) output by the mutual
information registration algorithm. Oblique scans
were acquired with the same parameters as the first
two follow-up scans except for input parameters from
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FIGURE 2. Regresentative high spatial resolution (0.156 x
0.156 x 0.5 mm®) image of the distal tibia using a modified
MI-SSFP sequence.

the registration. The prescription of these oblique
scans had the same tibia coverage and slice orienta-
tion as the baseline axial images.

Registration Algorithm Validation

To validate the registration algorithm, the output of
the registration algorithm was compared to known
values. One of the low-resolution images of one of the
baseline scans was rotated and translated by a known
amount selected with a random number generator. The
rotation was limited to +8° and the translation was
limited to +10 mm. The baseline volume and the
transformed volume were then registered and the
registration error was computed as the difference be-

Baseline Follow-up
Axial Axial Axial Axial
High Resolution Low Resolution Low Resolution High Resolution
i\ Registration
Performed
at the
Scanner
Registration Output Input to modified
o MI-SSFP
Three Translations —=<
Sequence

Three Euler Angles

at the Scanner

FIGURE 1.
scans were used for trabecular bone analysis.

Y N

Oblique Oblique
Low Resolution || High Resolution

Diagram depicting the scanning procedure implemented in this study. The high-resolution baseline and follow-up
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tween the known translation and the output of the
registration algorithm. This procedure was repeated 50
times.

Registration Performance Evaluation

Visual inspection of 3D surface renderings and
subtraction images aided in evaluating the success of
the prospective registration with tibial images. Using
an in-house developed software based on MATLAB
(The MathWorks, Inc., Natick, MA), the inner cortical
shell of the tibiae were segmented semi-automatically
with a Bezier-spline and edge detection based method
on a slice by slice basis. Segmented contours were then
stacked to create a 3D surface. This was performed on
the baseline and follow-up low spatial resolution
images which were then visualized together in a 3D
surface rendering. Subtraction images were created by
subtracting the low spatial resolution follow-up vol-
umes from the low spatial resolution baseline volumes.
Subtraction images were created for both follow-up
image with the prospective registration and the follow-
up image without registration. To quantify the
improvement in image alignment seen in the subtrac-
tion images, the sum of the squares was calculated for
each slice in the volume and then averaged across the
volume.

Analysis of Trabecular Bone Microarchitecture

Tibial trabecular bone structure analysis was per-
formed using software developed at our institution
using IDL (Interactive Data language, Research Sys-
tems, Inc., Boulder, CO). Due to the use of surface
coils, a correction for the spatial variation in the coil
detection sensitivity was required for accurate image
analysis. The images were coil-corrected with a low-
pass-filter based coil sensitivity correction.””> A volu-
metric region of interest (ROI) was manually defined
using a graphics cursor. Moving proximally from the
slice where the growth plate ends (endplate), the vol-
umetric ROI consisted of 20 axial slices of the volume
and included only trabecular bone and bone marrow.
Each volumetric ROI requires between 10 and 20 min
(30-60 s per slice) to accurately define. The ROI
for the high-resolution baseline image and follow-up

image without registration were then registered manu-
ally by visually matching corresponding slices. The
same ROI was used on the follow-up with prospective
registration as for the baseline image and did not re-
quire the additional ROI definition and manual ROI
registration. The resulting ROI was divided into two
10-slice thick regions due to inherent changes in tra-
becular bone structure with distance from the end plate.
After the ROI had been defined and aligned, an image
intensity histogram based thresholding technique
was used to binarize the ROI into trabecular bone
and marrow phases.”” Previously described methods®
were then used to compute the apparent trabecular
structural parameters: App.BV/TV, App.Tb.Sp.,
App.Tb.Th., and App.Tb.N. To determine the effects
of using the prospective registration on trabecular
parameters, the data was analyzed using a repeated-
measures analysis of variance procedure.'® This statis-
tical procedure was chosen to help distinguish between
the variability between the experimental subjects, the
variability due to different post-processing methods,
and the variability of the measurements within the
same subject. The reproducibility of the technique was
verified by calculating the short term coefficient of
variation."!

RESULTS

Table 1 presents the results of the registration
validation by showing the registration errors (mean =+
standard deviation) as determined by subtracting
known transformations from registration outputs. The
average error in rotations was ~0.2° and in translations
was ~1.1 mm which are within reasonable accuracy for
tibia registration.

By image subtraction and 3D surface rendering
of the segmented tibiae, the improvement in image
alignment can be assessed. Figure 3 shows represen-
tative results of the prospective registration. The
improvement from the registration can be seen by
looking at the subtraction images (Figs. 3¢ and 3f) and
corresponding tibia segmentations (Figs. 3d and 3g).
Displayed next to the subtraction images are the cor-
responding low-resolution follow-up images without
registration (Fig. 3b) and with prospective registration

TABLE 1. Registration errors (mean + standard deviation) were determined by subtracting the registration output from the known
transformation.

Registration Error Ax (mm) Ay (mm) Az (mm)

ASzp (mm) 0x (°) Oy (°) 0z (°) Ad (%)

1.0+11 1.0+0.8 0.8 £0.7

1.1 +0.6

0.3+0.2 02=+0.2 02=+0.2 0.2+0.1

The errors are shown in translations (Ax, Ay, and Az) and rotations (0x, 0y, and 0z) as well as the average displacement AS;p = (Ax + Ay +

AZ)/3 and average rotation angle A0 = (0x + Oy + 02)/3.
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FIGURE 3. Visual comgarison of prospective registration versus follow-up without registration for low spatial resolution images

(0.313 x 0.313 x 0.5 mm

) of the tibia. (a) Axial slice of baseline image (b) Axial slice of follow-up image without registration (c)

Subtraction of a and b (d) Rendering of non-registered tibiae (green = low resolution baseline, red = low resolution follow-up) (e)
Axial slice of follow-up image with prospective registration (f) Subtraction of a and e (g) Rendering of prospectively registered
tibiae (green = low resolution baseline, red = low resolution follow-up).
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FIGURE 4. The sum of the squares of the subtraction images
created from low-resolution images was calculated for each
slice and then averaged across all slices. The sum of the
squares was lower for the prospective registration subtrac-
tion images for each of the five tibiae.

(Fig. 3e). The baseline low-resolution scan is also
shown for comparison (Fig. 3a). It can be seen in the
results that the second follow up scan is more closely
oriented with the baseline scans. For example, in
Fig. 3c the edges of the cortical bone are misaligned
with higher intensity in the subtraction image, and
clear separation of the red and green tibial renderings
in Fig. 3d is visible. In Fig. 3f, the high intensity

differences within the tibial edge are reduced, and there
is considerably more overlap in the red and green tibial
renderings in Fig. 3g.

To quantify the dispersion seen in the subtraction
images, the sum of the squares was calculated for each
slice. The graph in Fig. 4 shows the average of the sum
of the squares across all slices for the volume for each
of the five subjects. Sum of the squares was lower for
the follow up images with prospective registration by
an average of 19.37% =+ 0.07.

Our study did not observe differences between the
trabecular bone structure parameters calculated from
the post-scan manual registration and the prospective
registration images. Figure 5 shows the trabecular
bone parameters calculated for one of the tibiae. There
is very little variation in the parameters between ima-
ges. The results of a repeated-measures analysis of
variance indicate there is no significant difference be-
tween the trabecular bone parameters calculated from
the prospective registration images and those calcu-
lated from the post-scan manual registration
(p > 0.05). Additionally, our study also found little
difference in the coefficient of variation when evalu-
ating the post-scan registration and the prospective
registration for the four parameters in the two different
bone regions. All values were within a 2-4.5% (Fig. 6)
range, which are within values previously reported.*?

DISCUSSION

In this work we have demonstrated the feasibility of
using a mutual information based method to prospec-
tively register longitudinal MR images of tibia scans.
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FIGURE 5. The raw data for the trabecular bone parameters for one of the tibiae in both regions is shown. Very little variation in
the parameters was found between images which demonstrates that the trabecular bone parameters found with the prospective
registration are just as accurate as those found using the manual post-scan registration technique.
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FIGURE 6. The coefficient of variation values were within a
2-4.5% range for all four trabecular bone parameters in the
two bone regions.

We have developed a unique MI-SSFP sequence which
allows for the input of the registration results to scan
oblique registered high spatial resolution tibia images.

The coefficient of variation of the trabecular bone
structure parameters is within the same range for both
registration types and the repeated-measures analysis
of variance indicates that there is no significant dif-
ference in trabecular bone parameters between baseline
and follow-up images for both registration types.
These findings demonstrate that the trabecular bone
structure parameters found with the prospective reg-
istration are just as accurate as those found using the
established post-scan manual registration technique.*

The use of automatic prospective registration en-
sures that the ROI is placed on the same slice for both
the baseline and follow-up. Automatic prospective
registration also has benefits by eliminating the need
for subjectively finding the longitudinal reference
location (endplate location) for all follow-up scans. In
addition, the use of prospective registration at clinical

sites will ensure that the same region is scanned in the
baseline and follow-up. Often there is a discrepancy in
the region scanned and the images cannot be utilized
for quantitative comparison.

Automatic prospective registration allows for a time
savings and an easy analysis of multiple ROIs, as the
regions defined on the baseline scans can also be ap-
plied directly to the registered follow-up images.
Automatic prospective registration adds 4 min to the
baseline scan time and 5 min (4 min of scan time and
1 min for the registration) to the follow-up scan time.
However it eliminates the need for an additional ROI
to be manually generated for the follow-up images,
which allows for a 10-20 min savings in post-process-
ing time. For longitudinal studies, where hundreds of
patients are being scanned and analyzed, the time
savings in post-processing could be substantial.

The prospective registration algorithm implemented
in this study was the same algorithm utilized by Hancu
et al." Tt is optimized for magnetic resonance spec-
troscopy studies with a mutual information metric, a
rigid body transformation, and a conjugate gradient
descent optimizer. Although the results from imple-
menting this prospective registration technique are just
as accurate as the results from the current post-scan
manual registration technique, the algorithm may pro-
duce better results if optimized for musculoskeletal
imaging. Since the registration is intra-modality, an
intensity-based metric such as a cross-correlation met-
ric,”* a least squares metric,”® or a voxel-intensity-based
method?” may be more appropriate. Additionally,
musculoskeletal images contain joints surrounded by
soft tissue that deform depending on the subject posi-
tion. This deformable soft tissue makes rigid registra-
tion more challenging for musculoskeletal images
compared to brain images. The registration can be im-
proved by cropping the image so that the entropy is only
calculated in a region with minimal soft tissue. This
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would minimize the effects of the non-rigid movement
of the soft tissue on the registration algorithm.

Automatic retrospective registration, registration
after the images have been acquired, may be an alter-
native to prospective registration. However, prospec-
tive registration requires no interpolation of the data,
which is required in automatic retrospective registra-
tion. All interpolation methods smooth images to some
degree and images with sharp-edge details, such as
high-resolution trabecular bone images, are much
more effected.'® Prospective registration also ensures
that the correct region is being acquired at scan time.
Retrospective registration will fail if there is a large
difference in the regions scanned and therefore little
overlap between the baseline and follow-up images.

Prospective registration may have a bigger impact
on hip images since the reproducible positioning of the
subjects is not as easy as when imaging the tibia.
Carpenter ef al.’ performed a study investigating the
reproducibility of bone structure parameters in the
proximal femur. They suggested that the high coeffi-
cients of variation, ranging from 6.5% to 13.5% may
be partially due to patient repositioning. Additionally,
the images of the proximal femur were acquired with a
slice thickness of 1mm, double the slice thickness in
this study, which may contribute to additional partial
volume effects. More experiments need to be con-
ducted to investigate if prospective registration can
minimize partial volume and patient repositioning ef-
fects when imaging the proximal femur.

This study proves that it is possible to implement
prospective registration to a musculoskeletal applica-
tion. Prospective registration ensures that the same
region is analyzed in both the baseline and follow-up
images, saves post-processing time, preserves the
reproducibility of the trabecular bone parameters, and
requires no interpolation. The results suggest that it
may be robust enough to be used in different muscu-
loskeletal imaging applications including the hip.
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