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In this article, we propose to develop the first clinical micro-CT (CMCT) system for human temporal bone imag-
ing in vivo. This CMCT system consists of medical CT and micro-CT scanners either as separate components or in
a combination, a cross-modality registration mechanism such as a facial surface scanner, and associated software.
This system integrates the strengths of state-of-the-art medical CT and micro-CT techniques to achieve a spatial res-
olution that is much higher than currently available for inner ear imaging at acceptable dose levels. Our design,
analysis, and simulation results demonstrate that the CMCT system is feasible for inner ear imaging and other clini-
cal applications. For example, the CMCT system has the potential to improve the safety of guiding cochlear implant
electrodes within the inner ear and assist the placement of inner ear microcatheters for delivery of gene modification
therapy or administration of neurotrophic factors. Imaging of microarchitectures of the cancellous bone would be

also an important application.
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During the past 30 years, medical X-ray CT scanners have
continued to evolve toward increasingly refined image qual-
ity while maintaining or reducing the X-ray dose to the pa-
tient. Currently, state-of-the-art medical CT scanners allow
about a 0.3-mm in-plane resolution and a 0.5-mm through-
plane resolution, which comes close to the resolution needed
to visualize individual electrodes of the cochlear implant in a
CT scan of the head. However, there are important and im-
mediate clinical needs for dramatically better image resolu-
tion. Particularly, with a 3- to 5-fold higher image resolu-
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tion, we would be able to map the cochlear structures
significantly better, which could be invaluable for electro-
physiological modeling, inner ear implant design, cochlear
implant programming, as well as diagnosis and monitoring
of various inner ear diseases.

In parallel to the development of medical CT scanners,
micro-CT devices have recently become popular for small
animal studies. Although there has been a rapid refine-
ment in the micro-CT technology, much effort has been
limited to small fields of view, matching the sizes of
small animals. Most of the existing micro-CT systems em-
ploy CCD cameras, microfocus x-ray tubes, and have image
resolutions between 10—50 wm. However, these imaging
systems do not permit imaging of the patient. There has
been an increasing interest in development of the microim-
aging capability for patient studies. The SCANCO Company
now markets a scanner with a less than 100 um voxel size
for use in the ankle and wrist. DiBianca et al. developed a
variable resolution x-ray (VRX) detection method for in-
creasing the resolution of a “clinical” CT scanner by means
of tilting the detector array at an angle to the X-ray beam
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Figure 1. Overview of the project development of clinical micro-CT for temporal

bone imaging.

(1,2). This approach integrates high-resolution data into
‘low’-resolution scan data.

Since 2003, we have been working to develop a
clinical micro-CT (CMCT) system, the first of its kind
initially targeting the human temporal bone imaging in
vivo (3). This system will integrate the strengths of
state-of-the-art medical CT and micro-CT techniques to
achieve a spatial resolution that is much better than
that currently available. An enabling technology for
CMCT without increasing patient dose is local CT re-
construction of a volume of interest (VOI). This solu-
tion is especially suitable for imaging the inner ear be-
cause of its small volume, bony structures, thin fea-
tures, and stationary nature. Although several methods
have been proposed for local CT, such as lambda-to-
mography (4,5) and wavelet multi-resolution local to-
mography (6-10), few of them have ever been really
applied in clinical arenas, due to reconstruction arti-
facts and/or hardware obstacles. Other inner ear scan-
ning methods based on micro-CT and MR were also
developed (11,12), which attracted great interest and
illustrate that our proposed CMCT technology is a fur-
ther step in the right direction of imaging microscopic
structures in humans.

In the following, the feasibility of our CMCT con-
cept is demonstrated. Our design goal is to realize mi-
cro-CT resolution in the framework of medical CT im-
aging without significantly increasing radiation dose.
Despite other important applications, our initial clinical
motivation is for imaging of the temporal bone with an
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emphasis on the cochlea. In sections I and II, we de-
scribe the basic architecture and the design principles
of the CMCT system, analyze the involved dose levels,
and propose an image reconstruction strategy. In Sec-
tion III, we present preliminary CMCT reconstructions
from numerically simulated and real CT/micro-CT data.
In Section IV, we discuss relevant issues and conclude
the article.

SYSTEM DESIGN

System description

As shown in Figure 1, the proposed CMCT system
consists of medical CT and micro-CT scanners either
as separate components or in combination, a cross-mo-
dality registration system such as a facial surface scan-
ner (a device for capture of 3D surface information
using optical means), and associated software. The mi-
cro-CT component includes a small focal spot X-ray
tube, a high-resolution detector, an optical facial sur-
face scanner as an example of a cross-modality regis-
tration system, a patient table/bench, and possibly a
vibration isolation base for micro-CT. During a patient
exam, a standard medical CT protocol is first executed
as routinely done in the clinical practice. Then, the fa-
cial surface scan is performed after the patient is posi-
tioned for a local micro-CT scan. The facial surface
models are built from the medical CT scan and the op-
tical facial surface scan, respectively. Finally, the pa-
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tient position or the microimaging chain is adjusted
according to the surface models so that the center of a
prescribed VOI coincides with the isocenter of the gan-
try, or with respect to other landmarks in the VOI.

The CMCT software components include 2 surface
modeling modules dealing with the CT image volume
and optical data respectively, data/image registration
programs, a local micro-CT reconstruction/microtomo-
synthesis engine, and a number of image-processing
utilities. While the global low-resolution projection
data are from the medical X-ray CT scan, the local
high-resolution projection data are acquired in the same
patient during a local micro-CT scan. Finally, a volu-
metric CMCT image of the VOI can be reconstructed
by integrating the global and local projection data and
applying a modified Feldkamp algorithm (13) or an-
other suitable reconstruction method.

Design Principles

In the state-of-the-art multi-slice spiral CT scanner,
the sizes of the focal spot and detector cell are typi-
cally millimeter- or submillimeter-sized with subsecond
rotation time and sub-mm image resolution. We have
estimated that for the proposed CMCT to achieve an
image resolution of 60—100 wm, which is 3-5 times
better than that of the medical CT scanner, we need to
scale the focus spot and detector cell sizes to 0.1-0.2
mm. If such a micro-CT scan had to be performed glo-
bally, it would take a long time and imply a high pa-
tient dose. However, our CMCT is only needed to re-
construct a small VOI containing the inner ear, espe-
cially the cochlea, with the desired micro-CT image
resolution. For an optimized design of our proposed
CMCT system, we will utilize the following strategies:

1. Adapt a state-of-the-art data acquisition system
(DAS) with high quantum efficiency and low dark
current;

2. Limit an X-ray scan region to a small VOI using
various data/image registration and navigation
schemes;

3. Apply super-short-scan techniques (14,15) for re-
construction of the VOI;

4. Develop source deblurring algorithms to allow rela-
tively large focal spot sizes (for example, ~0.5 mm
in diameter);

5. Develop wavelet-denoising techniques to suppress
image noise.

Dose Analysis

Total dose analysis.—The signal-to-noise ratio (SNR)
refers to the magnitude of the signal compared to the
magnitude of the random fluctuations in each image pixel.
Mathematically, it is defined as the ratio between the
measured signal strength and image noise standard devia-
tion. An adequate SNR is a key requirement for image
reconstruction. Image noise arises from various sources in
the CT and micro-CT data acquisition systems (DAS).
The 3 primary factors contributing to data noise are pho-
ton noise, dark noise, and read noise, which are described
as follows.

Photon noise originates from the detectors, which
convert incoming photons into photoelectrons. These
photoelectrons carry not only the signal but also statis-
tical variation in the photon number received by a de-
tector. It is well known that the number of photoelec-
trons follows a Poisson distribution, yielding a square
root relationship for SNR. Dark noise is due to ther-
mally generated electrons within the detector architec-
ture. Dark current is nothing but the rate of thermal
electrons, which is temperature dependent. Like the
number of photoelectrons, the number of thermal elec-
trons obeys a Poisson distribution. Read noise happens
in the DAS circuitry. The on-chip preamplifier pro-
duces a primary part of read noise. Spurious charge
also makes a significant contribution. Overall, the SNR
of a DAS can be expressed as

0,0t
SNR = , (1)
Q. (® + Byt + Dt + N’

where ®@ denotes the incident photon flux, B the back-
ground photon flux, Q, the detective quantum efficiency
(DQE), D the dark current, N, the read noise, and ¢ the
exposure time. When the number of photons is suffi-
ciently small, read noise exceeds photon noise. This state
is referred to as “read-noise limited.” We can similarly
define the most common case, which is “photon-noise
limited.”

To achieve the desired image resolution with the pro-
posed CMCT, it is necessary to reduce the focal spot di-
ameter of the X-ray tube and the detector cell dimensions.
If an X-ray spot size and the detector pixel size are re-
duced by linear factors m and n, respectively, then both
the incident photon flux and the photon number upon
each detector, which are respectively proportional to the
spot area and detector area, are reduced by m? and n?
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Table 1
Estimated Relative Scan Time and Radiation Dose (in Relative Units) for the Proposed CMCT System*

m
2 3 4 5 10
n Time Dose Time Dose Time Dose Time Dose Time Dose
2 32 0.08 108 0.12 256 0.16 500 0.20 4000 0.40
3 72 0.18 243 0.27 576 0.36 1125 0.45 9000 1.60
4 128 0.32 432 0.48 1024 0.64 2000 0.80 16000 3.60
5 200 0.50 675 0.75 1600 1.00 3125 1.25 25000 6.40
10 800 2.00 2700 3.00 6400 4.00 12500 5.00 100000 10.00

*m and n denote the linear factors by which an x-ray spot size and the detector pixel size are respectively reduced.

times. According to Eq. (1), the SNR with this refined
configuration would become

0,9t 1
SNR,,, = —.
\/Qe (® + B)t + m*n’Dt + m*n*N* mn

2)

Consequently, for the same SNR as that with medi-
cal CT the dark current and read noise must be re-
duced, and the scan duration must be prolonged for
each projection. If we assume for simplicity’s sake that
the number of views is inversely proportional to the
spot size, then the total scan time should be prolonged
by up to m3n? times.

To estimate the effective dose resulting from the
changes in the source and detector parameters, we need
the source factor 1/m’, the prolongation factor m3n2, and
the VOI factor @A, where A and a are respectively the
average projection areas of the global head region and a
VOI in the region. The fraction of the total dose involved
with CMCT relative to the standard dose of the head CT
becomes

DOSE,,  ,a
——xmn" —, (3)
DOSE A

where DOSE is the effective dose with the medical head

CT. If we use a ratio @A = (.01, the relative scan time and
radiation dose are listed in Table 1. For m = 3 and
n = 4, the integrated dose would be just about 1/2 of the
normal head CT dose, and the total scan time of CMCT
would be about 10 minutes (note that the roles for m and n
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are not interchangeable because we have assumed that the
number of views is inversely proportional to the spot size).

Organ dose analysis.—To estimate the radiation dose
for the proposed CMCT system, we use the theoretical
formulas derived for a uniform cylindrical phantom
(16,17). The dose, DOSE, at the center of the phantom of
radius R can be expressed in terms of the photon flux ®
as follows:

De “Epe,
DOSE = ——, 4)
p

where E is the energy of primary photons, w the atten-
uation coefficient, ., the energy absorption coefficient,
and p the mass density. The total number of photons
Ny to the detector cell of width 6 and height Az is
then given by

e "*Az80Q,(DOSE
Ny = Q,Pe FAz5 = 00 ). (5
(Men/ P)E

The QDE Q. of the detector can be computed based on
the following equation:

Q,=1—ertmm (6)

integrated over the energy spectrum of the X-ray tube,
where ty, is the thickness of the phosphor screen, and
is the attenuation coefficient.

The variance, ¢, in a reconstructed image is inversely
proportional to Ng, and the transaxial area of a voxel 8
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Figure 2. Plots for signal-to-noise ratio versus photon energy for fixed organ dose
and spatial resolution (a) the limiting performance of the current clinical CT (§ = 300
um) versus the lower bound performance of the proposed CMCT (§ = 100 um), and
(b) the target best performance of the CMCT (6= 80 um) and a more aggressive per-
formance (6 = 40-60 pm) at the same organ dose.
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Therefore, the square of the SNR is given by

B Nep’d  8°Azp’Q(DOSE)

SNR? = —
o’ K KE(pe/ p)e™

(&)

The factor K is related to the filtration step of the re-
construction process, reflects the effects of the ramp and
apodization filters employed in filtered backprojection,
and can be computed as follows (18):

_ 322 o 2
k=7["" Flw|dr. ©)
where f denotes the spatial frequency, At is the detector
pixel size projected to the isocenter which can be set to 6,
and W(f) the apodization window function. Specifically,
for the Hamming window

W(f) = 0.54 + 0.46 cos 2mfAr), (10)
K = 0.091 (19). In terms of units keV for energy, cm for
length, gram for weight, and cGy for dose, the SNR for-
mula becomes

8*Azu’Q, (DOSE)
KE(pe,/ p)e™

SNR=249830.0953\/ (11)

The above relationship allows the plotting of SNR ver-
sus dose at the center of the phantom, which is a good

indication of the potential detriment to the patient. For the
uniform phantom of 80% water and 20% bone, Figure 2
shows the SNR as a function of the tube voltage for a
current medical CT and the proposed CMCT scanners at
relevant dose levels, where the detector QDE n = 0.8
and slice-thickness Az = 0.75 mm. As shown in Figure
2(a), there is a ~5-fold drop in SNR when the CMCT
resolution is 100 wm at the dose level 2cGy, which is a
3-fold improvement of the clinical CT limiting resolution.
However, the compromised SNR is still over 10, which is
quite sufficient for diagnosis based on our experience. If
even higher resolution is needed, such as 60 wm, the dose
should be increased to 10 cGy according to Figure 2(b).
In reference to Figure 2, several comments are in order
on the effective organ dose. Now, the target resolution of
the CMCT system is set to 60—100 wm, equivalent to a
3- to 5-fold improvement relative to the limiting resolu-
tion of a state-of-the-art medical CT scanner. Given the
effective dose of ~3.5 cGy for a head CT scan using our
Siemens SOMATOM Sensation 16 scanners (Erlangen,
Germany), if the spatial resolution is improved by a fac-
tor of 3-5 in the entire field of view with other image
quality indexes fixed, the radiation dose would be in-
creased by a factor between 27 and 125. However, the
current CT image noise is only ~60 HU using a standard
temporal bone imaging protocol (20). Doubled or tripled
noise levels are still much less than the contrast between
bone and tissue (>1,000 HU), and should be tolerable for
bony structure imaging. In this way, the dose can be
greatly reduced to be less than the critical threshold for
acute radiation syndromes to begin. Also, more dose-re-
duction means are available, including local region scan-
ning, statistical reconstruction, source deblurring, wavelet
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denoising, and so on. Briefly speaking, in the local re-
gion—based scanning, the X-ray source only radiates at
most 1/10 of the transverse field of view, which reduces
the total dose by an order of magnitude (~1/10). The
statistical reconstruction would maximize the likelihood
subject to prior knowledge and should reduce the organ
dose by about half (~1/2) (21). The source deblurring
techniques may improve image resolution significantly
without increasing image noise (20). A well-designed
wavelet denoising method may reduce image noise effec-
tively without compromising image resolution. Addition-
ally, if the tomosynthesis mode is used, the dose can be
reduced by another order of magnitude. Therefore, our
conservative estimation is that the proposed CMCT sys-
tem would only need a dose comparable to that of the
clinical CT head scan to improve image resolution in a
local region of interest by 3-5 times. This 3- to 5-fold
improvement relative to the clinical CT performance
would be sufficient for our applications.

IMAGE RECONSTRUCTION

VOI Reconstruction

It is well known that the local CT problem is not
uniquely solvable (22). The reconstruction of a 2D re-
gion-of-interest (ROI) from local projection data suffers
from image cupping and intensity shifting artifacts. Since
Feldkamp-type algorithms for cone-beam CT perform
weighted 2D fan-beam reconstructions from data associ-
ated with tilted fans, the Feldkamp-type reconstruction of
a VOI from local projection data suffers from similar
artifacts.

For CMCT reconstruction, we propose a modified local
CT algorithm, in which both global and local projection
data are used. The local micro-CT projection data Pjo,
involved with a VOI, (), are sampled in a fine grid, while
the global medical CT projection data Pgjo,, are sampled
in a coarse grid. If both P,y and Py e, are acquired in
the same scanning geometry, we can combine the 2 data-
sets as

¢ Plo(al’ lf Plocal is deflnd8d3
global — i . (12)
wlobal»  Otherwise,

where Pi,,, denotes the linear interpolation of Py, on
the fine grid of Py,.,. Let Py, be the true global projec-
tion data in the fine grid. Our modified local CT algo-
rithm is based on the following observation
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R}(P;lobal - Pirlobal) = R}( [global - Pi»lobal) (13)

for each point xE(), where Ry(P) denotes an appropriate
reconstruction operator at point x from the projection data
P. This property is consistent to our earlier wavelet multi-
resolution CT results (10,23,24).

The physical meaning of (13) is also clear. Since
Piopar — Pliopa coincides with Pl — Plypy in the pro-
jection region of the VOI, and contains only information
with frequencies higher than that contained in P, the
reconstruction from Py — Piopa Via R; for XEQ is
basically a local operation and a good approximation to
x€(), provided that the coarse grid is not too rough. Let
us define the fine-to-coarse ratio (FCR) between the sam-
pling frequencies of fine and coarse grids. The appropri-
ate FCR depends on the size of the VOI. The smaller the
size, the higher the ratio. Since the Radon transform is a
linear operation, the reconstruction from P, can be
written as

R)?( ;l()hal) = R)?( ;lahul - P;luhal) + R)?( ;l()hul)
= Ri( tglabal - P;labal) + R}(P;labul) = R?( ;Iobal) (14)

for each reconstruction point x€(). Therefore, our algo-
rithm should not be subject to any significant image cup-
ping and intensity shifting artifacts.

CMCT Reconstruction

In CMCT, global and local projection data will be ob-
tained in different scanning geometries, which are de-
noted by Gy and Gyy,py respectively. For data registra-
tion, a facial surface model S, is required as the refer-
ence framework. In practice, S,.,; can be constructed
using the laser surface scanner. We propose the following
algorithm for reconstruction of a VOI:

1. [Registration] Align P, with P,,., in reference

to the local scanning geometry Gy,cq-

a. Reconstruct a global image 1,5, from Py,

b. Render the surface Sy, from the image Iyopu;

c. Align Sgppq With S,., using the linear confor-
mal transformation under the assumption that
the S,ipa and S, are linked by some com-
bination of translation, rotation, and
scaling;

d. Perform a forward projection of the aligned im-
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e. f.

Figure 3. Local ROI reconstructions of the left inner ear. (a) The head phantom with
two ROls in white circles, (b) a pure local reconstruction showing cupping and shift-
ing artifacts where the display window is shifted up by 1333 HU, (c) a global recon-
struction with RCR = 8, (d-f) our modified local reconstructions with the FCR of 32,
16, and 8, respectively.
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Figure 4. Error plots through the representative lines in the images: (a) x = 266 and
(b) y = 150. The curve for FCR = 1 stands for the error with the highest resolution
global reconstruction, while other curves show the differences between various local
CT images and the global reconstruction. When FCR > 8 there is no significant differ-
ence between the truth and the reconstruction, as quantified by a noise standard de-
viation < 5 HU.
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C.

Figure 5. Local ROI reconstructions of the right inner ear. (a) The phantom image of
the RO, (b) a low-resolution global reconstruction of the ROI, (c) a high resolution

modified local CT reconstruction.

age 1%, to obtain the corresponding global pro-
jection data PY,,, in a coarse grid with respect
t0 Gioear-

2. [Interpolation] Combine P, with Py, in the
local scanning geometry Gj,q..

a. Interpolate P4, to a fine grid matching with
Pilocar;

b. Complete P,,.,-missed portions by interpolating
appropriate parts of P4,

3. [Reconstruction] Reconstruct the VOI in the local
scanning geometry Gj,., from the combined cone-
beam projection data using a modified Feldkamp
algorithm.

RESULTS

Preliminary tests were performed to demonstrate the
feasibility of our modified local CT algorithm. The 2 lo-
cal ROIs were selected from the head phantom [http://
www.imp.uni-erlangen.de/forbild/deutsch/results/head/
head.html], as shown in Figure 3(a). In the first test, a
left-side ROI of radius 2.56 cm was used to generate pro-
jection data in a 672 X 1160 sampling grid. These data
were reconstructed incorporating low-resolution global
projections with FCR of 32, 16, and 8, respectively.
Figure 3(b) shows a pure local reconstruction, where

strong cupping and shifting artifacts are evident. Figure
3(c) shows a global reconstruction with FCR = 8. Figure
3(d-f) are the modified local reconstructions for 3 FCR
values 32, 16, and 8, respectively. They are free of visible
artifacts. Figure 4 indicates that the differences between
modified local and high-resolution global reconstructions
are insignificant if one considers the error range due to
the filtered back-projection (FBP) procedure. In the sec-
ond test, a right ROI of radius 1 cm was chosen. Low-
resolution global and high-resolution local projections
were generated on sampling grids of 84 X 145 and 2688
X 2320, respectively, with the FCR being 32 X 16.
Figures 5-7 demonstrate that the image quality in the
VOI reconstruction is excellent with a mean square error
less than 0.0001 as compared to the standard high-resolu-
tion reconstruction.

The feasibility of the proposed CMCT system was also
tested using real clinical CT (Siemens SOMATOM Sen-
sation 16) and micro-CT (SkyScan 1076; SkyScan, Aart-
selaar, Belgium) scans of a cat skull whose cochlea was
implanted with a feline model of a Cochlear Corporation
electrode array. The cat skull was selected because of
both its anatomical similarity to the human skull and the
matching of its size to the current micro-CT imaging ap-
erture. This skull presents detailed internal structures, and
its dimensions are appropriate for both CT and micro-CT
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Figure 6. Profiles along the line x = 150. (a) Profiles of the true phantom (thin
dashed line) and modified local reconstruction data (thick solid line), (b) difference
between modified local CT and global reconstructions.
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Figure 7. Profiles along the line 4 = 170. (a) Profiles of the true phantom (regular)
and modified local reconstruction data (irregular), (b) differences between modified
local CT and global reconstructions.
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Table 2
Screening Parameters of the Clinical CT and Micro-CT Scans
of the Implanted Cat Skull

Siemens SOMATOM

Sensation 16 SkyScan 1076

X-ray tube voltage 120 kV 100 kV

X-ray tube current 250 mA 100 pA

Scanning locus Helix (pitch = 12 mm) Circle

Views per rotation 1160 800

Object-to-source

distance 570 mm 121 mm

Detector Field of view 500 mm 67 mm
Columns 1344 1872
Rows 16 524

scans to provide complete datasets and reveal rich infor-
mation. Hence, we can easily mimic any local micro-CT
scan and evaluate the effectiveness of the proposed
CMCT approach. The CT and micro-CT scans were per-
formed using a Siemens SOMATOM Sensation 16 scan-
ner and a SkyScan 1076 micro-CT Scanner according to
the protocols summarized in Table 2. Then, 2 cylindrical
volumes of radius 34.0 mm and height 7.7 mm were re-
constructed from low-resolution global and high-resolu-
tion local projections respectively in 1968 X 1968 X 211
matrices using our in-house software. As demonstrated in
Figure 8(a,b), the image from CT projections is signifi-
cantly more blurry than that from micro-CT projections
since CT detectors are much larger than micro-CT detec-
tors. In this cylindrical volume, we are particularly inter-
ested in the cochlea marked with a white circle (diameter
28.5 mm) in Figure 8. In the CMCT reconstruction, we
used a one-fifth subsampled clinical-CT raw datum as the
global dataset. The selected local micro-CT dataset was
then merged with the global CT dataset with the FCR
being 50. Finally, the VOI was reconstructed from the
combined sinogram using our CMCT method described in
the preceding section. The CMCT reconstruction of the
implanted cat skull is presented in Figures 8(c) and (d).
In the VOI, the difference between Figures 8(c) and (b) is
very small with the mean square error 0.0036. These re-
sults show that the visibility of the implanted electrode
array is excellent with individual electrodes being well
depicted in their anatomical context.

DISCUSSION AND CONCLUSION

In one aspect, the CMCT system comprises a modified
clinical CT scanner. A microimaging chain comprising a
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microfocused X-ray tube and a 1D or 2D high-resolution
X-ray detector array can be added into the CT gantry to
complement the traditional CT data acquisition system. Op-
tionally, this microimaging capability can be embedded in
the traditional CT data acquisition system, for example, us-
ing an X-ray tube with multiple focal spot sizes and a detec-
tor array with various binning modes. In this aspect, an opti-
cal surface scanner may not be used. A traditional CT scan
of a patient’s head (or other body region) can be performed
when the head is kept stationary in an immobilization mech-
anism such as a head holder. Then a region/volume of inter-
est in the head is outlined in a CT volume of the head. The
head can be repositioned by steering the head (for example,
via moving a patient table) so that the center of the region/
volume of interest coincides with the isocenter of the CT
gantry. The microimaging chain is accordingly aligned to
focus with respect to this isocenter with an adjustable fan-
beam/cone-beam aperture for subsequent micro-CT/micro-
tomosynthesis scans. The head can also be kept stationary,
while the microimaging can be done by adaptive collimation
through the region/volume of interest toward a high-resolu-
tion detector array. The CT and micro-CT/microtomosynthe-
sis datasets can be reconstructed into desirable images using
the above described methods.

Recently, the interest in tomosynthesis has been re-
newed due to the development of digital detectors, re-
construction theory and methods, high performance
PCs, as well as concern over radiation exposure. Vari-
ous tomosynthesis techniques and systems have been
developed and applied for breast cancer screening, pul-
monary nodule detection, orthopaedics, angiography,
dental imaging, and so on (25-32). We emphasize that
the solution to this incomplete data/limited angle prob-
lem is an attractive option for our proposed CMCT
system for the same reasons behind other tomosynthe-
sis applications. Primarily, despite its inferior image
quality relative to that of CT/micro-CT, tomosynthetic
imaging may dramatically reduce the radiation dose
because it requires only a small fraction of complete
projection data (33).

We emphasize that systematic evaluation and opti-
mization of the registration techniques are critically
important for precise fusion of the medical CT and mi-
cro-CT data/images. In this regard, both hardware and
software efforts are needed. Fortunately, both surface
and image registration techniques have been actively
developed for years. Therefore, we can utilize many
proven methods and products for our purpose and
make improvements when necessary. On the other
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Figure 8. CMCT reconstruction of an implemented cat skull using our in-house software based on clinical CT and Micro-CT scans (a)
Transverse, sagittal and coronal slices reconstructed from data acquired by a Siemens SOMATOM Sensation 16 scanner, (b) corre-
sponding slices reconstructed from data acquired by a SkyScan 1076 micro-CT scanner (c) corresponding slices reconstructed using
our CMCT approach; (d) the difference image between (c) and (b).
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hand, until now most of the work on registration has
been done in the image domain. A direction we con-
sider promising is to merge data, instead of images,
from different tomographic imaging modalities. In our
case, micro-CT data would be fused with medical CT
data despite their differences in resolution and sam-
pling geometry. We are studying relevant issues to
fully utilize the CMCT potentials.

We recognize that the system characterization and
optimization must be performed in large phantom ex-
periments with appropriate X-ray tubes and detectors.
In this regard, we will rely primarily on cadaver head
experiments because they provide realistic simulations
of the clinical imaging conditions. As far as X-ray
sources are concerned, The X-ray Tubes-Vacuum Tech-
nology Division of the Siemens Medical Systems
(http://www.med.siemens.com/med/rv/x_ray_tubes/) is
one possible supplier. This company provides both mi-
crofocus sources and high-performance tubes; it also
meets specialized needs for X-ray sources. Regarding
X-ray detectors, we may use direct conversion flat
panel detectors, which represent the state-of-the-art of
the field. When our project enters the prototyping
stage, we will have more experimental data to make an
optimal selection of the critical components. Also, we
remark that the X-ray energy optimization should be
performed with respect to spectral width and mean
photon energy based on the results obtained by
Grodzins (34,35) and Spanne (36), which will be sys-
tematically addressed in further research.

As far as the number of beneficiary patients is con-
cerned, it is well known that significant hearing impair-
ment occurs in approximately 10% of the US popula-
tion. The CMCT technology will be a general imaging
tool for diagnosis and intervention in many inner ear
diseases. Furthermore, the CMCT system has the po-
tential to improve the safety of guiding cochlear im-
plant electrodes within the inner ear and to assist the
placement of inner ear microcatheters for delivery of
gene modification therapy or administration of neuro-
trophic factors. Although immediate applications
are for temporal bone imaging, extensions to other
clinical applications are envisioned. Imaging of micro-
architectures of the cancellous bone is an important
example.

In conclusion, we have proposed the first clinical mi-
cro-CT (CMCT) system for human temporal bone imag-
ing in vivo. The main feature of our approach is to inte-
grate global medical CT data with local micro-CT/mic-
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rotomosynthetic data for local microimaging at the
minimum X-ray dose level. Our system design and simu-
lation results demonstrate that the proposed system is fea-
sible and holds great promise for inner ear and other clin-
ical applications.
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