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l 1. Introduction

Henry Ford Health System (HFHS, Fig. 1) in the
USA and Shimadzu Corporation have been
conducting collaborative research into the clinical
evaluation of tomosynthesis using a SONIALVISION
safire digital table equipped with a 17-inch
direct-conversion flat panel detector.

Dr. Flynn of HFHS presented the results of this
collaborative research at RSNA 2006 held by the
Radiological Society of North America in December
2006 and many visitors were able to see the
associated clinical images in the Henry Ford
Health System Corner in the Shimadzu booth.
These clinical images were also presented at an
educational symposium held by the SEAAPM
(Southeast Chapter of the American Association of
Physicists in Medicine) in March 2007.

1.1. History of the Henry Ford Health System
Henry Ford, the founder of the Ford Motor
Company, established the Henry Ford Health
System in Detroit as a philanthropic enterprise in
1915. It is a sophisticated medical center offering
903 beds that also provides training and research
opportunities. HFHS has a close relationship with
the School of Medicine at Wayne State University
in Detroit and conducts training for Michigan State
University junior and senior medical students on
rotations through each department. HFHS
conducts heart, lung, kidney, liver and other
transplant surgeries and is ranked by medical
journals amongst the top hospitals in the USA.
Henry Ford Health System and Shimadzu
Corporation began collaborative research into the
clinical evaluation of tomosynthesis using digital
radiography in April 2006. Shimadzu provides
support with equipment and research.
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2. Physical Performance of a General
Radiographic Tomosynthesis System
With a Selenium DR Detector (RSNA 2006)

Dr. Michael Flynn of HFHS is an extremely
well-known radiation physicist in the USA. At
RSNA 2006, he gave a presentation entitled,
"Physical Performance of a General Radiographic
Tomosynthesis System With a Selenium DR
Detector." (Fig. 2)
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2.1. Features of SONIALVISION safire

Fig.3 shows the features of the Shimadzu
SONIALVISION safire. The SONIALVISION safire
digital table features high resolution, low geometric
distortion, high frame rate, and extremely low lag. It
was judged to offer the high-precision movements of
mechanical components essential for high-accuracy
tomosynthesis.

H DR - Tomosynthesis (TS

Digital Radiography (DR) detectors capable of
rapid sequence acquisitions are effective for
xray TomoSynthesis (TS) imaging;

+ High resolution

- No geometric distortion

- High frame rate (pulsed)

* Minimal lag

Accurate mechanical movement
of the detector and x-ray fube
is required to achieve high

detail from TS reconstruction.

Fig. 3

2.2. Acquisition Conditions and safire Specifications
Fig. 4 shows the movements during tomosynthesis.
For lateral radiography of the knee joint, a 60° table
tilt angle is used and the X-ray tube and FPD move
in opposition. The X-ray tube swing angle is £20°.

Tomosynthesis for clinical evaluation of the knee
joint was conducted with 75 views acquired over
2.5 s at 30 fps frame rate under X-ray conditions of
65 kV to 70 kV and 1 mAs X-ray dose per frame. The
entrance exposure is estimated at 216 mR, which is
about one-fifth the dose from a multislice CT exam.

H Acquiring the Data

Tomography Acquisition

A rapid sequence of digital
radiographs is obtained as the
central ray rotates about the
knee joint.

* 75 views

+ 2.5 seconds (30 fps)

+ 65-70 kVp

+ 1 mA-S/view
Pulsed x-ray exposures (0.004
sec) at each x-ray source
position and a small focal spot
0.4 v_nm? allow for images with
relatively low dose an
spatial resolution,

The measured entrance exposure
is 216 mR (1.9 mGray) which is
about 1/5th the expostre of a
CT exam.

Fig. 4

Fig. 5 shows the specifications for the 17-inch FPD.

n 17" Safire DR Detector

Direct Digital Detector Sensor layer Selenium
A Selenium direct digital
radiography detector capable of Readout layer TFT-array
rapid sequence acquisition with
minimal lag is used.

* The precise alignment of
the detector elements
permits detailed
fomosynthesis
reconstruction.

Sensor Thickness 1,000 microns
Defector area 432 x 432 mm
Matrix Size 2,880 x 2,880

Pixel pitch 150 micrometers

* High detective efficiency
provides low noise with
modest radiation dose.

For MSK tomosynthesi: itions are done
er grid. The r
detector element size of 3 x.3 mm.

Readout Rate 30 frames/sec

Fig. 5
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Fig.6 shows a graph of the spatial resolution
characteristics of the detector. As the detector is a
direct-conversion FPD, the measured characteristics
(solid line) are extremely close to the ideal
characteristics (broken line). Dr. Flynn explained that
the measured curve was believed to be slightly lower
due to MTF deterioration resulting from secondary
X-rays generated in the conversion layer. The results
from Monte Carlo simulations conducted in the
past matched the measured results. The noise
characteristics exhibited at least two times the
DQE of other manufacturers' direct-conversion
FPDs for radiography. Also, due to the low level of
scattered X-rays, tomosynthesis examinations of
the knee joint are conducted with the X-ray grid
removed.

n Detector Performance

Wodulation Transfer Funct

Nya

+ As expected,
the detector
MTF is close to
that of an ideal
square pixel
detector.

+ Deviations are
due to the
effect of
radiation
transport.

Fig. 6

2.3. Principle of Tomosynthesis Reconstruction

Fig.7 shows the principle of tomosynthesis
reconstruction. While reconstruction is similar to
cone-beam CT, due to the restricted projection
angle, the data is effective only in the shaded area
of the spatial frequency domain, and a limiting filter
is applied to the Z-direction frequency.

Tomosynthesis Reconstruction

Filtered Backprojection
+ The reconstruction is
similar to cone beam
CT but with a limited
acquisition angle.

+ The tomosynthesis

image quality can be
understood from the
Fourier
representation of the
acquired data.

US PAT #s 6643351, 6463116

A. High signal frequency in the x,y directions provide in-plane detail.
8. Varied filter cut-off vs angle provide limited Z signal resolution.

C. Flat surfaces are not sampled along the o, direction
Fig. 7

2.4. Evaluation of the FPD Transient Response
The FPD transient response was evaluated by
conducting tomosynthesis on a 1.51 mm copper
plate using RQA5 equivalent radiation quality and
measuring the pixel value while moving across the
edge of the copper plate. (Fig.8)



Bl < vrcnsient Response

Rapid Edge Movement Test
+ 1.51 mm Cu edge

* High edge position

+ Low central layer

+ 74 frames

+ 30 frames/second
Radiographic technique

+ RQAD ‘equivalent’

« 70 kVp, I mA-S

+ .5 Cu, 2 mm Al

Fig. 8

Graphs of the pixel value in each frame plotted
while moving from light to dark and from dark to
light indicate the excellent lag characteristics of the
Shimadzu FPD. (Fig. 9)
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2.5. Measuring Slice Thickness and Spatial
Resolution

The slice thickness and spatial resolution were

measured using a test phantom (Fig.10). The

phantom comprises an 80 pym tungsten wire inclined

at 1:10 pitch, which is an angle of about 6 degrees.

‘ TS Line Response

+ Wire test phantom
+ 80 micron Tungsten
b |

1:10 pitch 5
Fig. 10

The tungsten wire is 80 um thick and the FPD pixel
size is 300 x 300 ym max. with 2 x 2 binning. A
magnified image is shown in Fig. 11.
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Acquisition frame
65 kv, 1 mA-S
10 cm height

n TS Line Response

.5 Cu filtration
.4 mm focal spot

0 degrees

Fig. 11

Fig.12 shows the tomosynthesis image of the
tungsten wire. The image was reconstructed with a
1 mm slice interval. The tomographic slice thickness
was measured as approximately 2.5 mm from the
FWHM of the profile along the tungsten wire.

Bl s response

Tomosynthesis Reconstruction of wire phantom

« Slice intervals of 1 mm
« Well focused over 5 mm thickness
- Slice sensitivity ~ 2.5 mm (FWHM)

Fig. 12

In addition, the profile perpendicular to the
tungsten wire in the tomosynthesis image of the
tungsten wire (Fig. 13) yields FWHM = 0.238 mm.

Bl s e response

econstruction
micron wire
« Cutoff filter #4
+ 40 degree acquisition
+ 2x2 bin, 300x300 um

.
millimeters

Fig. 13

Normally, the Modulation Transfer Function (MTF)
curve is the Fourier transform of the line spread
function. However, a feature of this method is the
loss of DC components due to effects of filtered
backprojection (Fig. 14).

TS reconstruction

+ 80 micron wire

- Cutoff filter #4

- 40 degree acquisition

+ 22 bin, 300x300 um
Fourier Power
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Fig. 14
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3. Clinical Images in the Henry Ford
Health System Corner at RSNA 2006

The Henry Ford Health System Corner in the
Shimadzu booth introduced actual examination
techniques, based on a display of clinical images
of tomosynthesis of the weight-bearing knee.

RADIOLOGY
RESEARCH

Tomosynthesis Examina‘riorfs
of the

Weight Bearing Knee

Works in Progress
collaborative project between e
himadzu Corporation and

Henry Ford Health System

Fig. 15

3.1. Osteoarthritis of the Knee in the USA

Fig. 16 describes the status of knee osteoarthritis
in the USA. Symptomatic knee osteoarthritis
occurs in over 6% of adults over the age of 30 and
in 12% over the age of 60. Standing knee
radiographs are commonly used to diagnose knee
osteoarthritis. However the small insufficiency
fractures (cracks) that lead to future severe
osteoarthritis are particularly difficult to assess in
conventional radiographs.

n nee Osteoarthritis

- Symptomatic knee osteoarthritis (OA)
odeurs in over 6% of adults over the age of,
30 (Felson 1998) and in 12% over the age of
60 (Dillon 2006).

- Standing knee radiographs are commonly
used 1o diagnose knee OA. The presence of
osteophytes and joint space narrowin
(indicative of cartilage loss) along wit]
clinical symptoms have been used to define
OA, The role of osteophyfes in disease
gathogenesis s under scrutiny (Felson

- Small insufficiency fractures that may lead
to severe OA in previously normal knees are
particularly difficult to adsess with
Conventional radiographs.

Knee OA is defined as pain on most days
plus positive findings on a radiograph of
the symptomatic knee.

Fig. 16

3.2. Knee Examinations

Fig. 17 shows the situation during weight-bearing
knee examinations in the standing posture. This
examination can assess cartilage loss and early
osteoarthritis. As biomechanical studies have
shown that the tibiofemoral contact stress is
greatest with the knee flexed, standing views are
obtained with the knee pressed against the table. A
table tilt of 70 degrees is used with a waist restraint
for safety.
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n Standing PA Views

+ Weight bearing examination of
the knee permits assessment
of cartilage loss, an early
indicator of OA.

+ Biomechanical studies have
shown that the tibiofemoral
contact stress is greatest
with the knee flexed.

+ Standing views are obtained
with the knee moved forward
1o press on the table pad.

+ A fable tilt of 70° with a waist
restraint is used for safety
reasons.

Fig. 17

Lateral radiographs of the knee are conducted
with the foot raised onto the edge of the foot
stand (Fig. 18). The table tilt of 60 degrees places
a similar load on the single leg to that when
standing normally on two legs.

w Standing Lateral Views

* Lateral views of individual
knees are obtains by placing
the opposite foot on a ledge
associated with the standing
table accessory.

* A fable tilt of 60 degrees
rluces aload on the single
leg similar to that of normal

standing on two legs.

+ The lateral view is of
interest with respect fo the
patellar gap. Thus a flexed
position is not used.

Fig. 18

Coronal images of the knee in standing posture are
taken at 2.5 mm slice thickness and 1 mm slice
pitch with image reconstruction for 80 images
normally taking 1 minute 30 seconds. Sagittal
images also use the same slice thickness and slice
pitch, with image reconstruction for 80 images
normally taking 1 minute 30 seconds.

3.3. Clinical Images

Case 1: Osteoarthosis (Fig. 19)

Tomosynthesis images under gravitational load
show bone-to-bone contact at the medial femoral
condyle, which is hidden in radiographs. In addition,
the additional spatial information allows accurate
assessment of changes in arthritis.



H Case # 1 - Osteoarthrosis

AP L Knee Radiograph Coronal L Knee Tomosynthesis

( single image )

“ Case # 1 - Osteoarthrosis

Lateral L Knee Radiograph Sagittal L knee Tomosynthesis

( Single Image )

n Case # 2 - Femoral Insufficiency Fractures

Follow-up MRI Shows Bi-condylar Insufficiency Fractures

Gl - N

T2 Coronal MRI-Insufficiency
Fracture of Lateral Femoral Condyle

T2 Coronal MRI-Insufficiency
Fracture of Medial Femoral Condyle

H Case # 2 - Femoral Insufficiency Fractures

Tomosynthesis Confirms Bi-condylar Insufficiency Fractures

e/ o

Coronal Tomosynthesis -
Insufficiency Fracture of Medial
Femoral Condyle

Coronal Tomosynthesis - Insufficiency
Fracture of Lateral Femoral Condyle

Special Report

Case 2: Sudden Onset Left Knee Pain (Fig. 20)

In this case, initially no abnormality could be seen
in the frontal and lateral radiographs but MRI
follow-up images reveal insufficiency fractures in
the medial femoral condyle and lateral femoral
condyle. Similarly, tomosynthesis discovers the
cracks but offers much higher spatial resolution
and greater utility than MRI.

i Case # 2 - Sudden Onset Left Knee Pain

Initial PA & Lateral Radiographs Demonstrate No Abnormality

PA and Lateral Radiographs

H Case # 2 - Femoral Insufficiency Fractures

Follow-up MRI Shows Bi-condylar Insufficiency Fractures

Sagittal PD MRI - Insufficiency
Fracture of Medial Femoral Condyle

Sagittal PD MRI - Insufficiency
Fracture of Lateral Femoral Condyle

H Case # 2 - Femoral Insufficiency Fractures

Tomosynthesis Confirms Bi-condylar Insufficiency Fractures

Sagittal Tomosynthesis - Insufficiency Sagittal Tomosynthesis -
Fracture of Medial Femoral Condyle Insufficiency Fracture of Latera
Femoral Condyle

MEDICAL NOW No.62 (2007.7)




Special Report

Case 3: Tibial Plateau Fracture (Fig. 21)
After an initial CT evaluation, the healed fracture
remained painful. Follow up by tomosynthesis after
one year revealed a residual step-off deformity that
was believed to be the cause of the pain.

n Case # 4 - Tibial Plateau Fracture

1 year follow-up
Radiograph Healed
Fracture with residual
step-off deformity of
articular surface

1 year follow-up for
persistent pain,

Intial CT Evaluation | .
Tomosynthesis evaluation

Healed Fracture with Suboptimal evaluation of
residual step-off deformity ~articular surface
of articular surface

Tibial Plateau Fracture

Fig. 21

4. Clinical Images at a SEAAPM
Educational Symposium

The tomosynthesis cases presented by Dr. Flynn
were introduced at an educational symposium held
by the SEAAPM (Southeast Chapter of the
American Association of Physicists in Medicine) in
March 2007.

Case 4: Suspected Trochanter Fracture (Fig. 22)
While not identifiable in radiographs, the edema
apparent in the MR image suggests the need for
surgery. However, tomosynthesis showed that the
fracture was restricted to the non-weight-bearing
head of the trochanter, so that surgery was not
required.
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n Hip Case #2 Trochanter fracture
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+ Patient presented in the EM Dept with possible hip fx
+ CR - 'there is no definite fracture line seen'
* MR- 'Nondisplaced intertrochanteric fracture'.

n Hip Case #1 Trochanter fracture

8%

+ Tomosynthesis showed the fracture was restricted
to the non weight bearing head of the trochanter.

* The patient was sent home without surgery.

Fig. 22

I 5. Conclusions

This paper introduced the evaluation of
tomosynthesis using SONIALVISION safire based
on the presentation by Dr. Flynn of Henry Ford
Health System at RSNA 2006 and using the
clinical images displayed in the Henry Ford Health
System Corner in the Shimadzu booth at RSNA
2006 and presented by Dr. Flynn at the SEAAPM
educational symposium.

In the future, Shimadzu intends to further expand
the utility and possibilities of tomosynthesis.



