Chapter 27

Development of Upright CT and Its Initial
Evaluation: Effect of Gravity on Human
Body and Potential Clinical Application
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27.1 X-Ray Imaging of the Human Body

The first images of the human body’s interior date back to 1895, when Roentgen
discovered X-rays (Rontgen 1896). An X-ray of his wife’s hand provided the first
image of a human internal structure. Unfortunately, the contrast produced by X-rays
was not sufficient to visualize internal organs, such as the liver, spleen, kidney, or
urinary bladder (Fig. 27.1).

To compensate for the weakness of low-contrast X-rays, a contrast material was
developed in 1896, 1 year after the discovery of X-rays (Haschek 1896). Thereafter,
iodinated contrast material (CM) was developed and has been widely used ever
since (Brooks 1924; Wallingford 1953). CM enables the visualization of the vascu-
lar system, urinary tract system, biliary tract system and alimentary tract system
during projection imaging using X-rays (Fig. 27.2).

27.2 Cross-Sectional Imaging of Human Body

In 1972, Hounsfield developed a technology called computed tomography (CT) that
enabled cross-sectional imaging in humans (Hounsfield 1973). Since then, the scan-
ning time has improved with the development of single-helical scans in 1990
(Kalender et al. 1990) and a four-row detector CT in 1999 (Hu 1999), and the scan-
ning time was drastically improved by the development of a 64-detector CT in 2004.
This development also enabled thinner slice images with a slice thickness of less
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Fig. 27.1 Scheme of X-ray and X-ray images. (a) Scheme of X-ray (b) Chest X-ray images (c)
Abdominal X-ray image

An X-ray image is a form of projection image. Unfortunately, the contrast of X-ray images is insuf-
ficient to visualize internal organs such as the mediastinum, liver, spleen, kidney, and bladder

Intravenous Intravenous
Invasive angiography cholangiography urography Barium enema
: el

Fig. 27.2 X-ray images with contrast material

than 2 mm to be routinely obtained in clinical medicine. In turn, these thinner slice
images enabled more detailed three-dimensional (3D) images to be created. 3D CT
imaging has since replaced X-ray examinations using CM (Fig. 27.3). For example,
CT angiography has replaced invasive angiography (Jinzaki et al. 2009), CT urog-
raphy has replaced intravenous urography (McTavish 2002; Jinzaki et al. 2011), CT
cholangiography has replaced intravenous cholangiography, and CT colonography
has replaced Barium enemas (Halligan et al. 2013). These replacements have not
only enabled less invasive imaging procedures, but have also improved the effica-
cies of diagnostic algorithms. CT examination alone, which provides both cross-
sectional images and 3D images, can potentially replace multiple examinations that
are often required for evaluation purposes. We have devoted considerable time
studying the replacement of X-ray examinations requiring CM with the application
of 3D CT examinations (Jinzaki et al. 2009; McTavish 2002; Jinzaki et al. 2011).
Although X-ray examinations using CM have been replaced by 3D CT, simple
X-ray examinations remain widely used for two reasons. One reason is that most
simple X-ray examinations are performed with the subject in a standing position.
Prior to 2000, several minutes were required to obtain a whole body image using
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Fig. 27.3 Three-dimensional CT images
3D CT has replaced X-ray examinations with CM

Fig. 27.4 Improvement of CT image quality using iterative reconstruction techniques

Left: An image obtained using 0.12 mSv, which is almost equal or less than the dose associated
with a simple chest X-ray examination. The image quality is very low

Right: An image reconstructed from the 0.12 mSv image using an iterative reconstruction tech-
nique. The image quality has become acceptable

CT. Slight movements of the body are inevitable with longer CT scanning times,
and these movements cause motion artifacts. The second reason is that the radiation
dose required during CT examinations is significantly higher than that required dur-
ing a simple X-ray examination. However, with the development of a 64-detector
CT in 2004, the whole body trunk can now be scanned in less than 20 s. Also, with
the re-emergence of new reconstruction techniques around 2010 (Hara et al. 2009),
the radiation dose required by CT to maintain good image quality has gradually
decreased. For example, CT images obtained at a dose of 0.12 mSv, which is almost
equal to or less than the dose associated with a simple chest X-ray examination,
have now become acceptable in terms of image quality thanks to the use of new
reconstruction techniques (Yamada et al., 2012a, b) (Fig. 27.4).

Furthermore, a 320 detector CT device was developed in 2007, enabling a longi-
tudinal coverage of 16 cm in one rotation (Rybicki et al. 2008). Repetitive acquisi-
tions at the same position using a wider range of acquisition during one rotation has
enabled four dimensional (4D) imaging (Fujiwara et al. 2013; Sakamoto et al. 2015)
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Fig. 27.5 Difference in coverage during one rotation between a 64-detector CT device and a
320-detector CT device

Left: 64-detector CT. The width of one rotation was 3.2 cm

Right: 320-detector CT. The width of one rotation was 16 cm

(Fig. 27.5). While 3D images, which have been used since 2004, provided mainly
morphological information, the new 4D CT images can also provide functional
information. However, many functions of the human body that occur with the sub-
ject in an upright position, such as swallowing, voiding, and walking, cannot be
evaluated using CT machines that requiring the subject to be in a supine position.

27.3 Development of Upright CT

Upright CT devices offer substantial advantages: (1) they have the potential to
replace poorer quality X-ray examinations, (2) they enable the visualization of cross
sections of the entire human body (including soft tissue) while the body is subjected
to a load or gravity, and (3) they enable functional imaging using 4-D scanning.

We presented a proposal for an upright CT device to Toshiba Medical Systems
(presently Canon Medical Systems). To assuage company concerns regarding clini-
cal indications and profitability, we listed several conceivable clinical applications
and gathered information regarding the needs and benefits of such a device from
various medical fields to convince the company of the wide applications of such a
device. The “Upright CT Project” was finally approved in 2014.

The most difficult task was to achieve a high-speed, high-precision vertical rota-
tion while minimizing the vibration, since even miniscule amounts of vibration
cause motion artifacts, degrading image quality. Several advanced technologies
were introduced to solve this problem. The second task was to create various aids to
enable the subject to maintain a stable standing position. We also created a knee-
high acrylic wall that encircles the subject’s body to help prevent falls.
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Fig. 27.6 The first upright CT machine, introduced at our institute
Left: The gantry is in the up position
Right: The gantry is in the down position

The resulting upright CT system enables vertical movements of a transverse 320
row-detector gantry (detector size, 0.5 mm) with a 0.275-s gantry rotation speed at
its best performance (Fig. 27.6). This machine was approved by the Japanese
Pharmaceuticals and Medical Devices Agency in March 2017.

27.4 Physical Properties and Clinical Data Analysis

After the introduction of an upright CT device for whole body imaging at our insti-
tute, we first evaluated several physical properties using a phantom to confirm
whether the vertical movements of the gantry degraded the image quality. Spatial
resolution, noise, and low contrast resolution were analyzed using a modulation
transfer function, noise-power spectrum and visual inspection, respectively. As a
result, each factor of the upright CT was comparable to conventional 320-detector
row CT scanner.

During scans of volunteers, we noticed that the workflow for upright CT exami-
nations proceeds very smoothly, compared with conventional scans. In an upright
CT examination, the patient enters the CT room and proceeds directly into the gan-
try space; the scan begins immediately thereafter. In a conventional CT examina-
tion, however, the patient must first lie down on the scanner bed and the examiner
must then raise the bed and position the bed within the gantry.

A quantitative analysis of clinical data revealed that the structure of the brain is
slightly descended when the subject is in an upright position, compared with a supine
position, although the brain was previously thought not to move. We also found that
gravity differentially affects the volume and shape of the vena cavae depending on
position, while those of the aorta remain constant regardless of the position. The
lung volume was larger in an upright position than in a supine position, and the
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amount of change was larger for the lower lobe than for the upper or middle lobes.
The centerline of the body was strongly correlated with the area of contact between
the hip joint and the femoral head. Furthermore, we also confirmed that an upright
CT examination can reveal more remarkable findings than conventional CT exami-
nations in patients with various diseases, such as spondylolisthesis, inguinal hernia
and pelvic prolapse.

We would like to quantify all human anatomical structures in three-dimensions
while the subject is in an upright position and to quantify the effect of gravity on the
human body by comparing CT images taken while the subject is in either a supine
or upright position. Upright CT has the potential to become a powerful tool for both
functional evaluations and evaluations of pathogenesis in the human body.
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