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Performance of list mode data acquisition with ECAT EXACT HR
and ECAT EXACT HR+ positron emission scanners
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Recently, list mode (event-by-event) data acquisition with positron emission tomography (PET) has
been widely noticed because list mode acquisition is superior to conventional frame mode data
acquisition in terms of (1) higher efficiency of data storage, (2) higher temporal resolution, and (3)
higher flexibility of data manipulation. The aim of this study is to investigate the performance of
list mode data acquisition with ECAT EXACT HR and HR+ PET scanners (CTI PET Systems) and
its feasibility in clinical applications. A cylindrical phantom (16 cm in diameter and length) filled
with a ''C solution for the HR and a 'O solution for the HR+ was scanned several times by varying
the radioactivity concentration with the list mode and frame mode acquisitions. The scans were also
carried out with a septa (2D mode) and without a septa (3D mode) in order to evaluate the effect of
the interplane septa on the quality of the list mode data. The acquired list mode data were sorted into
a sinogram and reconstructed using a filtered back-projection algorithm. The count rate perfor-
mance of the list mode data was comparable to that of the frame mode data. However, the list mode
acquisition could not be performed when the radioactivity concentration in the field-of-view was
high (exceeding 24 kBg/m/ for the 3D mode) due to a lack of sufficient transfer speed for sending
data from the memory to hard disk. In order to estimate the pixel noise in a reconstructed image,
ten replicated data sets were generated from one list mode data. The reconstructed images with the
3D mode had a signal-to-noise ratio that was more than 60% better than that of the image with the
2D mode. The file size of the generated list mode data was also evaluated. In the case of ECAT
EXACT HR+ with the 3D list mode, the list mode data with a generated file size of 2.31 Mbytes/
s were generated for 37 MBq injections. Our results suggest that careful attention must be paid to
the protocol of the list mode data acquisition in order to obtain the highest performance of the PET
scanner.

Key words: PET, list mode, frame mode

INTRODUCTION

RecenTLY, list mode (event-by-event) data acquisition
with positron emission tomography (PET) has attracted
the attention of many investigators from different fields.
In the list mode acquisition, every detected event (both
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prompt and random) including the location of the line of
response in the tomograph is recorded. Although list
mode acquisition requires more computational power to
process data in comparison to conventional frame mode
acquisition, it has several advantages such as (1) higher
efficiency of data storage, (2) higher temporal resolution
and (3) higher flexibility of data manipulation (flexible
frame rebinning, flexible for iterative image reconstruc-
tion). Further, many clinical benefits can be expected
from the list mode acquisition, for example, real-time
motion correction' 2 and improvement of image quality.’
However, as compared to the conventional frame mode
acquisition, several considerations such as reliability and
compatibility must be taken into account before applying
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the list mode acquisition for daily clinical routines.
ECAT EXACT HR* and ECAT EXACT HR+’ (CTV/
Siemens, Knoxville, TN, USA) are commercially avail-
able PET scanners, which are designed for high spatial
resolution, and are employed for research as well as
clinical purposes. The goal of this study is to evaluate the
performance of the list mode acquisition with ECAT
EXACT HR and HR+ scanners and investigate the feasi-
bility of the list mode acquisition in clinical applications.
We performed a series of scans of a phantom with the list
and frame modes. In order to evaluate the effect of
interplane septa on the quality of the list mode data, the
scans were carried out with a septa (2D mode) and without
a septa (3D mode). The performance of the list mode data
acquisition was evaluated with respect to count rate per-
formance, noise property, and generated file size.

MATERIALS AND METHODS

Scanner Description

Table 1 shows the system characteristics of the ECAT
EXACT HR scanner in comparison to those of the ECAT
EXACT HR+ scanner. Both the scanners have a retract-
able interplane septa and allow scanning in the 2D mode
(with septa) as well as the 3D mode (without septa). For
the list mode acquisition, the scanners have a memory of
32 Mbytes for the purpose of gate acquisition. The memory
is partitioned into two 16 Mbytes buffers that increment,
fill, and write to a hard disk alternately.

Phantom Experiments

We performed phantom experiments for the ECAT
EXACT HR scanner at the BF Research Institute (Suita,
Osaka, Japan) and ECAT EXACT HR+ scanner at the
Institute of Biomedical Research and Innovation (Kobe,
Hyogo, Japan). Cylindrical phantoms with a diameter and
height of 16 cm were employed for the experiments. A
radioactive solution was filled in the phantom and a series
of scans were performed with the 2D list, 3D list, 2D
frame and 3D frame modes (Table 2). For the EXACT HR
scanner, a 'C solution was used, and the duration of each
scan was 180 s. For the EXACT HR+ scanner, a ’O
solution was used, and the duration of each scan was 30 s.
The configurations were different because the experi-
ments were carried out in different institutes using their
respective isotopes.

Data Analysis

The obtained list mode data were sorted into sinogram
data with a system default span and a maximum ring
difference for each scanner (Table 1). The image of each
scan was reconstructed using a filtered back-projection
technique with a 6-mm Gaussian filter. For the 3D data
set, FORE (Fourier rebinning)® was applied prior to the
reconstruction. The matrix sizes of the reconstructed
image were 128 x 128 x 47 for the ECAT EXACT HR
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Table 1 System characteristics of ECAT EXACT HR in
comparison with those of ECAT EXACT HR+ scanners

HR HR+

detector ring (slice) 24 (47) 32 (63
crystals/ring 784 576
block detector design 8x 17 &x8
crystal size (mm) 59x%x2.9x%x30 439 x4.05%x30
axial field-of-view (cm) 15.0 15.5
transaxial field-of-view (cm) 514 58.3
element number 336 288
number of angle 392 288
default span (2D) 11 i5
default span (3D) 7 9
default maximum ring

difference (2D} 5 7
default maximum ring

difference (3D) 17 22

Table 2 Summary of the scans performed on the phantom

HR HR+
Radioactivity Radioactivity
concentration concentration
(kBg/ml!) (kBg/m/)
2D list mode 85.9 135%
56.1 71.2
49.8 399
194 22.4
12.4 11.7
3D list mode 24.5% 32.7*
23.6 21.2
15.2 14.1
10.1 13.8
1.3
7.65
5.23
4.19
2D frame mode 38.8 121
36.6 61.0
8.05 309
15.6
{11
3D frame mode 19.0 50.4
15.0 25.5
12.9
6.54
3.31

Radioactivity in the cylindrical phantom when a scan was
initiated is shown. * indicates that data are incomplete due to the
lack of transfer speed for sending data to the hard disk.

scanner and 128 x 128 x 63 for the ECAT EXACT HR+
scanner. The voxel sizes of the reconstructed image were
1.6 x 1.6 x 3.1 mm for the ECAT EXACT HR scanner and
1.6 x 1.6 x 2.4 mm for ECAT EXACT HR+ scanner,
Circular ROIs (regions-of-interest) with a diameter of
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Fig. 1 Comparison of the actual radioactivity concentration inside the phantom and estimated
radioactivity concentration from the reconstructed PET image for the ECAT EXACT HR scanner (a)
and ECAT EXACT HR+ scanner (b). The filled circles represent the data from the 2D list mode: filled

squares, 3D list mode: open circles, 2D frame mode: and open squares, 3D frame mode.

Fig. 2 Anexample of a generated mean image (/¢ff) and standard deviation (SD) image (right) from
10 replicated data sets generated from one list mode data.
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Fig.3 Relationship between the radioactivity concentration (kBg/m/) and mean coefficient of variance
(COV) (%) of the pixel count in the reconstructed image for the ECAT EXACT HR scanner (a) and
ECAT EXACT HR+ scanner (b). The lines with filled circles represent the data from the 2D list mode
and lines with filled squares represent the data from the 3D list mode. K
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Fig.4 Relationship between radioactivity concentration (kBg/m/) and list mode file size (Mbytes/s)
for the ECAT EXACT HR scanner (a) and ECAT EXACT HR+ scanner (b). The filled circles represent
the data from the 2D list mode and filled squares represent the data from the 3D list mode. The fitted lines

of regression for the data are also shown.

Table 3 Radioactivity concentration in the phantom, NECR
(noise equivalent count rate) and COV (coefficient of variance)
of the reconstructed image, and the generated list mode file size
for the ECAT EXACT HR scanner

Radioactivity Generated file size

concentration NECR (fs) COV (%) per second
(kBg/m/) (Mbytes/s)
2D list mode
85.9 9.210 x 104 84.37 2.578
56.1 7.106 x 10* 97.32 1.443
49.8 6.423 x 10* 103.5 1.234
194 4.526 x 104 155.7 0.6034
124 1.924 x 10* 191.0 0.2279
3D list mode
23.6 1.971 x 107 94.57 3.675
15.2 1.465 x 10° 106.6 2.123
10.1 1139 x 10° 122.8

1.304

16 cm were placed on the reconstructed image, and the
average radioactivity concentration (kBg/m/) in the phan-
tom was obtained for each scan.

The NECR (noise equivalent count rate) for each list
mode datum was calculated by taking into account the true
coincident count rate, random coincident count rate, and
scatter fraction in the list mode data.

In order to estimate the noise in a pixel of the recon-
structed PET image, 10 replicated data sets were gener-
ated from one list mode data. In order to achieve this, the
sorting software was modified to produce statistically
equivalent multiple sinogram data by splitting the list
mode data into pieces. The mean and standard deviation
(sd) images were computed from ten reconstructed im-
ages. The circular ROIs were placed on both the mean and

.. 192 Hiroshi Watabe, Keiichi Matsumoto, Michio Senda and Hidehiro lida

Table 4 Radioactivity concentration in the phantom, NECR
and COV of the reconstructed image, and the generated list
mode file size for the ECAT EXACT HR+ scanner

Radioactivity Generated file size
concentration NECR (/s) COV(%) per second
(kBg/m/) (Mbytes/s)
2D list mode
71.2 1172 x 10° 60.61 4.881
39.9 8.341 x 10* 70.73 2.292
224 5.470 x 10* 86.79 1.124
11.7 3371 x 104 114.4 0.5012
3D list mode
212 2.934 x 10° 59.05 4.638
14.1 2.331 x 10° 67.00 2.779
13.8 1.911 x 10° 71.16 2.341
113 1.933 x 10° 70.76 2.385
7.65 1.214 x 107 90.47 1.263
5.23 1.140 x 10° 93.62 1.131
4.19 7.689 x 10* 116.1 0.7026

sd images, and the averaged mean value (/1) and the
averaged sd value (§) were computed. The average COV
(coefficient of variance) for each scan was computed from
mand § by considering the physical decay of a radioiso-
tope as follows:

5 / A
m 1 ~ exp(-AT) x 100 (%)

where A is the physical decay constant (s™!) (0.00567 for
150 and 0.000567 for ''C), and T is the scan duration.

The generated file size of the list mode data per second,
S (Mbytes/s), was computed for each list mode scan by
considering the physical decay of a radioisotope as fol-
lows:

COV =

M
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T 1 —exp(=AT)

where F (Mbytes) is the generated file size of the list mode
data.

@)

RESULTS

Figure 1 (a and b) shows the comparison between the
actual radioactivity concentration inside the phantom and
the estimated radioactivity concentration from the recon-
structed PET image for the ECAT EXACT HR and ECAT
EXACT HR+ scanners, respectively. As shown in these
figures, there is a good agreement between the list mode
data and frame mode data. However, as mentioned in
Table 2, if the radioactivity in the field-of-view of the
scanner is large, the acquisition of the list mode data
would fail due to a lack of sufficient transfer speed for
sending data to the hard disk.

Figure 2 shows an example of the generated mean and
sd images from the list mode data set. Tables 3 and 4 list
the summarized results of the radioactivity concentration
in the phantom, NECR and COV in the image, and
generated file size of the list mode data for the ECAT
EXACT HR and ECAT EXACT HR+ scanners, respec-
tively. Figure 3 shows the relationship between the radio-
activity concentration in the phantom and COV in the
reconstructed image. As shown in this figure, the image
with the 3D acquisition mode has a signal-to-noise ratio
that is more than 60% better than that of the image with the
2D acquisition mode. Figure 4 shows the relationship
between the radioactivity in the phantom and generated
file size of the list mode data. We fitted a line of regression
between the radioactivity concentration (A (kBg/m/)) and
generated file size (S (Mbytes/s)), and the fitted results are
as follows:

S =2.79 x 102 x A for 2D list mode and ECAT EXACT HR
$=1.49 x 107! x A for 3D list mode and ECAT EXACT HR
S =6.43 x 102 x A for 2D list mode and ECAT EXACT HR+
S=2.01x 10! x A for 3D list mode and ECAT EXACT HR+

3
DISCUSSION

Although the list mode acquisition is not a new technique,
the techniques related to the list mode acquisition®’~*
have recently become popular due to their advantage as
powerful computing systems. Besides the several favor-
able features of list mode data, additional consideration is
required if the list mode acquisition is to be routinely
carried out in clinical applications.

Tables 3 and 4 list useful information for scheduling a
PET scan with the list mode acquisition. For instance, the
injected activity for a patient must be carefully deter-
mined by considering 1) the upper limitation of radioac-
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tivity concentration, 2) noise in the image and 3) gener-
ated file size. The more photons are detected, the larger
list mode data are generated. Therefore, generated file size
is important from the practical point of view, such as
limited size of data storage, time consuming data pro-
cesses and data backup. According to Eq. (3), assuming
that the radioactivity concentration in the field-of-view
of the scanner is 10 kBg/m/, a study of 'O for 2 min
generates 24.3 Mbytes, 130 Mbytes, 56.0 Mbytes, and
175 Mbytes for the HR 2D list mode, HR 3D list mode,
HR+ 2D list mode, and HR+ 3D list mode, respectively.
In the case of a !'C study for one hour, 428 Mbytes, 2.29
Gbytes, 987 Mbytes, and 3.01 Gbytes of the list mode data
are generated for the HR 2D list mode, HR 3D list mode,
HR+ 2D list mode, and HR+ 3D list mode, respectively.
In the case of '*F study for one hour, 836 Mbytes, 4.46
Gbytes, 1.93 Gbytes and 6.02 Gbytes for HR 2D list
mode, HR 3D list mode, HR+ 2D list mode, HR+ 3D list
mode, respectively. The file size of the list mode data for
the ECAT EXACT HR+ scanner is larger than that for the
ECAT EXACT HR scanner and interestingly the file size
of the frame mode for ECAT EXACT HR scanner is
larger than that for ECAT EXACT HR+ scanner (sizes of
the single-frame sinogram data are 6.2 Mbytes, 23.1
Mbytes, 5.2 Mbytes and 19.8 Mbytes for the HR 2D frame
mode, HR 3D frame mode, HR+ 2D frame mode, and
HR+ 3D frame mode, respectively).

As shown in Figure 3, the pixel noise in the recon-
structed image can be estimated from the list mode data;
this is one of the advantages of list mode acquisition.
Using multiple frames with very short time duration, the
pixel noise can be obtained by the frame mode data.
However, it is not ideal due to physical decay of the
radioisotope during data acquisition. The pixel noise
obtained from the list mode data is quantitatively compa-
rable among scanners. This figure suggests that the noise
property of the ECAT EXACT HR+ scanner is superior to
that of the ECAT EXACT HR scanner. This is due to the
ECAT EXACT HR+ scanner having a higher sensitivity
than ECAT EXACT HR scanner, although the two scan-
ners have different system configurations (Table 1). Fur-
ther, the comparison of the two scanners is complicated.

As shown in Figure 1, the count rate performance of the
frame mode and list mode are not surprisingly in good
agreement with each other. However, a difference might
be observed between the two data sets because of the
higher temporal resolution of the list mode data; this
enables the accurate correction of the dead-time of the
detector and physical decay of the radioisotope. We used
the ACS-II (an advanced computational system that is
dedicated to handle data from the PET scanner) for both
ECAT EXACT HR and HR+ scanners, and the maximum
speed of data transfer from the memory to hard disk
appears to be approximately 6 Mbytes/s. A read/write
controller on the ACS-II with a memory of 32 Mbytes is
split into two buffers of approximately 16 Mbytes each.
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When the list mode data is being stored from buffer 1 to
the hard disk, data are simultaneously written to buffer 2.
Once buffer 2 is filled, data are then written to buffer 1, and
the data in buffer 2 are written to the hard disk. Since the
speed of our hard disk is 6 Mbytes/s and a single event of
the list mode data comprises 4 bytes, 1.5 M events/s can
be handled. On the other hand, it takes 2.6 s to clear the 16
Mbyte memory. Therefore, if the occurrence of events
exceeds 1.5 M events/s, the ACS-1I cannot handle all the
events.

For usual clinical PET studies, the existence of more
than 74 MBq of radioactivity (i.e. 23 kBg/m/ assuming
cylinder with 16 cm diameter) in the field-of-view is not
frequent. However, not only true events but also random
events are stored in the list mode data and the radioactivity
outside the field-of-view must also be considered. It
should be noted that since all the possible line of responses
are recorded in the list mode data, the number of prompt
and random events in the list mode data are greater than
those in the frame mode data.

Phantom experiments are often performed with NECR
plotted against activity concentration in order to deter-
mine the maximum performance of the scanner in terms
of image quality. The radioactivity concentrations of
about 80 kBq/m/ and 20 kBg/m/ give the highest NECR
in 2D mode and 3D mode for the ECAT EXACT HR
scanner, respectively.? These numbers are interestingly
close to the maximum radioactivity concentration for the
list mode acquisition in our experiments (see Table 2).
This suggests the image quality with the list mode can be
comparable with that with the frame mode.

In order to use the list mode acquisition at a clinical site,
it is also important that a PET scanner be capable of
promptly showing the reconstructed PET images. Before
reconstruction, a sorting process is necessary for the list
mode data, which results in a longer reconstruction time
than that for the conventional frame mode data (It takes
0.2 s per | M byte of the list mode data for sorting using
PC with Xeon CPU (2.4 GHz) and 1 G byte physical
memory). Because each event in the list mode data is
sequentially stored, it is easy to implement a parallel
sorting process. In order to accelerate data processing, the
sorting of the list mode data can be performed on a PC
cluster'® which is currently available at a low cost.

The list mode acquisition has several advantages over
the conventional frame mode acquisition as mentioned in
the first section. However, two disadvantages of the list
mode acquisition addressed in this paper, namely, upper
limitation of radioactivity and large file size, obstruct the
applications of the list mode data on a daily basis. These
disadvantages will be overcome along with advances in
hardware and software.
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CONCLUSION

A series of phantom studies revealed the physical charac-
teristics of the list mode data acquisition with ECAT
EXACT HR and HR+ scanners. This study suggests
that careful attention must be paid to the protocol of the
list mode data acquisition in order to obtain the highest
performance of the PET scanner in clinical applications.
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pinhole SPECT imaging
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Objectives: Pinhole SPECT which permits in vivo high resolution 3D imaging of physiological
functions in small animals facilitates objective assessment of pharmaceutical development and
regenerative therapy in pre-clinical trials. For handiness and mobility, the miniature size of the
SPECT system is useful. We developed a small animal SPECT system based on a compact high-
resolution gamma camera fitted to a pinhole collimator and an object-rotating unit. This study was
aimed at evaluating the basic performance of the detection system and the feasibility of small animal
SPECT imaging. Methods: The gamma camera consists of a 22 x 22 pixellated scintillator array
of 1.8 mm x 1.8 mm x 5 mm Nal(T1) crystals with 0.2-mm gap between the crystals coupled to a
2" flat panel position-sensitive photomultiplier tube (Hamamatsu H8500) with 64 channels. The
active imaging region of the camera was 43.8 mm x 43.8 mm. Data acquisition is controlled by a
personal computer (Microsoft Windows) through the camera controller. Projection data over 360°
for SPECT images are obtained by synchronizing with the rotating unit. The knife-edge pinhole
collimators made of tungsten are attached on the camera and have 0.5-mm and 1.0-mm apertures.
The basic performance of the detection system was evaluated with *™Tc and *°'T1 solutions. Energy
resolution, system spatial resolution and linearity of count rate were measured. Rat myocardial
perfusion SPECT scans were sequentially performed following intravenous injection of **' TICL.
Projection data were reconstructed using a previously validated pinhole 3D-OSEM method.
Results: The energy resolution at 140 keV was 14.8% using a point source. The system spatial
resolutions were 2.8-mm FWHM and 2.5-mm FWHM for #™Tc and %°'T1 line sources, respec-
tively, at 30-mm source distance (magnification factor of 1.3) using a 1.0-mm pinhole. The linearity
between the activity and count rate was good up to 10 keps. In a rat study, the left ventricular walls
were clearly visible in all scans. Conclusions: We developed a compact SPECT system using
compact gamma camera for small animals and evaluated basic physical performances. The present
system may be of use for quantitation of biological functions such as myocardial blood flow in small
animals.

Key words: SPECT, pinhole collimator, compact pixellated gamma camera, small animal
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SmacLL anmmaL PET (Positron Emission Tomography) or
SPECT (Single Photon Emission Computed Tomogra-
phy) which permits in vivo high resolution three-dimen-
sional (3D) imaging of physiological functions in small
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laboratory animals, lacilitates objective assessment of
pharmaceutical development and regenerative therapy in
pre-clinical trials.'"® Small animal PET has been widely
used due to high spatial resolution approaching 1 mm.””
SPECT can also offer high-resolution images by attach-
ing a pinhole collimator with a large magnification factor,
when the object is placed close to the pinhole.'%-!3 Spatial
resolution is improved particularly when a small diameter
pinhole is employed.'*+!7

However, a conventional pinhole SPECT has two ma-
jor limitations. One is its poor sensitivity as compared
with small animal PET. The sensitivity of pinhole SPECT
is in the order of 1/100-1/1,000 of that of small animal
PET, depending on the pinhole diameter. but can be
improved by positioning the pinhole collimator close to
the object, or by using multiple-detector systems or mul-
tiple-pinhole systems.'#13:17:1920 Apother limitation is
the non-uniformity of spatial resolution in the recon-
structed 3D images. In pinhole SPECT, the spatial resolu-
tion is axially blurred with increased distance from the
midplane. This non-uniformity of spatial resolution can
be improved by complete data acquisition as demon-
strated in our earlier study.'®

Besides high spatial resolution, the SPECT system
has several advantages over PET as ils operation is
simple, and it does not require an on-site radiochemistry
laboratory or a cyclotron for producing radiopharma-
ceuticals. Pinhole SPECT systems are often composed
of clinically used SPECT cameras with pinhole col-
limator,3-0:-10-13.1820 However, the clinically used SPECT
cameras are inappropriate for small animal imaging,
largely due to a lack of manufacturing precision. Also
they are not readily accessible to most animal research
laboratories.>

To overcome these drawbacks, several dedicated small
animal pinhole SPECT systems using compact high-
resolution gamma cameras have been already devel-
oped.”*> They used 5" position-sensitive photomulti-
plier tube (PSPMT) which had the camera active image
region of around 100 mm x 100 mm. In this study, we have
employed more a compact pixellated gamma camera with
active image region of 43.8 mm x 43.8 mm square
coupled to 2" PSPMT and have developed a compact
pinhole SPECT system dedicated to small animal imag-
ing. This study was aimed at evaluating the basic physical
performances and the feasibility of small animal imaging
in this compact SPECT system.

MATERIALS AND METHODS

Detection system description

The gamma camera consists of a 22 x 22 pixellated
scintillator array of 1.8 mm x 1.8 mm x 5 mm Nal(TI)
crystals with 0.2-mm white epoxy gap of diffuse, opaque
reflective material between the crystals (Fig. 1 (a)) opti-
cally coupled to a 2" flat PSPMT (Hamamatsu H8500)
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a b
Fig. 1 (a) Photogmpl{ of pixellated Nal scintillator array. (b)
Photograph of 2-inch flat panel position-sensitive photomulti-
plier tube.

Fig. 2 Schematic diagram of position calculation circuit.

with 64 channel anodes (Fig. 1 (b)). The scintillator array
has a 0.5-mm aluminum window and 2-mm glass window
on gamma-ray input and light output sides, respectively.
The active imaging region of the camera was 43.8 mm x
43.8 mm square.

Figure 2 shows a schematic diagram of a position
calculation circuit. Analog outputs from 64 PSPMTs
through preamplifiers are weighted in proportion to coor-
dinates and are summed in X+, X—, Y+ and Y- directions.
After applying gated integration and analog-to-digital
conversion for these encoded four analog outputs, the
position is obtained by calculating the center of the gravity
from the four signals, and is assigned to either pixel in 256
x 256 matrix as a raw image. Also an energy spectrum
with 32 channels is collected for each pixel. And then, by
address translation using look-up-table (LUT), the raw
Image of 256 x 256 x 32 matrix is converted to 22 x 22 x
| image matrix according to the number of scintillators
and energy window described below. The counts within
the region divided by 22 x 22-matrix grid are summed.
The positions of horizontal and vertical lines of the grid
are alterable by the interactive tool (Fig. 3) on a personal
computer.(Windows 2000 (Microsoft)) (PC). Thus, all
events are assigned to a 1.8 mm x 1.8 mm crystal in the
image mﬂtri_x. On the other hand, the energy window is set
as above and below channel widths from a photopeak

.
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channel searched in each pixel. We assume the use of two
radioisotopes of *’"Tc and 2°'T1. The main photopeaks
are 140 keV and 70 keV for ?*™Tc and *°!T1, respectively.
Here, the camera gain for 2°'T1 was set about twice as
much as that for “™Tc. The energy width with each
channel corresponds to approximately 10 keV and 5 keV
for Y"Tc and 2! T, respectively. The energy window was
actually set at five channels, namely, approximately 36%
for both *™T¢ and **' Tl and centered on the photopeak
channel searched. Finally, the converted 22 x 22-pixel
image is stored on memory and then is transferred to the
PC. The PC can perform several tasks such as correcting
uniformity, displaying and analyzing images. Figure 3
shows flood raw image by irradiating with a *™Tc point
source. Separation between pixels was well performed
except for pixels in columns and rows at the edge. The
effective image field-of-view (FOV) that does not enclose
the edge pixels was 20 x 20 pixels (or 39.8 mm x 39.8
mm). The resulting image is used as correction matrix to
correct for non-uniformity in sensitivity over camera’s
FOV.

Fig. 3 Interactive tool on PC for making address translation
table. The flood raw image was obtained by irradiating with a
99mT¢ point source. The separation between pixels was well
performed.

Camers shielded
E / by tungsten

Pinhole collimator Side view

Pinhole Collimator

0.5 1.0

Collimator design

As shown in Figures 4 (a) and (b), the pinhole collimator
made of tungsten is attached on the gamma camera and
has a 0.5-mm or 1.0-mm aperture, 60° opening angle and
39.57-mm focal length. The collimator has a flat face of
the single knife-edge pinhole, in order to achieve higher
sensitivity and spatial resolution (larger magnification
factor) by positioning the pinhole closer to the object. The
camera is shielded by tungsten to avoid the penetration of
the photon from the surrounding area.

Projection image acquired with the pinhole collimator
has non-uniform sensitivity distribution due to the pin-
hole geometry.?* This non-uniformity can be corrected
by using a correction matrix derived from a flood source
contained in a thin plate. Figure 4 (¢) shows a projection
image obtained from the flood source. The correction
matrix from this projection image, which has high counts
around the center and low counts at the periphery, was
actually used to correct the non-uniformity of pinhole
sensitivity.

SPECT FOV, namely, the diameter of reconstruction
sphere is expressed as:

FOV =2p sin (%) y (hH
where b is the distance from the pinhole to the rotation
center of the object (radius of rotation: ROR), « is the
opening angle of the pinhole collimator. However, when
the diameter of the effective image region of camera ¢, is
shorter than the diameter of the collimator base ¢, SPECT
FOV. (effective FOV) is expressed as:

FOV,=<

("_‘ FoV. 2)
In this collimator ¢ of 39.8 mm is shorter than ¢ of 45.69
mm. Therefore, when b is 30 mm. FOV, becomes 26.1
mm.

43,8

Tungsten thiefd

b . ¢

Fig. 4 (a) Photograph of the pinhole collimator attached to the compact gamma camera. (b) Drawing
of side view of the pinhole collimator. (c) Sensitivity map of pinhole collimator. This map was obtained
from a flood source filled in a thin plate parallel (o the detector and was used to correct non-uniformity

of pinhole sensitivity.
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SPECT imaging system
Figure 5 shows the pinhole SPECT acquisition system
using a compact gamma camera. Data acquisition is

controlled by the PC through the camera controller. The
rotation of the object stage is synchronized to step and
shoot acquisition of the SPECT camera.

Fig. 5 Pinhole SPECT acquisition system using compact
gamma camera. This system consists of compact gamma camera
with pinhole collimator, camera controller, PC, object rotating
stage and stage controller.
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Basic system performances

The performances of the detection system such as the
energy resolution, system spatial resolution, sensitivity
and linearity of the count rate were examined with ?*"Tc
(140 keV) and 2Y'TI (70 keV) sources.

(1) Energy resolution: Energy resolution was meas-
ured by uniform irradiation with a 2.18 MBq *’™Tc point
source placed at 2 m distant from the camera,without the
collimator for 12 hours and is defined for each crystal’s
energy spectrum as full width at half maximum (FWHM)
of the photopeak divided by its amplitude. The energy
resolution was obtained from an energy spectrum for one
crystal near the center of the camera.

(2) System spatial resolution: The FWHMs of the line
spread functions (LSFs) were measured in planar image
using *""Tc and **'T1 line sources with I.14-mm inner
diameter placed at 30 mm distant from the 1-mm pinhole.
The magnification factor was 1.32. The LSFs of line
sources were comrputed by deconvoluting with rectangu-
lar function of 1.14-mm width. The spatial resolutions
were defined as the FWHM of Gaussian function obtained
from this deconvolution.
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Fig. 6 (a) Energy spectrum obtained from this detection system. The energy resolution was 14.8%
FWHM at 140 keV. (b) Planar image profile of 1.14-mm **™Tc line source. The system spatial resolution
obtained from the LSF was 2.8-mm FWHM. (c) On-axis sensitivities for ™Tc-or 2'T1 as a function of
distance from the pinhole for 0.5-mm or 1.0-mm diameters. (d) Re]auomhlp between the source activity
and the count rate measured by followms. decay of *™Tc source. : 5 ; ;
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Fig.7 SPECT images of uniform cylindrical phantom. (a)—(c)
are without pinhole sensitivity correction. (d)—(f) are with the
correction. (a) and (d) are transverse images. (b) and (e) are
coronal images. (¢) and (f) are sagittal images. The profiles in the
xand y directions were attached to the transverse images of (a)
and (d).

(3) Sensitivity: The system sensitivity on the central

axis was measured using a small cylindrical phantom of

0.1 m/ at eight points in the range from 20 to 80-mm
distances with 0.5- or 1.0-mm pinholes and **™Tc or 'l
sources.

(4) Linearity of count rate:  The counts per 10 min were
sequentially measured by lollowing decay of the *™Tc
source. The cylindrical phantom made of glass with 24.3-
mm outer diameter and 21.8-mm inner diameter was filled
with uniform **™Tc solution. The center of the phantom
was positioned at 30 mm distant from the 1-mm pinhole.
Consequently, the relationship between activity and de-
tected counts was examined.

Flood phantom SPECT study

A flood phantom SPECT study was performed to evaluate
the uniformity of the reconstruction images. The phantom
used in this study was the same one as the cylindrical
phantom used to evaluate the linearity of count rate, and
was filled with uniform *’™Tc solution. The pinhole
collimator with 1-mm diameter was used. The ROR was
30 mm. This resulted in a magnification factor of 1.32.
Projection data of 120 views were acquired over 360°
using step and shoot acquisition; 10 sec/step, 3° incre-
ments. Decay correction and the above-mentioned pin-
hole sensitivity correction were applied for projection
data before reconstruction. The projection data were
reconstructed using our previously validated pinhole 3D-
OSEM method employing a 3D voxel-driven projector in
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Fig. 8 Short- and long-axial images of rat myocardial perfusion
obtained by sequential SPECT scans. The left ventricular walls
and cavities were clearly visible in all of four frames obtained for
40 min.

both back- and forward-projections with cight subsets and .
two iterations. The corrections for attenuation, scatter and
penetration were not done.

Animal SPECT study

Rat myocardial perfusion SPECT scans were sequentially
performed. A male rat weighing 220 ¢ was anesthetized
with sodium pentobarbital and held vertically on the
object rotating stage, and then was scanned after intrave-
nous 2-min administration of 6.21 MBg/1.5 m/ "' TICI
into the tail vein. The pinhole of 1 mm was used. The ROR
was 30 mm. Scans for 10 min were sequentially per-
formed four times using 360° step and shoot acquisition;
5 sec/step, 3° increments. Like the flood phantom study,
projection data were reconstructed using our pinhole 3D-
OSEM method with eight subsets and two iterations.
Corrections for attenuation, scatter, penetration and pin-
hole sensitivity were not performed.

RESULTS

Basic system performances
(1) Energy resolution: Figure 6 (a) shows a sample

energy spectrum from one crystal near the center of the

detector block. The energy resolution was 20.8-keV
(14.8%) FWHM at 140 keV.

(2) System spatial resolution: Figure 6 (b) shows a
planar image profile of the ®*Tc linc source. The spatial
resolutions were 2.8-mm FWHM and 2.5-mm FWHM for
9mTc and 2'Tl, respectively.

(3) Sensitivity: Figure 6 (c) shows system sensitivity
on the central axis as a function of distance from the
pinhole for *MTc with 0.5- and 1.0-mm pinholes and for
20IT] with 1.0-mm pinhole. The sensitivity of 2*!'T1 was
slightly smaller than that of ™ Tc. In the case of "™ Tc, the
sensitivities at a pinhole-source distance of 30 mm were
27.0 and 53.0 cps/MBq with 0.5-mm and 1.0-mm pin-
holes, respectively. In the case of *°'Tl, the sensitivity at
the same distance was 49. I cps/MBq with the 1.0-mm
pinhole.
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(4) Linearity of count rate: Figure 6 (d) shows the
relationship between the source activity and the count
rate. The linearity was good up to 10 kcps and the
regression line was y = 0.0588x + 0.009 (r* = 0.9999).
However, the ratio of the count rate to the source activity
gradually decreased over 10 kcps.

Flood phantom SPECT study

Figure 7 shows SPECT images of uniform cylindrical
phantom. The image reconstructed with pinhole geo-
metrical sensitivity correction was almost uniform, while
the image without the correction had high counts around
the center and low counts at the periphery.

Animal SPECT study

Figure 8 shows sequential SPECT images of a rat myocar-
dial perfusion in four frames obtained for 40 min. The left
ventricular walls and cavities were clearly visible in all
frames.

DISCUSSION

We have developed a compact SPECT system using a
compact pixellated gamma camera for small animals and
succeeded in sequential SPECT imaging of rat myocar-
dial perfusion. In this system we employed 2“ PSPMT
rather than 5" PSPMT which was used by other investiga-
tors2!-23 because the use of 2" PSPMT allows oune to
construct a more inexpensive, compact and lighter sys-
tem.

The energy resolution of 14.8% FWHM in this camera
was worse than that of approximately 10% FWHM in
clinical SPECT gamma camera. So, the profile of the
photopeak in the energy spectrum was as broad as the 36%
energy window used. McElroy et al. reported?®® that in
their pinhole system, scatter fraction did not contribute a
significant amount to images (about 5%) for mouse sized
2.5-cm diameter cylinder when the usual 20% energy
window was used in their system with a 11.4% energy
resolution. However, the scatter fractions were about 15%
and 20% for rat sized 3.8-cm and 5.05-cm diameter
cylinders. Further study is needed to evaluate the contri-
bution of scatter photons and develop proper scatter
correction technique®® for our system.

The measured system spatial resolutions were 2.8-mm
EWHM and 2.5-mm FWHM for ¥*"Tc and *°'T}, respec-
tively. Here, the theoretical system spatial resolution for
a pinhole collimated gamma camera Ry is given by

Ro= / [—I;R;jh-%-[dgﬁ%ﬁ]: 3)

where f is the distance between the pinhole and the
detector (focal length), b is ROR, R; is the intrinsic camera
resolution, and d, is the effective pinhole diameter ex-
pressed as:
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where d is the actual pinhole diameter, u is the linear
attenuation coefficient of the collimator material, and o is
the opening angle of the pinhole collimator.??7 The
theoretical spatial resolutions in this experimental condi-
tion are 2.5 mm and 2.3 mm for ***Tc and T}, respec-
tively. The spatial resolution of ?™Tc is larger than that of
20171 due to its higher energy (1t =~ 4.098 mm™! for *™T¢
and u ~ 20.870 mm~! for 29!T1) and more penetration
photons, which appeared in the experimental results.
However, the measured spatial resolutions are slightly
worse than the theoretical ones. As one of the reasons for
the difference, the theoretical calculation assumes a double
knife-edge pinhole collimator, while our pinhole collima-
tor is single knife-edge. The number of penetration pho-
tons in single knife-edge is larger than that in double
knife-edge. Therefore, the actual pinhole diameter for
single knife-edge is larger than that for double knife-edge.
By accounting for the difference of the knife-edge of the
collimator, the measured spatial resolutions largely agree
with the theoretical ones. Weber et al. obtained rat myo-
cardial images at a spatial resolution of 2.8-mm FWHM.'!
The spatial resolution measured in our system is almost
equal to that measured in their system.

However, the spatial resolution obtained in our system
might be unsatisfactory for mouse imaging. Resolution
can be improved by using a smaller diameter pinhole, but
this will decrease sensitivity in return for improvement of
resolution. Decreasing the crystal size or enlarging the
detection area of the camera can improve resolution
without decreasing sensitivity. Resolution is usually de-
graded by non-zero diameter and edge penetration of a
pinhole. Alternatively, this degraded resolution can be
recovered by incorporating the realistic pinhole model
into reconstruction software.”8° This approach does not
require any modification of hardware and is applicable to
our system.

From Figure 6 (c), positioning the pinhole closer to the
object is important for improvement of sensitivity in
pinhole SPECT. In that respect, the flat face of a single-
knife edge collimator is advantageous. However, care
must be taken of the effect of penetration for thin, single
knife-edge collimator. The sensitivity of °'T1 was slightly
smaller than that of *Tc. This is considered that the
number of penetrations for 2°'T| was less than that for
“mTe due to lower energy of 21T compared to ®™Tc. In
future we need to evaluate the effect of the penetration for
both #™Tc and 29'Tl in single-knife edge.

A good linearity of the count rate up to 10 kcps was
shown in this study, although the ratio of the count rate to
the source activity gradually decreased over 10 keps. This
characteristic of the count rate allows the present compact
gamma camera system to be applied for rat myocardial
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SPECT imaging with 29'Ti because the mean count rate
was 0.52 keps during SPECT data acquisition in this rat
study. This upper limitation of 10 kcps is due to the
transfer speed of the electric circuit which can be im-
proved by replacement with faster electronics. The present
system also produced homogeneous reconstructed im-
ages of the cylindrical phantom as shown in Figure 7. The
homogeneity of images reconstructed from the flood
phantom is important for quantitative analysis of physi-
ological function.

In the animal SPECT study, rat myocardial tomo-
graphic images were sequentially obtained. The SPECT
images could clearly visualize the rat myocardium and
cardiac cavity. It is anticipated that these images could be
significantly improved if image gate is employed. The
time-dependent change of regional tissue radioactivity
concentration obtained from such sequential tomographic
images can be applied for kinetic analysis using a com-
partment model to estimate the regional myocardial blood
flow.?® The results for phantom and animal studies sup-
port the feasibility of our system for quantitative assess-
ments of regional myocardial blood flow on rat. Further
study is needed to quantify myocardial blood flow by
pinhole SPECT. Deloar et al. suggested that physical
factors such as penetration and scatter are considered.?!
Also, Wang et al. reported that both of attenuation correc-
tion (AC) and scatter compensation (SC) are important to
improve quantitative accuracy because the values of re-
constructed images were underestimated by 15% without
AC and overestimated by 9% with only AC, while the
quantitative accuracy was below 3% with both AC and
sC.2

If this compact camera is combined with a rotating
apparatus, the camera will rotate around the animal laid
down. So, we can observe physiological function of small
animals in more natural conditions, against especially
acquiring complete data set with two orbits,'® than when
the animals are held vertically like in this study. The
misalignment of a center of rotation (COR) might be a
problem, if the camera is rotated. It causes serious arti-
facts in the reconstructed image.'> However, our compact
camera is sufficiently light to avoid the misalignment of
the COR compared to clinical gamma camera. In the near
future, we will construct a small animal pinhole SPECT
system, which permits acquisition of complete data by
two-circular orbit, using a compact gamma camera.

CONCLUSION

We have developed a compact SPECT system using a
compact pixellated gamma camera for small animals. The
camera with an active detection area of 43.8 mm x 43.8
mm was equipped with a pinhole collimator. We evalu-
ated the basic physical performances and succeeded in
sequential SPECT imaging of rat myocardial perfusion.
The present system may be of use for quantitation of
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biological functions such as myocardial blood flow in
small animals.
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Disrupted-in-schizophrenia 1 (DISC1), identified in a pedigree with a familial psychosis with the chromosome
translocation (1:11), is a putative susceptibility gene for psychoses such as schizophrenia and bipolar dis-
order. Although there are a number of patients with major depressive disorder (MDD) in the family members
with the chromosome translocation, the possible association with MDD has not yet been studied. We therefore-
performed an association study of the DISC1 gene with MDD and schizophrenia. We found that Cys704 allele of
the Ser704Cys single-nucleotide polymorphism (SNP) was associated with an increased risk of developing
MDD (P = 0.005, odds ratio = 1.46) and stronger evidence for association in a multi-marker haplotype analysis
containing this SNP (P = 0.002). We also explored possible impact of Ser704Cys on brain morphology in
healthy volunteers using MR imaging. We found a reduction in gray matter volume in cingulate cortex and a
decreased fractional anisotropy in prefrontal white matter of individuals carrying the Cys704 allele compared
with Ser/Ser704 subjects. In primary neuronal culture, knockdown of endogenous DISC1 protein by small inter-
fering RNA resulted in the suppression of phosphorylation of ERK and Akt, whose signaling pathways are
implicated in MDD. When effects of sDISC1 (Ser704) and cDISC1 (Cys704) proteins were examined separately,
phosphorylation of ERK was greater in sDISC1 compared with ¢cDISC1. A possible biological mechanism of
MDD might be implicated by these convergent data that Cys704 DISC1 is associated with the lower biological
activity on ERK signaling, reduced brain gray matter volume and an increased risk for MDD.
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INTRODUCTION

The disrupted-in-schizophrenia 1 (DISC1I) gene was initially
identified at the breakpoint of a balanced translocation
(1,11)(q42.1;q14.3), which segregated with major mental dis-
orders in a large Scottish family (1). In this family, patients
with schizophrenia, bipolar disorder and recurrent major
depressive disorder (MDD) had been identified as carriers of
the translocation (1,2). Subsequent genetic studies in several
independent populations, including association and linkage
studies, have also suggested that the DISCl gene may
be implicated in both schizophrenia and bipolar disorder
(3-10). Previous studies suggest that genetic variations
within the DISC1 gene, which increase risk for schizophrenia,
are associated with the cerebral cortical gray matter and hippo-
campal volumes and function (9,11,12). However, no associ-
ation study between the DISCI gene and MDD has not yet
been teported, despite there are more patients with MDD
than those with schizophrenia in the original Scottish family
members with translocation.

DISC! is a multi-functional protein. Several research
groups have identified DISC1 interacting proteins, which are
associated with the components of the cytoskeleton and cen-
trosome, such as dynein, Nudel, elongation protein zeta-1,
etc. (13—18). DISCI plays critical roles on the cerebral
cortex development via microtubular dynamics and the
DISC1—dynein complex (13). Another function of DISCI
may be modulation of cAMP signaling via an interaction
with phosphodiesterase 4B, which also has been found to be
disrupted by a balanced translocation in a patient with schizo-
phrenia (19). Other functions of DISCI, including the mito-
chondrial and nuclear related functions, have also been
suggested (15,20,21).

Here, we report an association of the genetic variations of
DISCI, including Ser704Cys (rs821616) single-nucleotide
polymorphism (SNP) and MDD. The risk allele (Cys704) for
MDD is associated with the reduced gray matter volume and
fractional anisotropy (FA) in prefrontal white matter in
healthy subjects. Furthermore, the risk allele is linked to
lower ERK activity (extracellular signal-regulated kinase),
which has been suggested to have a role in the pathophysiol-
ogy in MDD.

RESULTS

Association between the genetic variants of the
DISC1 gene and major depression

We examined possible association between genetic variants in
the DISCI1 gene, including Ser704Cys SNP and MDD or
schizophrenia. We genotyped 13 SNPs to cover the DISC1
locus at an average density of 31 kb. We found a significant
association between genetic variations in DISC! and MDD
(Table 1). The Cys allele frequency of SNP12 (Ser704Cys)
was greater in patients with MDD when compared with
controls (x> =7.88, df=1, P =0.005, odds ratio = 1.46,
95% CI 1.12—1.92). There was a weak evidence for an associ-
ation with SNP1 (P = 0.048). As previous association studies
of the DISCI gene applied three-marker haplotype analysis
(4,8,9), we performed this analysis. Consistent with the
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individual marker results, the three marker haplotypes contain-
ing SNPs 11-13 were associated with MDD: SNPI11l (G
allele)~SNP12(Cys)—-SNP13(C allele) (P = 0.002; Table 2).
When we examined the association between genetic variations
of DISC! and schizophrenia, a weak evidence for association
was observed with SNP7 (P =0.0496), whereas SNPI2
(Ser704Cys) was not significantly associated with schizo-
phrenia (Table 1). Because a prior study reported sex-
dependent effects on association with schizophrenia (4), we
examined males and females separately. This analysis
revealed stronger evidence for association with SNP9 in
female patients with schizophrenia (P = 0.0088), but no
association in male subjects, whereas a prominent gender
effect was not found in MDD (Table 3). Three marker haplo-
types were not associated with schizophrenia (data not
shown). SNPI12 showed a strong linkage disequilibrium
(LD) with SNP1Q and SNP11, moderate L.LD with SNP1 and
SNPI3 and weak LD with SNP6 in controls, and similar LD
results were obtained in MDD and schizophrenia (Supplemen-
tary Material, Tables SI-S3). LD pattern of our data was
similar to that of HapMap database in the Japanese population.
Our results suggest that DISCI is associated with MDD and
with schizophrenia and that Ser704Cys SNP, in particular, is
associated with MDD in our sample.

Effects of the DISC1 Ser704Cys polymorphism on
in vivo brain structure

As the abnormalities in the brain gray matter volume and
white matter microstructure have been implicated in the
biology of mood disorders and schizophrenia (22,23), we
examined the possible effects of the Ser704Cys SNPs and
other associated SNPs with schizophrenia on brain structure
in healthy subjects (demographic information for Ser704Cys,
Table 4). We found a bilateral (left dominant) reduction in
the gray matter volume in the anterior cingulate cortex
(ACC) [Brodmann area (BA) 24, Talairach coordinates x, y,
z=—6, 27, 17, respectively, t =3.58], cingulate gyrus
(BA24, Talairach coordinates x, y, z=0, 3, 34, respectively,
t=23.7) and the posterior cingulate gyrus (BA31, Talairach
coordinates x, y, z= —9, —39, 36, respectively, ¢ = 3.39) in
cys-DISCI1 carriers (cys/cys and cys/ser) compared with ser/
ser-DISC1 individuals by tensor-based morphometry (TBM)
analysis (Fig. 1, upper panel). When we analyzed the effect
of this SNP on brain morphology in the other direction (i.e.
cys > ser), we found a significant reduction in the volumes
of the lateral ventricle, interhemispheric fissute and the bilat-
eral Sylvian fissure in ser/ser-DISCI individuals compared
with cys-DISCI1 carriers (Fig. |, lower panel). This finding
suggests that cys-DISCI carriers have expanded cerebrospinal
fluid (CSF) space compared with ser/ser-DISCI individuals,
possibly consistent with our finding that cys carriers in our
analysis have reductions in tissue volume measures. We did
not detect significant differences in hippocampal volume
related to this DISC! polymorphism with even at a lenient
threshold at P < 0.05. In comparison with ser/ser-DISC1 indi-
viduals, cys-DISC1 carriers demonstrated a significantly
decreased FA value in the frontal white matter (P << 0.001)
(Fig. 2). The reversed contrast, i.e. increased FA in
cys-DISC1 carriers, was not observed even at the level of
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Table 1. Allele distributions for 13 SNPs in the DISCI gene in patients with MDD, those with schizophrenia and controls

SNP dbSNP Distance Major/minor Amino acid Controls MDD Sz
from SNPI polymorphism substitution n="T17 n==373 P-value OR n =658 P-value OR
1 156541281 cr 0.122 0.094 0.048 0.75 0.105 0.16 e
2 rs3738401 17161 G/A GlIn264Arg 0.260 0.263 0.89 — 0.264 0.83 —_
3 rs1340982 48898 crr 0.461 0.456 0.82 — 0.459 0.92 e
4 51322784 11580t TIC 0.351 0.371 0.36 e 0375 0.19
5 51535529 141475 /T 0.425 0.441 0.48 — 0.410 0.42 -
6 1$7551537 159083 cr 0.363 0.363 0.98 e 0.382 0.29 —
7 15999710 197809 crr 0.404 0.424 0.39 B 0.441 0.05 t.16
8 1967433 218681 T/IC 0.409 0.416 0.76 — 0.387 0.24 e
9 1s821577 253923 GIT 0.201 0.166 0.05 —_ 0.172 0.06 e
10 s821597 289130 T/IC 0.414 0.438 0.28 e 0.404 0.60 —
i1 5843979 317474 C/G 0.335 0.358 0.29 e 0.334 0.92 —
12 rs821616 331464 AT Ser704Cys 0.104 0.145 0.005 1.46 0.122 0.14 o
13 52806465 353160 G/C 0.376 0.378 0.92 — 0.370 0.75 e
Minor allele frequencies in controls are shown. SZ, schizophrenia, OR, odds ratio. Significant results (P < 0.05) indicated by italics.
Table 2. Three-marker haplotype analysis among patients with major depression and controls
SNP Haplotype
i 2
2 I |
3 1 1 2
4 2 1 1
5 2 1 1
6 2 2 2
7 1 1 1
8 2 2 !
9 2 2 2
10 1 2 2
1 l 2 2
12 2 2
13 2
Global P-value 0.030 0.19 0.043 0.8t 0.74 0.55 0.69 0.20 0.012 0.17 0.057
Individual P-value 0.017 0.026 0.018 0.24 0.25 0.25 0.19 0.023 0.019 0.017 0.002
Haplotype frequency in control 0.050 0.201 0.180 0.123 0.136 0.108 0.081 0.064 0.018 0.096 0.074
Haplotype fequency in MDD 0.026 0.250 0.233 0.104 0.116 0.089 0.060 0.035 0.000 0.130 0.116

Major allele = 1, minor allele = 2. Individual P-value indicates the best P-value among the haplotypes. Significant results (P < 0.05) indicated by

italics.

P < 0.05. Our results suggest that the Ser704Cys SNP of the
DISC! gene might affect human gray matter volume and
white matter microstructure, particularly in peri-cingulate
area. On the other hand, genotype effects of other SNPs, i.e.
SNP1, SNP7 and SNP9 on the brain morphology or white
matter microstructure, were not detected.

DISC1 and ERK signaling

ERK signaling and Akt signaling have been implicated in
MDD (24,25). Thus, we investigated the possible involvement
of DISCI on ERK and Akt signaling pathways. The endogen-
ous DISCI function in cortical cultures was examined using
small interfering RNA (siRNA) for DISCI, and robust
decrease (70%) of endogenous DISC! protein was confirmed
(Fig. 3Aa and d). We found decreased levels of phosphoryl-
ation of ERK1/2 (pERK1/2: an activated form of ERK) and

-phosphorylation of Akt (pAkt: an activated form of Akt)

after DISC1-siRNA transfection, suggesting that endogenous
DISC1 protein is involved in ERK and Akt activations
(Fig. 3Aa—c). In contrast, the levels of total ERK1/2, Akt
and TUJ1 (class Il B-tubulin, a neuronal marker) proteins
were not altered (Fig. 3Aa, quantified data (mean + SD):

ERKI: 1.15+0.22, 0954+ 027; ERK2: 1.01 +0.17,
0.99 + 0.22; Akt: 1.05+0.06, 1.09+ 0.04;  TUIL:
1.03 + 0.07, 1.01 + 0.07; relative to none; scramble,

si-DISCI, respectively).

To examine the effect of Ser704Cys SNP on ERK and Akt
signaling, we overexpressed each type of DISCl protein
(sDISCI: DISC! protein with Ser704; cDISCl: DISCI
protein with Cys704) using a sindbis virus-mediated gene
delivery system. Neuronal cultures infected with the control
viral construct {green fluorescence protein (GFP) only] were
doubly stained with GFP signal and immunostaining signal
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Table 3. Gender difference of allele distributions for 13 SNPs in the DISCI gene among patients with schizophrenia, those with major depression and controls

SNP female Male
Controt Sz MDD Control SZ MDD
n=366 n=318 P-value OR n=226  P-value OR n =351 n =340  P-value OR  »n=147 P-value OR
| 0.135 0.102 0.061 — 0.091 0.021 0.64  0.108 0.107 0.96 e 0.099 0.65 —_
2 0.258 0.274 0.52 — 0.279 0.44 — 0.262 0.254 0.74 —— 0.238 0.43 —
3 0466 0.459 0.80 — 0.465 0.97 — 0.456 0.459 0.91 0.442 0.69 —
4 0344 0.385 0.12 e 0.356 0.68 — 0.359 0.366 0.78 - 0.395 0.29 —
5 0414 0.399 0.58 e 0.469 0.063 — 0.437 0.421 0.53 — 0.398 0.25 —
6 0.373 0.381 0.77 0.354 0.51 — 0.352 0.384 0.22 — 0.378 0.44 —
7 0404 0.447 0.12 e 0.427 0.44 s 0.405 0.437 0.23 e 0.418 0.69
8 0411 0.390 0.42 e 0.425 0.65 — 0.406 0.384 0.40 — 0.401 0.89 —
9 0209 0.154 0.0088 145  0.164 0.054 — 0.192 0.190 0.90 — 0.170 0.41 —
10 0399 0.426 0.31 -— 0.442 0.14 e 0.430 0.384 0.08 e 0.432 0.96 —
i 0.328 0.343 0.56 — 0.369 0.14 — 0.343 0.325 0.47 - 0.340 0.92 —
12 01h 0.137 0.14 R 0.146 0.073 — 0.097 0.107 0.52 — 0.143 0.035 0.64
13 0.383 0.363 0.46 — 0.363 0.50 — 0.369 0.376 0.77 — 0.401 0.34 —

Minor allele frequencies in controls are shown. SZ, schizophrenia: OR, odds ratio. Significant results (P < 0.05) indicated by italics.

Table 4. Demographic information for the brain MRI study

Variables ser/ser-DISCH cys-DISCI carriers P-value
(n = 86) (n=122)

Age 35.1(11.5) 40.1 (13.8) 0.08

Gender (M/F) 33/53 /15 0.81

Education years 16,7 (2.8) 16.8 (3.4) 0.89

Full-scale 1Q 111.8 (11.5) 109.2 (13.7) 0.39

Cys-DISCL  carriers (= 22): cysfser-DISCl (n=21) and cys/

cys-DISC1(n = 1). Mean values (SD) are presented.

by anti-microtubule-associated protein 2 (MAP2: a neuronal
dendritic marker) antibody, as well as viral constructs of two
types of DISC! (sDISC! and c¢DISCI) (Fig. 3Ba). About
85% of MAP2-positive cells in control-, sDISCI- or
¢DISCl-infected cortical cultures were GFP positive, indicat-
ing that the majority of neurons were infected, fespectively
[control (mean + SD): 84.4 + 6.4%; sDISCI: 86.6 + 5.1%;
¢DISCI: 86.3 4+ 9.8%, n=6 fields, selected randomly].
When cortical cultures infected by sDISC! or cDISCI were
doubly stained with GFP signal and immunostaining signal
by the DISCI antibody, the sDISC1 and c¢DISCI proteins
were located in both cell body and neurites in punctuate
manner, especially perinuclear region and neurite branch
(Fig. 3Bb). As expression levels of GFP and TUJ1 were not
altered by viral infections and both sDISCl- and
cDISCl-infected cultures showed similar levels of DISCI
expression (Fig. 3Ca, quantified data (mean + SD): GFP:
1.00 + 0.10, 0.92 + 0.15; TUJL: 0.98 + 0.07, 0.98 + 0.09;
DISCl: 5.43 + 0.52, 5.43 + 0.33, relative to control,
sDISCI, c¢DISCI, respectively), we examined the phosphoryl-
ation of ERK and Akt in this system. Two-way ANOVA indi-
cated significant main effects of viral infection (F =202,
df=2, P<0.001) and measurement of protein levels
(F=161, df=8, P<0.001) and interaction of these two
factors (F = 44.4, df = 16, P < 0.001). There were significant
effects of viral infection in the measurements of pERK1/2 and

pAkt; however, neither total ERK1/2 nor Akt was altered after
virus infection (pERKI: F= 104, P <<0.00f; pERK2Z:
F=1292, P<0.00l; pAkt: F=9.0, P<00i; ERKIL
F=18, P>02; ERK2: F=3.0, P>0.1; Akt F=0.2,
P > 0.8) (Fig. 3C). Post hoc comparison revealed significant
increases in pERK1/2 in sDISCI- or ¢cDISCl-infected cultures
compared with control (pERKI: sDISC1 P < 0.01; ¢DISCI
P < 0.01; pERK2: sDISCl P << 0.05; cDISCI P <0.05)
(Fig. 3Ca and b). The levels of ERK! activation in
sDISCl-overexpressing cultures were more intensive than
those in cDISCl-overexpressing cultures (P < 0.01)
(Fig. 3Ca and b). A significant elevation of pAkt was observed
in the sDISC1-overexpressing cultures compared with control
(P < 0.05), although an increase in the pAkt level by ¢DISC1
overexpression was not significant (P > 0.1) (Fig. 3Ca and ¢).
However, there were no significant difference of pAkt levels
between sDISC1 and c¢DISCI (P > 0.1).

We next examined rescue experiments, transfection with
sDISC1 or ¢DISCI into primary culture knocked down to
DISCIL. In this experiment, siRNA for DISCI1 decreased phos-
phorylation of ERK by ~50% and there were significant
effects of viral infection in the measurements of pERKI/2
(pERK1: F=173, P<0.01; pERK2: F=94, P<0.01)
(Fig. 3D). Post hoc comparison revealed a significant
elevation of pERKI levels in the sDISCl1-overexpressing cul-
tures compared with si-DISC1 treatment (P < 0.01), although
an increase in the pERK1 level by ¢DISCI overexpression was
not statistically significant (P > 0.1) (Fig. 3D). A significant
elevation of pERK2 was observed in sDISCI- and
c¢DISCl-infected cultures compared with si-DISCI treatment
(sDISC1: P < 0.05; sDISCI: P < 0.05) (Fig. 3D). Western
blots showed that total ERK, Akt and TUJI protein levels
were not changed and that pAkt levels were also rescued by
DISC1 overexpression (Fig. 3Da). These results suggest the
recovery of the activation of ERK1/2 and Akt after sDISC!-
and cDISC-overexpression in DISC1 knockdown cultures.
The effect of rescue on phosphorylation of ERK was larger
in sDISC1 compared with ¢cDISC1, although the difference
did not reach the statistical significance (Fig. 3D). This
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Figure 1. Impact on the brain morphology of the Ser704Cys SNP in healthy subjects. (Upper panel) The SPM {t} is displayed onto Ti-weighted MR images.
Cys-DISC]1 carriers (7 = 22) had reduced volumes in the bilateral ACC, cingulate gyrus and the posterior cingulate gyrus compared with ser/ser-DISCI indi-
viduals (7 = 86). (Lower panel) The SPM{t} is displayed on a standard maximum intensity projection images and Tl-weighted MR images. Ser/Ser-DISC
individuals demonstrated decreased volumes of the lateral ventricle, interhemispheric fissure and bilateral Sylvian fissure, indicating an expansion of the

CSF space in cys-DISCI carriers.

Figure 2. Disruption of white matter integrity revealed by DTI. The SPM{t} is displayed onto a FA map. A significant reduction in FA in the prefrontal white
matter was found in the cys-DISC1 carriers (n = 22) when compared with individuals with ser/ser-DISCI1 (n = 86).

might be due to the complexity of this experiment (siRNA
plus overexpression) compared with the overexpression only
experiments, as the standard deviations of these experiments
were larger than those of overexpression experiments.
Our results suggest a possible role of DISCI in the ERK
and Akt signaling and an impact of Ser704Cys on ERK
activation.

DISCUSSION

Here, we report the evidence for association between MDD
and the Ser704Cys SNP as well as several haplotypes includ-
ing the Ser704Cys SNP. We also replicated earlier evidence
for a weak association with schizophrenia which is stronger
in female patients (4). Previous association studies with

schizophrenia suggested several regions in the DISCI gene,
such as intron2—intron3, intrond—intron9 and intron9—
exonl3 (4, 5, 8, 9). The region of intron8—intron9 is
common across the studies. Consistent with the previous
studies, two SNPs in intron9 were associated with schizo-
phrenia in our study. Both false-positive and [alse-negative
associations due to population stratification cannot be
excluded in our case—control study, despite the precaution
of ethnic matching of this study. Differences in gender ratio
and ages between groups could be potential confounding
factors. Therefore, it is necessary to carry out further investi-
gations to confirm our findings in other samples. It has also
suggested that allelic heterogeneity exists for association
between the DISCI gene and psychiatric illness (26), and
this may explain different alleles being associated with
illness in our sample compadred with others.



