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Non-invasive quantitative measurements are useful for clinical study as these are simple and pain-free
procedures. A new non-invasive semi-automatic quantitative measurement method, the improved
brain uptake ratio (IBUR) method using 99mTc-ECD SPECT, has recently been reported. If an automatic ROI
setting algorithm could be developed to determine the input function for the IBUR method, analysis of
regional cerebral blood flow (rCBF) can be completed within a few min without recourse to complex
techniques, through a fully automatic rCBF analysis program. The purpose of this study was to develop an
automatic input function determination program for 99mTc-ECD non-invasive cerebral blood flow
quantification and to confirm the feasibility of use of this program.

The images of 15 consecutive patients who underwent both 99mTc-ECD chest RI angiography and
SPECT examinations were used for development of the automatic arterial input function program. The
images of 69 consecutive patients were used for validation of the program.

The coincidence ratio between the ROI automatic method and the manual setting method was 98%.
The mean difference in the ROI location was �6.4 mm in the X direction and �8.6 mm in the Y direction.
Individual rCBF values obtained using these independent techniques were also reasonably well corre-
lated (r ¼ 0.95). The total time for the IBUR analysis using the automatic method is 2e3 min as compared
to 20e30 min for the current analysis method. This technique improves the throughput of nuclear
medical examinations.

� 2014 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.
Introduction

Quantitative measurement of the cerebral blood flow is impor-
tant for objective evaluation of the cerebral hemodynamic status
[1]. 123IeN-isopropyl-p-iodoamphetamine (123I-IMP), 99mTc-D, L-
hexamethylene propylene amine oxime (99mTc-HMPAO), and
99mTc-ethyl cysteinate dimer (99mTc-ECD) have been widely used
for quantitative measurement of the regional cerebral blood flow
).

Italiana di Fisica Medica. Published
(rCBF) by single photon emission computed tomography (SPECT)
[2e4].

Several non-invasive quantitative measurement methods
without any arterial blood sampling have been proposed for 123I-
IMP, 99mTc-ECD, and 99mTc-HMPAO SPECT [5e9]. Non-invasive
quantitative measurements are useful for clinical study as these
are simple and pain-free procedures [10,11]. However, expectedly,
the accuracies of these methods are inferior to those of invasive
methods, because the input functions are obtained by manually
placing a region of interest (ROI) on serial dynamic planar images
rather than by arterial blood sampling [11]. Thus, a new non-
invasive quantification method based on a simple input function
determining protocol is required for clinical routine study in order
by Elsevier Ltd. All rights reserved.
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Figure 1. Flow-chart of the automatic program for ROI setting on the ascending aorta.
The automatic ROI setting method consists of 6 steps.
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to guarantee repeatability and reproducibility. A new non-invasive
quantitative measurement method, the improved brain uptake
ratio (IBUR) method using 99mTc-ECD SPECT, has recently been
reported [11]. In this method, the location of the ROI is changed
from the aortic arch to the ascending aorta (based on the arterial
blood flow dynamics) in order to obtain an accurate input function
[12]. The regression equation for the IBUR method was constructed
based on H2

15O-positron emission tomography (H2
15O-PET) as the

gold standard [11]. Therefore, rCBF values obtained by the IBUR
method can be evaluated in the same way as the rCBF values ob-
tained by the H2

15O-PET method. The IBUR method is an automatic
analysis method, except for the region of interest (ROI) setting
process of the input function [11].

If an automatic ROI setting algorithm could be developed to
determine the input function for the IBUR method, analysis of rCBF
can be completed within a few min without recourse to complex
techniques, through a fully automatic rCBF analysis program. This
automatic program not only improves the repeatability and
reproducibility of the IBUR method, but also it will be available for
non-invasive quantification of other nuclear medicine examina-
tions. The purpose of this study was to develop an automatic input
function determination program for 99mTc-ECD non-invasive cere-
bral blood flow quantification and to confirm the feasibility of use
of this program.

Materials and method

Subjects

The images of 15 consecutive patients (8 men, 7 women; age,
40e75 years; mean age, 64 years) who underwent both 99mTc-ECD
chest RI angiography and SPECT examinations at Iwate Medical
University Cyclotron Research Center were used for the develop-
ment of the automatic arterial input function determination pro-
gram. The images of 49 consecutive patients (21 men, 28 women;
age, 40e75 years; mean age, 64 years) who underwent 99mTc-ECD
RI angiography and SPECT examinations at the National Hospital
Organization Kyushu Medical Center and 20 patients who under-
went examination at Daiyukai General Hospital were used for
validation of the program.

None of the patients had pulmonary diseases. The studies were
conducted with the approval of the institutional ethics boards of
each participating institution, and written informed consent was
obtained from all the patients or their next of kin.

99mTc-ECD imaging protocol

99mTc-ECD imaging was performed at each of the facilities using
a single-head SPECT scanner (Starcam400AC/T, GE, USA: Iwate
Medical University Cyclotron Research Cente135)r (System 1) or
dual-head SPECT scanners E-cam, Siemens, Germany: National
Hospital Organization Kyushu Medical Center, (System 2) or (Mil-
lenniumVG, GE, USA: Daiyukai General Hospital (system 3)). 99mTc-
ECD dynamic planar images of the chest at a 25� left-anterior-
oblique (LAO25) view were obtained for 2 min (1 s/frame,
128 � 128 matrix) using a detector equipped with low energy high
resolution (LEHR) collimators and a 140 keV � 10% energy window
after a bolus injection of 740 MBq of 99mTc-ECD. The pixel sizes in
different three systems 1, 2, and 3 were 3.56, 4.00 and 2.21 mm,
respectively.

After 99mTc-ECD chest RI angiography, SPECT was performed at
30 min mid-scan time using the system 2 and 3 equipped with
LEHR collimators and a 140 keV � 10% energy window. The pro-
jection data were acquired every 30 s by continuously rotating the
detectors by 120� (40 steps/120�/30 s,128� 128matrix). The SPECT
images were obtained using the 2-dimensional ordered subset
expectation maximization (2D-OSEM) method (subsets; 5, itera-
tions; 20). These counts of the 2D-OSEM method were directly
proportional to the counts that had been obtained by the filtered
back projection (FBP) method. An attenuation coefficient of
0.09 cm�1 and a Butter-worth pre-filter (cutoff; 0.5 cycle/cm, order;
8) were used for image reconstruction.

Automatic ROI setting method

The arterial input function for the IBUR method was estimated
by setting the region of interest (ROI) on the ascending aorta ob-
tained by dynamic planar scanning [11,12]. Our automatic ROI
setting method consists of the following 6 steps, as shown in Fig. 1.

(1) Standardization of the RI-angiography images

The position and pixel size of the chest RI angiogram differ
among individual differents, because these depend on the gamma
camera systems used and the patients. However, since standard-
ized pixel size image and position are required for the development
of an automatic program, the pixel size of all chest RI-angiograms
was converted to 2.21 mm which is the smallest size without
splitting voxels using a linear interpolation (Fig. 2(1)). For stan-
dardization of the position, an addition image was created by
adding 30 frames of the latter half of the chest RI angiogram. The
chest region was extracted by a P-tile method in which the
threshold was set at 40% of the maximum count level. The
threshold value was determined empirically. Subsequently, the
center of gravity of the extracted region was statistically deter-
mined based on the image counts, and a 128 � 128 region around
the center of gravity was clipped out.

(2) Determination of the arteriovenous phase

An ROI was set on the whole area of the standardized chest RI
angiogram. The maximum count, the timeeactivity curve (TAC)
with the mean count, and a first-order derivative curve of the mean
count were obtained on the RI angiogram on the ROI. Figure 2(2),
(3) show the image TAC and its differential curve. By analyzing the
features of these curves, we determined the arteriovenous phase



Figure 2. Image standardization and determination of the arteriovenous phase frames. (1) Image standardization. The pixel size of all planar images was converted to 2.21 mm
using a linear interpolation. (2) Time-activity curve (TAC) of chest RI angiography a: Venous peak phase b: Arteriovenous phase c: Systemic circulation phase d: Border frame. (3)
Differential curve of TAC.

Table 1
Classification of frames by the transit time.

Transit time (sec) Number of frames

25S 6
20e24 5
11e20 3
10& 2

6 frames: more than 25 s.
5 frames: from 20 to 24 s.
3 frames: from 11 to 20 s.
2 frames: less than 10 s.
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frames. The frame having a maximum count in the TAC of the mean
count indicated the flow of 99mTc-ECD from the subclavian vein to
the descending aorta. The peak frame number is shown as (a) in
Fig. 2. After the peak frame, the TAC of the mean count did not
change for several seconds, and then rapidly decreased. This in-
terval (b) includes the venous phase and the arterial phase. The
venous phase is the blood flow images of the subclavian veins,
inferior vena cava, right atrium, pulmonary artery, and bifurcation
of pulmonary trunk. The arterial phase image is the images of the
left atrium, left ventricle, and aortic arch. After the interval (b), the
TAC of the mean count decreased gradually. This interval (c) indi-
cated systemic circulation. The values in the interval (c) of the first-
order derivative curve were almost constant, which indicated that
the first circulation cycle was almost complete. We obtained a last
frame showing a constant value in the differential curve, and
determined this frame as the border frame. This border frame is the
start frame in interval (c). The frames in interval (b) from the peak
frame to the border frame were determined as the arteriovenous
phase frames.
(3) Separation of the venous phase from the arterial phase

Arteriovenous phase frames were separated into venous phase
frames and arterial phase frames. Venous phase images and arterial
phase images were extracted by adding each of these frames. The
number of arteriovenous phase frames depends on the infusion
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rate of 99mTc-ECD and the blood velocity. The added number of
venous phase frames from the subclavian vein to the pulmonary
artery was classified from a minimum of 2 up to 6 frames by
analyzing the arteriovenous phase frames of 15 subjects. Therefore,
the transit time of RI in these arteriovenous phase frames was
calculated, and the added venous phase frames were classified into
4 patterns based on the transit time. The added number of venous
phase frames was set at 6 frames when the transit time was more
than 25 s, 5 frames when the transit time was from 20 to 24 s, 3
frames when the transit time was from 11 to 20 s, and 2 frames
when the transit time was less than 10 s (Table 1). The number of
frames added was determined according to this classification table,
and a venous phase image was created. After removing the frames
corresponding to the venous phase image from the arteriovenous
phase frames, an arterial phase image was obtained by adding the
remaining frames.

(4) Extraction of the aortic arch region

In some cases, arterial phase images also included the subcla-
vian vein because of venous retention. A P-tile method with the
threshold set at 85% of the maximum count level was used for
Figure 3. a Extraction of the aortic image (1) Arterial phase image. (2) Arterial phase image
aortic arch was determined by searching the largest area in the (2) image. b Determination
using the P-tile method. (5) Candidate image of the venous phase image using the P-tile meth
the (4) by the (5) images. c ROI setting An ROI with a radius of 4 pixels (8.76 mm) was set o
distinguishing between the aortic arch and subclavian vein. The
threshold value was determined empirically. In the candidate re-
gions, the region with the biggest area was considered as the aortic
arch image, as shown in Fig. 3a.

(5) Determination of the candidate region for the ascending
aorta

The region of the ascending aorta overlaps that of the
descending aorta, pulmonary artery, and right pulmonary arte-
rial bifurcation on chest RI angiography images, the candidate
ascending aorta is included in the region where the venous
phase image and aortic arch image are piled up. A P-tile method
with the threshold set at 85% of the maximum count level was
first applied to the venous phase image, and then the over-
lapped region with the segmented region and aortic arch image
was extracted by multiplying the candidate image of aortic arch
image (4) by the candidate image of the venous phase image
(5). The candidate region for the ascending aorta was deter-
mined by assigning all pixels in the extracted region to the
corresponding pixel value in the arterial phase image, as shown
in Fig. 3b.
using the P-tile method. (3) Candidate image of the aortic arch Candidate image of the
of the candidate ascending aorta image. (4) Candidate image of the aortic arch image
od. (6) Ascending aorta image. The ascending aorta regionwas obtained by multiplying
n the candidate region, and the highest mean pixel value on the ROI was searched for.
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(6) ROI setting in the ascending aorta region

The candidate region for the ascending aorta includes not only
ascending aorta, but also a part of the lung fields and descending
junction of the aortic arch. There is little accumulation of 99mTc-ECD
in the lungs and a perfusion defect is visualized in the bifurcation of
the aortic arch. Thus, the count level of the ascending aorta in the
candidate region must be the highest in the candidate ascending
aorta image. An ROI with a radius of 4 pixels (8.76 mm) was set on
the candidate region, and the highest mean pixel value on the ROI
was searched for. The radius of the ROI was not to exceed the size of
the aorta. Finally, the location of the ROI having the highest count
level was determined as the ascending aorta region, as shown in
Fig. 3c.

The location of the ROI determined by the automatic setting
method values was compared with that set by the manual method.
The location of the 8.76 mm circular ROI was manually determined
by identifying the region with the maximum counts in the
ascending aorta among all images. The manual determination
process was performed by 5 medical staffs (1 medical physicist
(nuclear medicine), 3 radiological technologists, and 1 physician),
and final location was determined by deliberations.

A countetime activity curve (TAC) for the area under the curve
(AUC) was obtained by integrating their gamma functions. The
second peak of the TAC was fitted with the gamma function,
because the first peak indicated the pulmonary artery or lung ac-
tivity overlapping the ascending aorta. The AUC for the automatic
method was compared to that obtained for the manual method in
order to confirm the validity of the automatic method.

99mTc-ECD rCBF analysis

The rCBF values determined by the IBUR method with the ROI
set by the automatic method were compared with the rCBF values
obtained with the ROI set by the manual method.

All SPECT images were analyzed using a 3-dimensional stereo-
taxic ROI template (3DSRT) on anatomically standardized CBF
SPECT images to objectively estimate the rCBF [13]. The rCBF values
were defined as the mean values of each segment in this study.

The process from the setting of the ROI in the dynamic images to
the calculation of rCBFs was automatically performed with an
original analyzing software using Cþþ installed in a personal
computer (PC) (Precision T7500, Dell, USA).

A fully automatic IBUR program was established by combining
the automatic ROI setting program with the current IBUR analysis
program. The rCBF analysis was performed using the PC.

Results

Figure 4a shows the typical separated images of the arteriove-
nous phase and arterial phase, and the ROI setting frames obtained
by the automatic ROI method. The coincidence ratio between the
automatic method and the manual method was 98% (48/49).
Figure 4b shows the difference in the ROI location between the
automatic and manual methods. The mean difference in the ROI
locationwas�2.9 pixels (6.4 mm) in the X direction and�3.9 pixels
(8.6 mm) in the Y direction. The maximum difference was 8 pixels
(17.6 mm) in the X direction and 10 pixels (22.1 mm) in the Y
direction.

Figure 5a shows linear regression and Bland-Altman analyses
for the AUC counts by the automatic and manual methods. Indi-
vidual AUC values obtained using these independent techniques
were reasonably well correlated (r ¼ 0.99, p < 0.0001). The mean
difference between the counts by the automatic and manual
methods was 1.5%, the SD of the difference was 7.4%, and the lower
and upper limits of agreement between the two methods were
16.0% and �12.9%, respectively.

Figure 5b shows the linear regression and Bland-Altman ana-
lyses for the rCBF measurements by the automatic and manual
methods. Individual rCBF values obtained using these independent
techniques were reasonably well correlated (r ¼ 0.95, p < 0.0001).
The mean difference between the counts by the automatic and
manual methods was 0%, the SD of the difference was 5.7%, and the
lower and upper limits of agreement between the two methods
were �11.2%, respectively.

The AUC and rCBF value obtained using the automatic method
for ROI setting was approximately equal to that by the manual
method. The total time for the IBUR analysis using the automatic
method was 2e3 min as compared to 20e30 min for that by the
current analysis method.
Discussion

The ascending-aorta automatic ROI setting program for
determination of the input function was developed by mathe-
matically and statistically analyzing a chest RI angiogram. The
program was validated by using patient images obtained by
different three SPECT scanners. The ROI setting accuracy of this
program was 98%.

The program consists of the following 6 steps: 1) standardiza-
tion of the pixel size, 2) determination of the arteriovenous phase,
3) separation of the venous and arterial phases, 4) extraction of the
aortic arch, 5) determination of the candidate region for the
ascending aorta, and 6) ROI setting. The arteriovenous phase frames
were experimentally classified into 4 patterns based on the transit
time corresponding to the velocity of the injection flow and blood
flow. This classification enabled the separation of the venous phase
frames from the arteriovenous phase frames. This is the most sig-
nificant feature of this program.

About 15e20 min are required to analyze the chest RI angiog-
raphy for setting the ROI by the current manual method for setting
the ROI. In contrast, it takes only 1 s by the automatic method. The
total time taken for completion of the IBUR program is 2e3 min as
compared to 20e30 min for completion of the current analysis
program. Therefore, this technique improves the throughput of
nuclear medical examination for patients.

An automatic program for setting an ROI on the ascending aorta
was developed for input function determination in 99mTc-ECD non-
invasive cerebral blood flow quantification. The process of input
function determination varies with the pharmacokinetics of a
radiopharmaceutical. A customized program can be used to set the
domain of a lung field, pulmonary artery, and right-and-left pul-
monary artery bifurcation area. This means the program will be
available for non-invasive quantification of other nuclear medicine
examinations by customizing the extraction of the arterial phase,
arteriovenous phase, and venous phase images. Therefore, this
technique can be used for non-invasive quantification of all nuclear
medical examination in the future.
Conclusion

An ascending-aorta ROI automatic setting program was devel-
oped by mathematically and statistically analyzing a chest RI
angiogram. The accuracy of this programwas 98%. A fully automatic
IBUR program was established by combining the automatic ROI
setting program with the current IBUR analysis program. This
technique improves the throughput, repeatability and reproduc-
ibility of the IBUR method.
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Figure 5. a Correlation between the AUC values calculated by the automatic and manual methods. The regression equation for the AUC was expressed as Y ¼ 0.99x þ 11 (r ¼ 0.99,
p < 0.0001). b Correlation of the results between the auto ROI rCBF and Manual ROI rCBF. The regression equation for calculation of the rCBF was expressed as Y ¼ 0.97x þ 1.6
(r ¼ 0.97, p < 0.0001).
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