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rotation. However, coronary arteries move and
deform throughout the cardiac cycle, leading to
degradation of image quality if temporal resolution
is inadequate [6].

Temporal resolution is crucial for good image
quality in CCTA [7, 8]. In order to improve temporal
resolution, data from two or three cardiac cycles are
used for image reconstruction which is called multi-
segment reconstruction. When the gantry rotation
time is 350 ms, temporal resolution of multi-segment
reconstruction (MSR) images can be theoretically
improved to 88 or 58 ms, respectively [9]. These are
comparable to the temporal resolution of dual-source
CT scanner (83 ms with single RR-cycle reconstruc-
tion and 42 ms with MSR algorithm) [10]. With some
heart rates, benefits from improved temporal resolu-
tion with MSR might not offset the increased
radiation dose and the decreased spatial resolution
as the heart does not follow the same pattern of
motion with every beat [8, 11]. Reconstruction
algorithm that uses data from a single heart beat is
called half-scan reconstruction algorithm. Although
half-scan reconstruction (HSR) may result in lower
radiation doses than MSR, images of patients with

more rapid heart rate (HR) might be impaired due to k

the longer temporal resolution of HSR algorithm
(approximately 175 ms when gantry rotation time is
350 ms).

There have been no studies that directly investi-
gated coronary artery displacement and image quality
in consecutive heart beats. Thus, the purpose of the
present study was to investigate the influence of the
beat-to-beat movement of the coronary arteries on
image quality of MSR images.

Methods

Authors who are not employees of or consultants for
Toshiba Medical Systems (Tokyo, Japan) had control
of inclusion of any data and information that might
present a conflict of interest for the author (R.T.),
who is an employee of that company.

Patients
This retrospective study was approved by the local

ethics committee, and the requirement for informed
consent to participate this study was waived. In a
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retrospectively review, 23 consecutive patients (17
men, 6 women; mean age, 65.1 years = 11.1; age
range, 41-80 years) who underwent CCTA during
November of 2009 were included in the analysis. All
patients had clinical indications for CCTA and
provided written informed consent for the examina-
tion. The patients were either suspected of having
coronary artery disease (n = 18) or had a history of
myocardial infarction with recurrent angina (n = 5).
One patient with abnormal origin and course of a
coronary artery was excluded from the study to
minimize interfering factors affecting coronary artery
motion. Four patients in whom the difference of R-R
intervals exceeded 2% were also excluded in order to
exclude the influence of HR variability. It is difficult
to select the identical cardiac phase of the cardiac
phase when R-R interval changes due to nonlinear
changes in the time from the R wave to the various
phases of the cardiac cycle as the heart rate varies
[12]. We determined that 2% change of the R-R
interval would have little influence on cardiac phase.

Thus the final study group included 18 patients
(14 men, 4 women; mean age, 67.0 years & 10.4; age
range, 41-80 years) and a total of 21 exams.

CT data acquisition and postprocessing

All examinations were performed by using a 320-
section CT scanner (Toshiba Aquilion ONE Dynamic
Volume CT, Tochigi, Japan) with prospective ECG
gating axial scans. The fraction of the R-R interval
during which the patient was exposed ranged 65-85%
for patients with lower HR [HR < 65 beats per minute
(bpm)] and 30-80% for patients with higher HR
(HR > 65 bpm). The parameters were as follows:
detector configuration, 320 x 0.5 mm; gantry rotation
time, 350 or 375 ms depending on R-R time; tube
potential, 120 kV; and tube current, ranging from 450
to 550 mA depending on body habitus. The effective
radiation dose of CCTA was calculated as the product
of the dose-length product times a conversion coeffi-
cient for the chest (k = 0.017 mSv/mGycm) [13].
Patients received 22.2 mgl/kg body weight/s of
iopamidol 370 mgl/ml (Jopamiron 370, Bayer, Osaka,
Japan, 54.6 ml £ 11.1; range, 38~79 ml) over 14 s.
Bolus tracking in the ascending aorta was performed
using a double threshold of 150 and 280 HU (Houns-
field unit). Patients were assigned to breathe in and
hold their breaths after the first threshold. The scan



Int J Cardiovasc Imaging (2012) 28:139-146

141

started just after the second threshold. Tatsugami et al.
[14] showed that CCTA protocol using a double
threshold yielded more consistent aortic enhancement
with reduced interpatient variability than protocol
using a single threshold.

One patient was receiving oral f-blocker as part of
baseline medication. Oral f-blocker (20 mg of
metoprolol) was indicated to 6 patients who had
HR higher than 65 bpm at the outpatient department.
The patients were assigned to take the medicine 2 h
prior to the exam. No additional S-blocker was used
when the HR was higher than 65 bpm at the time of
the exam. There were no patients with contraindica-
tion to f-blockers, and there were no observed or
reported side effects from f-blockers. All patients
received 2.5 mg sublingual isosrobide dlmtrate
(Nitorol, Eisai, Tokyo, Japan) before imaging.

For each patient, the reconstruction phase with
minimum artifact was determined at the CT console
by reconstructing those 10 ms intervals available.
Each exam contained three sets of images: HSR
image of the first heart beat, HSR image of the second
heart beat, and a two-beat MSR image.

CT data analysis

For data analysis, coronary segments were defined
according to AHA guidelines [15]. Nine landmarks
were identified in all reconstructed images (Fig. 1) and
amulti-planarreconstruction image was generated ona
cross-sectional plane for each landmark. Measure-
ments were manually made by positioning a circular
region of interest (ROI) and the x- and y-coordinates of

Seg. 5

Seg. 6/7

Seg. 1
Seg. 11
Seg. 2 Seg. 13
Seg. 2/3
Seg. 3

Fig. 1 Each landmark (circle) was identified at the mid-point
of each segment. Nine landmarks were identified in all
reconstructed images and a multi-planar reconstruction image
was generated on a cross-sectional plane for each landmark

the centroid of the circular ROI and the diameter were
recorded. The ROI was placed three times and the
average coordinates were used for evaluation. From
these coordinates, the displacement of coronary artery
motion was geometrically calculated in each HSR

image using the following equation: displacement =

1/2
({xtbu] = =[] P+{ylhi] = =ylha*) ", where hy
and h, represent each HSR image. The motion ratio of
coronary arteries was calculated as the division of
displacement by diameter. The process described
above was performed by one radiologist (N.T.).

Image quality analysis

Two cardiovascular readers (N.T., S.-K.) indepen-
dently rated coronary artery image quality. Before the
reading session, the two readers determined by
consensus image quality (IQ) scores defining the
following four-point scale: 4, excellent, no artifact; 3,
good, mild artifact; 2, acceptable, moderate artifact

‘present but images still interpretable; 1, unable to

evaluate, severe artifact renders interpretation not
possible (Fig. 2). In the reading session, coronary
arteries were shown patient by patient. For each
patient, images were sorted in the order of coronary
segment number in AHA guidelines. The three
images of each landmark (2 HSR images and 1
MSR image) were displayed one by one randomly.
The readers were blinded whether the images they
were shown were HSR or MSR. When there was a
difference in IQ scores between the two readers, the
final IQ score was determined by consensus.

When the IQ score of at least one of the two HSR
images was better than the score of MSR image, we
defined HSR image better than MSR image (group
A). Image quality of MSR image was considered
better than that of HSR images when the IQ score of
the MSR image was better than the scores of both
HSR images (group C). Otherwise, image quality was
considered equivalent (group B).

Statistical analysis

All statistical analyses were performed with com-
mercially available statistical software (JMP, version
8.0.2; SAS, Cary, NC). Quantitative variables were
expressed as means -+ standard deviation.

@ Springer



142

Int J Cardiovasc Imaging (2012) 28:139-146

Fig. 2 Representative images through the mid-RCA illustrate
the four image quality scores. 4, Excellent, no artifact (a); 3,
Good, mild artifact (b); 2, Acceptable, moderate artifact
present but images still interpretable (c); 1, Unable to evaluate,

Interobserver agreement for image quality was
calculated with Cohen x statistics [16]. Result was
interpreted as poor (x < 0.20), fair (x = 0.21-0.40),
moderate (x = 0.41-0.60), good (x = 0.61-0.80),
very good (k = 0.81-0.90), or excellent (x > 0.91).

The difference between the average IQ scores of
HSR and MSR images of all exams was assessed by
Welch’s ¢ test. Correlation of the motion ratio to HR,
body mass index (BMI) and total body weight was
analyzed by Spearman’s rank-order correlation coef-
ficients. The significance level was adjusted by
Bonferroni to 0.05/3 = 0.017. Correlation of MSR
1Q score to the displacement and the motion ratio was
also analyzed by Spearman’s rank-order correlation
coefficients. The significance level was adjusted by
Bonferroni to 0.05/2 = 0.025. The difference of the
motion ratio between groups A—C was assessed by
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severe artifact renders interpretation not possible (d). Before
the reading session, the two readers determined by consensus
image quality scores. RCA right coronary artery

Steel-Dwass’ test. Fisher’s exact test was used to
assess the frequency of the HSR IQ score difference
between group A and groups B and C.

Results

Mean heart rate during scanning was 67.0 bpm + 10.4
(range 51-89 bpm). The estimated mean dose-length
product and the mean effective radiation dose was 918
mGycm £ 376 and 15.6 mSv £ 6.4 each.

Motion of coronary artery segments

Four of the possible 189 segments (21 exams x 9
segments per exam) were either not present (n = 1)
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Table 1 Summary of average displacement, diameter, and
motion ratio in each coronary artery segment

Table 2 IQ scores of MSR and HSR images on a per-segment
basis

Coronary Displacement Diameter Motion
segment (mm) (mm) ratio (%)
#1 0.60 + 0.36 42 4+ 0.7 14£7
#2 0.63 + 0.31 4.0 £ 0.6 16 £8
#2/3 0.65 + 0.41 35+07 20+ 15
#3 0.64 + 0.48 314+08 21 +£ 15
#5 0.48 + 0.30 47 £ 1.1 11£8
#6/7 0.38 £+ 0.21 37+07 11+38
#3 0.49 £ 0.39 23+£03 22 £ 16
#11 0.50 + 0.51 35+0.7 16 +£19
#13 0.44 + 0.38 24+ 07 20 £ 20

Data are average = standard deviations

or poorly imaged due to a stent inside (n = 1) or
occluded (n = 2) limiting measuring coordinates. A
summary of average displacement, diameter and the
motion ratio is shown in Table 1. There was no
significant relationship between average motion ratio
and HR (r=0.17, P=0.47), BMI (r = 0.057;
P =0.80) and total body weight (r= 0.07;
P = 0.77) for each exam.

Image quality of coronary artery segments

Interobserver agreement was interpreted as “very
good” (x = 0.82). Four of the possible 189 segments
were either occluded (n = 2), had a stent inside
(n=1), or were not present (n = 1), limiting
evaluation. ‘

For MSR images, images without artifacts (score
4) were obtained in 103 segments (55.7%); images
with mild artifacts (score 3) in 64 segments (34.6%);
images with moderate artifacts (score 2) in 14
segments (7.6%); and images with severe artifacts
(score 1) in 4 segments (2.2%). For HSR images, 196
segments (53.0%) were rated as score 4, 121
segments (32.7%)- as score 3, 42 segments (11.4%)
as score 2, and 11 segments (3.0%) as score 1.

IQ scores of HSR and MSR images on a per-
segment basis are shown in Table 2. Average IQ
scores were not significantly different (P = 0.28)
between HSR and MSR images. There was a
significant negative correlation between MSR IQ
score and the displacement of coronary artery
segments (r = —0.36; P = 0.018) (Fig. 3a). The
correlation between MSR 1IQ score and the motion

Coronary segment MSR 1Q score HSR 1Q score

#1 38+04 35+£07
#2 3.0+0.7 29+ 0.9
#2/3 32409 33+09
#3 34 +£07 34 +07
#5 38+04 3.8+05
#6/7 37+£06 3.6 + 0.6
#8 3.1+0.8 3.0+09
#11 3.7+06 3.6 £ 06
#13 33+0.8 31+08
Average 34407 34£08

Data are average =+ standard deviations

IQ image quality, MSR multi-segment reconstruction, HSR
half-scan reconstruction

ratio showed a stronger negative correlation (r =
—0.54; P = 0.0002) (Fig. 3b).

Thirty-seven segments (20.0%) were included in
group A, 133 segments (71.9%) in group B and 15
segments (8.1%) in group C. Of the 109 segments in
which the IQ scores of the two HSR images were
equivalent, 14 segments (12.8%) were included in
group A, 85 segments (78.0%) in group B and 10
segments (9.2%) in group C.

Effect of motion ratio on image quality

The motion ratio for group A was 29.1% =+ 17.3; that
for group B was 13.5% =+ 11.6; and that for group C
was 16.0% =+ 6.3. The motion ratio for group A was
significantly larger than that for group B (P < 0.05).
The motion ratio for all segments in group C was
lower than 25% (Fig. 4).

Effect of difference in HSR IQ scores on MSR 1IQ
score

Of the 151 segments in which the motion ratio was
lower than25%, 18 (11.9%) segments were included
in group A. The HSR IQ scores were equivalent in 3
(16.7%) of the 18 segments. Of the remaining 133
segments, the HSR IQ scores were equivalent in 88
(66.0%) segments. Difference in IQ scores was more
frequent in segments of group A than in the
remaining segments in which the motion ratio was
lower than 25% (P < 0.0002).
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Fig. 3 Scattergram shows relationship between MSR 1Q score
and the movement of the coronary arteries. Solid lines show
linear regression. Dotted lines represent 95% confidence limits.
Each plot represents the average value of RCA (#1, #2, #2/3,
#3) and LCA (#5, #6/7, #8, #11, #13) in each exam. Correlation
between MSR IQ score and the displacement was —0.36
(P = 0.018), indicating statistically significant negative corre-
lation (a). However, the correlation between MSR 1Q score and

Discussion

Rapid motion of the heart degrades the image quality
of coronary arteries in CCTA [7]. The present study
showed that there was a negative relationship
between MSR IQ score and the displacement of
coronary arteries in consecutive two beats. However,
the negative relationship was stronger between MSR
IQ score and the motion ratio. The motion ratio is
calculated by dividing the displacement by the
diameter of the coronary artery segment, such that
smaller coronary artery segment has a higher motion
ratio when the absolute displacement is the same. The
results in the present study show that the image
quality of smaller segments could be more vulnerable
to cardiac motion. Thus we used the motion ratio as
an index to evaluate the effect of the motion of
coronary arteries on image quality.

The present study showed that IQ scores of MSR
images would be degraded when the motion ratio is
above 25%. Although the average motion ratio was
higher in group A than in group C, the difference was
not significant. The reason for this could be because
the difference in the image quality of HSR images
could also impair the image quality of MSR images
as discussed later. However, we could not find a
relationship between motion ratio and HR, BMI and
total body weight. Sebastian et al. [17] showed a
strong correlation between variability (i.e., standard
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the motion ratio was —0.54 (P = 0.0002), indicating stronger
negative correlation than the correlation between MSR IQ
score and displacement (b). The motion ratio would be a better
index to evaluate the effect of the motion of coronary arteries
on image quality. MSR multi-segment reconstruction, IQ image
quality, RCA right coronary artery, LCA left coronary artery

deviation) of HR during scanning and mean image
quality. Their study showed that image quality was
significantly better in patients with low variability in
HR. In the present study, patients were included
whose variability of R-R interval was lower than 2%;
hence, further investigation is required to find rela-
tionship between the motion ratio and variability of
R-R intervals. It is difficult to know beforehand
which factor causes a higher motion ratio.

Even when the motion ratio was lower than 25%,
11.9% of all segments were included in group A. The
difference in IQ scores in HSR images in a single
segment was more frequent in segments which were
included in group A when the motion ratio was lower
than 25% than in the remaining segments in which
the motion ratio was lower than 25%. Thus, image
quality of MSR images might be degraded when one
of the HSR images is impaired. It is clinically known
that there are nonlinear changes in the time from the
R wave to the various phases of the cardiac cycle as
the heart rate varies (i.e., the diastolic phases are
more sensitive to changes in heart rate than systole)
[12]. However, the cardiac phase would be the same
when the R-R interval is unchanged. The present
results imply that cardiac phase might change even if
heart rates do not change. There might be other
causes which could lead to the difference of IQ
scores. During acquisition of the latter beat, residual
contrast agent in the right ventricle decreases
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Fig. 4 When the IQ score of at least one of the two HSR
images was better than the score of MSR image, we defined
HSR image better than MSR image (group A). Image quality of
MSR image was considered better than that of HSR images
when the IQ score of the MSR image was better than the scores
of both HSR images (group C). Otherwise, image quality was
considered equivalent (group B). All plots in group C were
lower than 25%, thus IQ scores of MSR images would be
degraded when the motion ratio is above 25%. Although the
average motion ratio was higher in group A than in group C,
the difference was not significant. The reason for this could be
because the difference in the image quality of HSR images
could also impair the image quality of MSR images. Note Box
1st-3rd quartiles, bold line median, whiskers minimum and
maximum values, filled circle outlier, asterisk statistically
significant (P < 0.05). IQ image quality, HSR half-scan
reconstruction, MSR multi-segment reconstruction

compared to the former beat. Horiguchi et al. [18]
showed that heart rate varies immediately after breath
hold and that 4 or 5 s after breath hold is recom-
mended before starting cardiac CT examination.
Further study is necessary to investigate whether
these factors have influence on image quality of the
HSR images.

The present study does not suggest MSR has no
advantage and therefore should be avoided in this
320-slice CT scanner. Previous studies have shown
that MSR improves image quality in higher heart
rates [8, 19, 20]. In the present study, the image
quality was equivalent with HSR and MSR images in
71.9% of all segments. The reason for this could be
because the average HR was 67.0 bpm. Herzog et al.
[19] showed that MSR benefits only at certain heart
rates. This is because the time resolution oscillates
between half and quarter of the gantry rotation time
depending on heart rate [10, 19, 21]. Herzog et al.

used the same helical pitch and gantry rotation time
in all patients, hence the heart rate in which the MSR
benefits was limited. The time resolution of MSR
could be improved in various heart rates by changing
the gantry rotation time in 320-detector CT with heart
rate of each patient. The present study showed that
motion of coronary arteries could also impair MSR
image quality. Further study is needed to investigate
the factor which causes higher movement of coronary
arteries thus improving the image quality of MSR
images.

There were some limitations in this study. By
employing a limited number of landmarks on coronary
arteries, we have provided descriptions of coronary
artery motion only at selected points. However,
motion of coronary arteries is non-uniform and is
characterized by changes in the magnitude and
direction of vessel motion and axial strain [22, 23].

A third of this study population was receiving
p-blocker medications. Therefore, in the present
study population, actual coronary movements may
have been underestimated. Patients with various
degrees of cardiac disease were included. The degree
of impairment in ventricular motion caused by
myocardial disease would lead to deviations of the
motion patterns.

This study was restricted in two-dimensional
analysis. Coronary artery segments were assessed
on a single plane. Coronary arteries move in a three-
dimensional way; thus, the present data do not show
the exact movement of each segment. In order to
assess the movement for each segment, bifurcation
points need to be identified as landmarks.

Finally, the time resolution for MSR images was
not analyzed. By using two-beat MSR, temporal
resolution oscillates between one-half and one-fourth
of the gantry rotation time, depending on the heart
rate [11, 21].

In conclusion, the motion ratio could be a better
index than the displacement to evaluate the influence
of the motion of coronary arteries on image quality.
MSR images would be impaired by a motion ratio
larger than 25%. Image impairment of one of the
HSR images might also impair MSR images. How-
ever, there was no significant relationship between
the motion ratio and HR, BMI and total body weight.
Further study is necessary to investigate factors
which may influence on the movement in consecutive
heart beats.
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BACKGROUND: Several methods have been developed to reduce the radiation dose in coronary
computed tomography angiography (CTA).

OBJECTIVE: The objective of our study was to evaluate the effects of Adaptive Iterative Dose
Reduction (AIDR) on objective and subjective image quality as well as the radiation dose, compared
with conventional filtered back projection (FBP), in coronary CTA.

METHODS: We retrospectively reviewed 100 consecutive patients who underwent coronary CTA. In
the first 50 patients, a higher tube current was used, and images were reconstructed with FBP. In the last
50 patients, a lower tube current was used, and images were reconstructed with AIDR. Subjective and
objective image quality (noise, signal-to-noise ratio, contrast-to-noise ratio) were assessed.

RESULTS: The median radiation dose of the AIDR group was 22% lower than that of the FBP group
(4.2 vs 5.4 mSv; P = 0.0001). No significant difference was found in subjective image quality, noise,
signal-to-noise ratio, or contrast-to-noise ratio between the 2 groups.

CONCLUSION: AIDR reduced the tube current which resulted in reduction of radiation dose in
coronary CTA while maintaining subjective and objective image quality compared with coronary
CTA reconstructed with FBP.
© 2012 Society of Cardiovascular Computed Tomography. All rights reserved.

Introduction the heart and coronary arteries.' Coronary CTA requires high
spatial resolution and low noise, which are accomplished with

Significant advances in coronary computed tomography various radiation doses across patients and imaging facilities
angiography (CTA) have allowed noninvasive evaluation of (1—20 mSv).% Several methods have been developed to re-

duce the radiation dose to meet the “as low as reasonably
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achievable principle” for coronary CTA.* These methods in-
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helical examinations,>™ prospective gating,>*> noise reduc-
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Filtered back projection (FBP) algorithms are currently
the most widespread technique for reconstruction in CT.°
FBP is based on the back projection of attenuation line
integrals acquired from radial views that covers within
the patient. The main advantage of the FBP includes fast re-
construction speed; however, the main disadvantage is the
overall limitations in image quality, mainly because of
the back-projection process and the necessary filtering,
which accentuates noise and can result in streak artifacts.

Noise-reducing statistical iterative reconstruction algo-
rithms can be used to decrease x-ray exposure.”’ Adaptive
ITterative Dose Reduction (AIDR; Toshiba Medical Sys-
tems, Tokyo, Japan) is an iterative algorithm designed to
work in both raw data and reconstruction domains.® This
is unlike Iterative Reconstruction in Image Space (IRIS;
Siemens Medical Solutions, Malvern, PA) which uses im-
age data only™® or Model-based Iterative Reconstruction
(GE Healthcare, Waukesha, WI) which uses raw data only.6

Lowering the x-ray exposure and therefore reducing the
number of photons reaching the detector results in a decrease
in signal-to-noise ratio (SNR) in raw data. The AIDR
algorithm first analyses the noise in the raw data and then
adaptively applies noise correction based on the photon count.
This process in effect increases the SNR, particularly with
low-dose acquisitions. After raw data noise correction is
applied, a primary reconstruction is performed. AIDR uses an
iterative data enhancement algorithm in the reconstruction
domain. This algorithm adapts to different organs which
maximizes the noise reduction without compromising spatial
resolution. The final process involves a weighted blending of
the iterative and the primary reconstruction to create the
AIDR image. As a result of this blending, the AIDR images
retain a natural appearance as if they were acquired with
standard exposure parameters.

Gervaise et al’ showed that AIDR significantly improved
image quality in CT examinations of the lumbar spine and
has the potential to decrease radiation dose. However, clinical
capabilities of AIDR in coronary CTA have not been studied.
Our hypothesis was that AIDR would permit CTA with
reduced radiation dose while preserving study interpretability.
The objective of our study was to evalnate the effects of AIDR
on objective and subjective image quality as well as the radi-
ation dose, compared with conventional FBP, in coronary
CTA with the use of 320-row CT.

Methods

This retrospective study was approved by the local
ethics committee, and the requirement for informed consent
to participate in this study was waived.

Patients

Power analysis was performed to determine the mini-
mum cohort size. Our hypothesis was that per-segment

subjective image quality would be similar between groups.
To detect a difference of 0.1 in subjective image quality
score, the minimum sample size was determined to be a
total of 450 segments (approximately 30 patients) at 0.8773
power; sample size calculations were based on a type
2 error (o = 0.05).

The records of 112 consecutive patients (71 men and 41
women; age, 66.1 = 10.5 years; age range, 24—85 years;
body weight [BW], 63.2 = 13.1 kg; BW range, 35—124
kg) who underwent coronary CTA from June to September
2011 were retrospectively examined. The patients with
several risk factors of coronary artery disease with chest
pain and/or dyspnea and abnormal results of electrocardi-
ogram, cardiac echo, or treadmill test were included in our
study. Seven patients who received a wide volume scan to
evaluate bypass grafts and 1 patient with a BW of 124 kg
were excluded from the examination because a longer
(=17 seconds) contrast injection protocol was used. Three
patients who had congenital heart disease and 1 patient with
intense calcification in all 3 coronary arteries, which
limited the image quality evaluation, were excluded. The
final study group included 100 patients (61 men and
39 women; age, 67.2 * 9.6 years; age range, 36—85 years;
BW, 62.5 = 11.6 kg; BW range, 35—94 kg). From June
2011 to July 2011, 50 patients underwent CTA with FBP
reconstruction (group 1). After AIDR was available in
August 2011, the tube current was reduced for the last
50 patients receiving CTA (group 2). The AIDR version we
used was AIDR 3D. The patient demographics are
described in Table 1.

CT data acquisition

All examinations were performed with a 320-row CT
scanner (Aquilion ONE Dynamic Volume CT; Toshiba,

Table 1 . Patient demographics and scanning parameters.

Parameter - Grdup 1
Number of patients - 50 50 S s
Male/female 32/18 29/21 - 0.68
Age (y) 68.8 = 9.5  65.6 £ 9.6  0.10
BW (kg) 62.6 = 11.2 62.4 = 11.3  0.94
BMI (kg/m?) 24030 23.9%37  0.90
B-Blocker 30 33 o 0.70
HR (beats/min) 64.0 + 11.2 64.6 = 11.8  0.78

,Groupyz P

Injection rate (mL/s)” 3.7 £ 0.7 3.7+ 0.7 0.80
Tube current (mA) 483 + 93 289+ 74 <0.0001"
Heartbeats for ~ 0.67
acquisition ' ERIE R
1 beat 28 25
>2 beats ) 22 25 e
Scan length (cm) 13.6 £ 1.3 - 13.2 = 1.3 0.10

BW, body weight; BMI, body mass index; HR, heart rate. .
*The significance level was adjusted by the Bonferroni method to
P < 0.005. : :
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Tochigi, Japan) with prospectively -electrocardiogram-
triggered axial scans. The heart was reconstructed with
1 heartbeat when the heart rate (HR) was <65 beats/min,
with 2 heartbeats when HR was between 65 and 80 beats/
min, and with 3 heartbeats when HR was >80 beats/min.
The acquisition window was set at 70%—85% of the R-R
interval in patients with HR <60 beats/min; 65%—85%
in patients with HR between 60 and 70 beats/min; and
30%—80% in patients with HR >70 beats/min.

The scanning parameters were as follows: detector
configuration of 320 X 0.5 mm; rotation time of 350,
375, or 400 milliseconds depending on HR; and tube
potential of 120 kV. The tube current was determined by
the BW. The tube current in group 1 was set at 270 mA in
patients with BW <50 kg; 450 mA with BW 50—59 kg; 500
mA with BW 60—-69 kg; and 550 mA with BW >70 kg.
The tube current in group 2 was set at 200 mA in patients
with BW <50 kg; 250 mA with BW 50—59 kg; 270 mA
with BW 60—69 kg; 400 mA with BW 70—79 kg; 450 mA
with BW 80—89 kg; 500 mA with BW 90—99 kg; and 550
mA with BW >100 kg. We calculated the tube current for
group 2 on the basis of the noise of group 1 and the
reduction of noise with the use of strong AIDR algorithm
compared with FBP algorithm to achieve a noise of
approximately 22 HU. The focal spot size of the x-ray
source in this scanner was automatically selected, depending
on the tube current. When the tube current was 270 mA or
less, a small focal spot size was used, and when the tube
current was larger than 270 mA, a large focal spot size was
used. The mean effective dose was derived from the dose
length product (DLP) multiplied by a conversion coefficient
for the chest (x = 0.014 mSv X mGy~' X cm™")."" The
scan length ranged from 12 to 16 cm, depending on the
size of the heart.

The patients received 22.2 mg I/kg per second of
iopamidol 370 mg I/mL (Iopamiron 370; Bayer, Osaka,
Japan; mean volume administered, 51.9 = 9.7 mL; range,
29—79 mL) for 14 seconds. The patients underwent bolus
tracking in the descending aorta, using a double threshold
of 100 and 290 HU. Patients were assigned to breathe in
and hold their breath after the first threshold. The scan
started after the second threshold. Compared with the
single threshold protocol, the double threshold protocol
for coronary CTA yielded more consistent aortic enhance-
ment with reduced interpatient variability.''

Twenty-nine patients were receiving an oral B-blocker as
part of baseline medication, and an oral B-blocker (20—40
mg of metoprolol or propranolol) was administered to
39 outpatients with HR >65 beats/min. The patients were
told to take the medicine 2 hours before CTA. No
additional B-blocker was used when HR was >65 beats/
min at the time of imaging. No patient had contraindica-
tions for B-blockers, and no B-blocker side effects were
observed or reported. All patients received 2.5 mg of
sublingual isosorbide dinitrate (Nitorol; Eisai, Tokyo,
Japan) before imaging.

For each patient, the phase with minimum artifacts was
determined at the CT console with the use of cardiac-phase
search software (PhaseNavi; Toshiba Medical Systems
Corporation, Tochigi, Japan). The reconstructed slice thick-
ness was 0.50 mm, and the increment was 0.25 mm.
Reconstruction was performed with data from a single
heartbeat when the scan was acquired from a single
heartbeat. When 2 or more beats were used for scanning,
multicycle reconstruction was performed with data from
multiple heartbeats, unless an ectopic heartbeat was
detected or the patient could not stop breathing. Images
in group 1 were reconstructed with FBP only, and images in
group 2 were reconstructed with FBP and AIDR without
changing the other reconstruction parameters such as field
of view. We reconstructed images in group 2 with the use of
FBP to investigate whether the difference of FBP and AIDR
influences the CT number (in Hounsfield unit) of coronary
arteries within the same patient. AIDR has 4 algorithm
types, weak, moderate, standard, or strong, according to an
increased number of iterations. The strong AIDR algorithm
allows a maximum of 50% noise reduction. We used a
strong AIDR algorithm for AIDR reconstruction of patients
in group 2. For processing, images were transformed to a
workstation (ZIO Station System; Ziosoft, Tokyo, Japan).

Subjective image analysis

Subjective image quality was rated by 2 cardiovascular
readers (N.T. and T.N.) with 4 and 10 years of coronary CTA
experience, respectively. The analysis was performed in a
series reconstructed with FBP in group 1 and a series
reconstructed with AIDR in group 2. The readers were not
blinded from the reconstruction technique. This was because
the texture of the AIDR image is somewhat different from the
FBP image, and it was difficult to be completely blinded to the
reconstruction technique. The American Heart Association
15-segment classification was applied for analysis of coronary
angiography data.'> The intermedial artery, when present,
was designated as segment 16. Diagnostic study quality was
graded on a per-artery level, and a study was deemed diagnos-
tic when every anatomically present segment (=>1.5 mm)
could be assessed for the presence of atherosclerosis and se-
verity of stenosis. The results were scored according to the fol-
lowing 4-point scale: 4, excellent, no artifact; 3, good, mild
artifact; 2, acceptable, moderate artifact present, but images
still interpretable; 1, unable to evaluate, severe artifact makes
interpretation impossible. When scores differed between the
2 readers, the final score was determined by consensus.

Objective image analysis

For all series reconstructed with FBP in group 1 and AIDR
in group 2, image noise and the CT number of the proximal
coronary arteries were measured, and the SNR and contrast-
to-noise ratio (CNR) were calculated, according to previously
described methods.* The region of interests (ROIs) were
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drawn within a single axial slice for objective image analysis.
A single radiologist (N.T.) with 4 years of coronary CTA ex-
perience collected the values. Image noise was defined as the
standard deviation of the CT number in the ROI placed in the
ascending aorta above the coronary ostia (N). The ROI was
chosen to be as large as possible while carefully avoiding in-
clusion of the aortic wall to prevent partial volume effects.
The CT number within the lumen of the proximal coronary ar-
teries was measured by placing the ROI centrally in the right
coronary artery and left main trunk (Ay) and making the ROI
as large as possible without including the coronary vessel
wall. The CT number in the connective tissue was measured
by placing the ROl immediately next to the vessel contour
(Ac). SNR was calculated as Ay/N, and CNR was calculated
as (Ay — A¢)/N. To compare the difference in CT number of
the coronary arteries reconstructed with FBP and AIDR in
1 patient, the CT number in the left main trunk was measured
for the series reconstructed with the use of FBP in group 2.

Statistical analysis

All statistical analyses were performed with JMP soft-
ware (version 9.0.0; SAS Institute, Cary, NC). Quantitative
variables are expressed as means £ SDs, unless otherwise
described. Student ¢ test was used to compare differences in
age, BW, body mass index, HR, injection rate, tube current,
and scan length. Fisher exact test was used to compare dif-
ferences in sex, use of B-blockers, and heartbeats used for
acquisition. The significance level of patient demographics
and scan parameters was adjusted by the Bonferroni
method, to 0.05/10 = 0.005.

Differences in the DLP of overall patients and with BW
subgroups were assessed with the Mann-Whitney U test.
The significance level was adjusted by the Bonferroni
method to 0.05/6 = 0.008.

Interobserver agreement for image quality was calcu-
lated with Cohen « statistic,'3 which was interpreted as
poor (k < 0.20), fair (x = 0.21—0.40), moderate (x =
0.41-0.60), good (x = 0.61—0.80), very good (x =
0.81—0.90), or excellent (x > 0.91).

Differences in subjective image quality scores were
assessed with the Mann-Whitney U test. A P value < 0.05
was deemed to indicate significance. Differences in objec-
tive image quality (image noise, CT number, contrast, SNR,
and CNR) were assessed with the Student ¢ test. The signif-
icance level was adjusted by the Bonferroni method, to
0.05/9 = 0.0056. Differences in the CT number of the
left main trunk between the FBP and AIDR reconstructions
in group 2 were assessed with the Student ¢ test. A P value
of << 0.05 was deemed to indicate significance.

Results

Scanning parameters and radiation dose

HR, body mass index, injection rate, heartbeats used for
acquisition, and scan length did not differ between the
2 groups. The average tube current was reduced by 40% in
group 2 compared with group 1, reducing the overall
median dose in group 2 (303 mGy - cm, 4.2 mSv) to 78%
of the dose in group 1 (389 mGy - cm, 5.4 mSv) (Table 2).
Analysis between BW subgroups showed a significant dose
reduction in the 60- to 69-kg subgroup, although no signif-
icant difference was observed in the other subgroups. The
median radiation dose of the 70- to 79-kg and 80- to 89-
kg subgroups rose in group 2 compared with group 1 despite
the use of lower tube current. This was because the propor-
tion of multiple beat acquisition was higher in group
2 (7079 kg, 6 of 9 patients; 80—89 kg, 2 of 2 patients)
than in group 1 (70—79 kg, 4 of 11 patients; 80—89 kg,
1 of 3 patients). The radiation dose of the patient in the
90- to 99-kg subgroup in group 2 was about half the median
radiation dose of the 80- to 89-kg subgroup because this pa-
tient was acquired from a single heartbeat.

Image quality

Interobserver agreement on subjective image quality
was interpreted as “good” for both groups (x = 0.73 for

Table 2 Dose length product
~ Group 1 Group 2 ] ; ,
Parameter No. ‘Median (interquartile range) No. ~ Median (interquartile range) P
Overall 389 (311-816) 303 (137—461) - 0.0001*
BW g : ! : : : ,
<50kg 7 484 (133-587) 5 333 (213-344) 074
50—59 kg 11 314 (293—731) 15 156 (120—380) 0.015
60—69 kg 18 375 (319—1035) 18 179 (125—-397) =~ } . .0.006"
70-79kg 11 411 (346—1284) 9 576 (269—640) 036
80—89 kg 3 538 (389—1431) 2 703 (659—748) 077
9099 kg 0 NA 1

BW, body weight; NA, not applicable. '

310 ; ~ NA

+ *The significance level was adjusted by the Bonferroni method to P < 0.008.
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group 1 and 0.70 for group 2). Among 800 total segments,
93 and 125 segments in groups 1 and 2, respectively, were
considered to be nonevaluable because the segment was
absent (79 and 91 segments, respectively), too small
(diameter, <1.5 mm; 13 and 30 segments, respectively),
or completely occluded (1 and 4 segments, respectively).
For group 1, 375 segments (53%) were scored as 4, 281
segments (40%) as 3, 36 segments (5%) as 2, and 15 seg-
ments (2%) as 1. For group 2, 383 segments (57%) were
scored as 4, 255 segments (38%) as 3, 23 segments (3%) as
2, and 14 segments (2%) as 1. Although no significant
difference was observed in subjective image quality be-
tween the 2 groups (P = 0.12), the proportion of segments
with excellent (score 4) and good (score 3) image quality
was higher in group 2 than in group 1 (Fig. 1).

The results of objective image quality are described in
Table 3. The CT number and contrast were higher in group
2 reconstructed with AIDR than in group 1 reconstructed
with FBP, and the differences were significant for the right
coronary artery (Table 3). The CT number in the left main
trunk was not significantly different between the FBP and
AIDR reconstructions in group 2 (454.0 £ 92.0 HU and
453.4 = 92.0 HU, respectively; P = 0.97). The noise in
the aorta and the SNR and CNR in the right coronary artery
and left main trunk did not differ significantly between the
2 groups.

Figure 1 (A) Curved multiplanar reformat of the left anterior
descending artery of a 67-year-old man with a body mass index
of 24.5. The tube current was 500 mA and was reconstructed
with filtered back projection. (B) Curved multiplanar reformat
of the left anterior descending artery of a 78-year-old man with
a body mass index of 25.1. The tube current was 270 mA and
was reconstructed using Adaptive Iterative Dose Reduction.
Note that the image quality of panel B is comparable with panel
A despite the use of a 46% reduced tube current in panel B.

Table 3  Objective image quality

Parameter Group 1 (FBP) Group 2 (AIDR) P

Aorta noise (HU)  22.1 £ 4.3 23.0 = 4.0 0.30

RCA CT number 405.5 = 66.6 447.0 = 76.5 0.0047"
(HU)

RCA contrast (HU) 474.4 + 67.2 516.6 = 70.3  0.0028"

RCA SNR 18.9 * 4.6 19.9 = 4.5 0.31

RCA CNR 22:1°'* 49 2310 =47 0.38

LMT CT number 413.4 £ 66.0 453.4 = 92.0 0.014
(HU)

LMT contrast (HU) 486.3 = 66.0 523.4 = 92.0  0.023

LMT SNR 19.3::t.5:0 2032550501 0.41

LMT CNR 22.8 £ 5.4 23:3 .54 0.62

AIDR, adaptive iterative dose reduction; CNR, contrast-to-noise
ratio; FBP, filtered back projection; LMT, left main trunk; RCA, right
coronary artery; SNR, signal-to-noise ratio.

*The significance level was adjusted by the Bonferroni method to
P < 0.0056.

Discussion

Our study showed that coronary CTA with the use of an
iterative reconstruction algorithm with a lower radiation
dose maintained the subjective and objective image quality
as using a FBP algorithm. The use of a decreased tube
current and subsequently decreased number of photons
would lead to an increase in image noise. The iterative
reconstruction algorithm selectively identifies and subtracts
image noise with every cycle of iteration. This process is
repeated after each correction and regularization, which
results in reducing noise while preserving image quality.’
Importantly, one of the main advantages of iterative recon-
struction techniques is that it is supplemental to other radi-
ation dose reduction techniques.

The image noise was slightly higher in the AIDR group
than in the FBP group because the dose reduction was
higher in the 60- to 69-kg subgroup compared with other
BW subgroups. This is because we ought to use a small
focal spot size in this subgroup, and the maximum tube
current for small focal spot size was 270 mA. We hypoth-
esized that, although a small focal spot size produces a
noisy image, it improves spatial resolution and results in a
sharp image while maintaining diagnostic image quality."*
Our results showed that, even though the image noise was
slightly higher in the AIDR group than in the FBP group,
the subjective image quality was slightly better in the
AIDR group. Further study is necessary to determine in
which patients a small focal spot size would be appropriate.
The higher CT number in the AIDR group compared with
the FBP group may also be attributable to the use of a
small focal spot size, given that the CT number within
the same patient reconstructed with FBP and AIDR was
unchanged.

The reduction in tube current differed between
BW subgroups. The tube current reduction was higher in
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the 50- to 59- kg and 60- to 69-kg subgroups and lower in
obese patients. The maximum tube current was 550 mA for
this scanner, and this resulted in a noisy image in obese
patients of the FBP group. To maintain good image quality
for diagnosis, excessive dose reduction would not be
appropriate in obese patients of the AIDR group.

The overall median radiation dose with the use of AIDR
was 4.2 mSv, which is higher than that in previous studies
that used an iterative reconstruction algorithm (2.0—3.2
111Sv).3”5"5”6 One of the reasons is that we used 120 kV for
all patients, whereas 100 kV>! or 80 kV? are used for thin-
ner patients in previous studies. Another reason could be
that the fastest gantry rotation time of this study was
350—400 milliseconds, which is slower than the previous
studies (280—350 milliseconds).>>">'¢ In addition, the av-
erage HR was higher in the current study than in previous
studies, making acquisition from multiple heartbeats neces-
sary. Decreasing the HR with B-blockers at the time of the
examination should help to lower the radiation dose. How-
ever, B-blockers influence ventricular function analysis”“
and are not recommended in CT for this purpose. In one
study, even when B-blockers were used, 20% —30% of pa-
tients did not achieve the target HR.'® Iterative reconstruc-
tion techniques would help to reduce the radiation dose in
patients with high HRs.

Leipsic et al’ showed that adaptive statistical iterative
reconstruction (ASIR; GE Healthcare) allowed a lower me-
dian radiation dose, representing a 44% reduction, com-
pared with FBP reconstruction. The interpretability of the
coronary arteries did not differ between the FBP and
ASIR images. Another study'® achieved a 54% reduction
in median radiation dose with the use of ASIR compared
with FBP. Moscariello et al® showed lower image noise
and slightly higher image quality in half-dose iterative
reconstruction with sonogram-affirmed iterative reconstruc-
tion (SAFIRE; Siemens Healthcare) compared with full-
dose FBP. The degree of radiation dose reduction with
AIDR is comparable with these results. Bittencourt et al*
reported a 20% noise reduction with the use of IRIS. Given
that tube current reduction is related to the square of noise
reduction, this reduction in noise should theoretically allow
for a tube current reduction of approximately 30%, which is
comparable with the results above.

Our study possessed several limitations. First, we did not
test the diagnostic accuracy with coronary catheterization
correlation. The aim of this study was to evaluate the image
quality between the different reconstruction methods. With
slightly better subjective image quality with the use of
AIDR, the diagnostic accuracy may improve with AIDR.
Second, we did not evaluate the image quality with other
AIDR reconstruction methods such as weak, moderate, and
standard AIDR. Third, the effect of using a small focal spot
was not assessed in this study. Fourth, although the
knowledge of the reconstruction technique may introduce
bias, the use of objective image analysis should minimize
that potential bias.

Conclusions

With the use of AIDR for reconstruction, coronary CTA
performed with an average of 40% reduced tube current
which resulted in 22% reduction in median radiation dose
can maintain subjective and objective image quality com-
pared with coronary CTA reconstructed with the use of
FBP.
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and Trunk Dermal Fibroblasts
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Clinically, wounds on the face tend to heal with less scarring than
those on the trunk, but the causes of this difference have not been
clarified. Fibroblasts obtained from different parts of the body are
known to show different properties. To investigate whether the
characteristic properties of facial and trunk wound healing are
caused by differences in local fibroblasts, we comparatively ana-
lyzed the functional properties of superficial and deep dermal
fibroblasts obtained from the facial and trunk skin of seven indivi-
duals, with an emphasis on tendency for fibrosis. Proliferation
kinetics and mRNA and protein expression of 11 fibrosis-associated
factors were investigated. The proliferation kinetics of facial and
trunk fibroblasts were identical, but the expression and production
levels of profibrotic factors, such as extracellular matrix, transform-
ing growth factor-B1, and connective tissue growth factor mRNA,
were lower in facial fibroblasts when compared with trunk fibro-
blasts, while the expression of antifibrotic factors, such as collage-
nase, basic fibroblast growth factor, and hepatocyte growth factor,
showed no clear trends. The differences in functional properties of
facial and trunk dermal fibroblasts were consistent with the clinical
tendencies of healing of facial and trunk wounds. Thus, the differ-
ences between facial and trunk scarring are at least partly related
to the intrinsic nature of the local dermal fibroblasts.

Keywords: fibrosis, scarring, fibroblast, . heterogeneity, tissue
specificity

Introduction

Fibroblasts are the most common cells present in connective
tissues, where they synthesize extracellular matrix (ECM) and
play a critical role in wound healing [1]. Fibroblasts are known
to be composed of diverse cell populations and manifest pheno-
typic differences in their function, such as ECM production and
organization, and production of growth factors and cytokines [2—
5]. These differences in properties are notable in cutaneous
pathological conditions such as keloid [6], hypertrophic scar [7],
scleroderma [8], café au lait macule [9], and neurofibroma [10],
and even under physiological conditions, fibroblasts exhibit dif-
ferences; this is known as fibroblast heterogeneity [3-5]. The
functional differences are particularly evident between superficial
dermal fibroblasts and deep dermal fibroblasts [3-5,11-15].
Heterogeneity also exists between anatomical locations, as several

. recent studies have indicated that fibroblasts from different body

sites retain positional information and topographic differentiation
patterns in the expression of genes in vitro [16,17]. However, there
are limited reports of the differences in wound healing-associated
functions between dermal fibroblasts based on body sites [18].

Clinically, wounds on the face and trunk show different ten-
dencies for wound scarring [19]. Facial incisional wounds, parti-
cularly preauricular incisional wounds, heal with less scarring than
similar wounds on the trunk. Factors such as the innate properties
of resident cells, thickness and compositional structure of the
dermis, perfusing blood flow, and mechanical stresses such as
skin tension are thought to be the reasons for such differences
[19,20]. However, to our knowledge, no studies have elucidated
the specific mechanisms responsible.

In order to clarify whether the characteristic properties of facial
and trunk scarring are due to differences in local fibroblasts,
functional differences between facial dermal fibroblasts and
trunk dermal fibroblasts were investigated, using primary facial
superficial dermal fibroblasts (ES), facial deep dermal fibroblasts
(ED), trunk superficial dermal fibroblasts (TS), and trunk deep
dermal fibroblasts (TD). Thus, cellular proliferation kinetics, and
expression and production of 11 fibrosis-associated factors,
including representative ECM metabolism-associated factors or
cytokines, which are considered to be related to scar fibrosis, were
investigated and compared between facial and trunk dermal
fibroblasts.

Materials and Methods

Cell Isolation and Culture

Facial (preauricular) and trunk (lateral thoracic) skin was
obtained during reconstructive surgery from seven healthy donors
without antecedent operative invasion to the biopsied site (four
females and three males; age, 46.6 £ 14.4 years). Profiles and data
description codes are shown in Table 1. The research protocol was
approved by the internal review board of our university hospital.
Informed consent was obtained from all patients. After resection
of subcutaneous tissues, specimens were washed three times in
phosphate-buffered saline, and the external and internal surfaces
were dermatomed in order to obtain superficial and deep dermal
samples, respectively. To avoid cellular selection bias, both
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Table 1. Profiles and data description codes of samples

No. Age Sex Proliferation assay Real-time PCR assay ELISA (collagen 1) ELISA (cytokines) Symbol in figures
1 44 M * * * * O

2 34 M * * * * A

3 60 F * * * * 0

4 65 M * * * * .

5 53 ¥ * * #* * A

6 24 F * * * | ]

7 46 F * * X

samples were incubated with 0.25% trypsin and 0.02% EDTA in
phosphate-buffered saline for 16-24 hr at 4°C and the epithelium
was separated from the superficial dermal sample. From the sepa-
rated superficial and deep dermal samples, human fibroblasts were
cultured as explants and maintained at 37°C under a 5% CO,
atmosphere in fibroblast growth medium (FGM) consisting of
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum and 0.6 mg/ml glutamine. After about
3 weeks, primary cultures were subcultured. Medium was replaced
every 3 days during cell culture.

Proliferation Assay

Cells at the third passage were plated in triplicate in 12-well plates
at 1.0 x 10* cells/well in FGM. Medium was replaced every 4 days
and the cell number was manually counted at the same time until
day 32.

Quantification of mRNA by Real-Time Polymerase Chain
Reaction

Cells at four or five passages were plated in 12-well plates at 1.0 x
10* cells/well in FGM. On day 4, total RNA was isolated using an
RNeasyTM Mini Kit and QIA shredder (both from QIAGEN,
Hilden, Germany), followed by reverse transcription using a
High Capacity RNA-to-cDNA kit. Wound maturation-associated
genes (listed in Table 2) were quantified using real-time polymer-
ase chain reaction (PCR). Reaction mixtures comprised 10 ul of
FAST SYBR® Green Master Mix and 1 pl of cDNA sample and
RNase-free water with the indicated primer concentrations.
Reactions were performed and monitored using the
StepOnePlus™ real-time PCR system. All PCR reagents and the
PCR system were obtained from Applied Biosystems (Foster City,
CA, USA). PCR comprised 40 cycles, consisting of denaturing at
95°C (3s) and annealing/extension at 60°C (15s). Primer
sequences were designed based on previous studies and were
optimized for concentration [8,21-25]. Primers for which ampli-
fication efficiency was between 1.95 and 2.05 were employed for
the study. Sequences and optimized concentrations for each pri-
mer are shown in Table 2. For quantification, expression levels
were calculated by the comparative CT method using
glyceraldehyde-3-phosphate  dehydrogenase (GAPDH) and
human acidic ribosomal protein (HARP) as an endogenous refer-
ence gene. Preliminary tests confirmed that both the endogenous
controls offered similar results. Therefore, we decided to use
GAPDH as an internal control throughout the study.

Measurement of ECM and Cytokines by Enzyme-Linked
Immunesorbent Assay

Samples for enzyme-linked immunesorbent assay (ELISA) were
collected under the same culture conditions as cDNA. Soluble and
sediment type I collagens were quantitatively analyzed by ELISA
(Human collagen I EIA kit; Applied Cell Biotechnologies, Inc.,

Yokohama, Kanagawa, Japan) according to the manufacturer’s
instructions. Transforming growth factor-B1 (TGF-B1), trans-
forming growth factor-p2 (TGF-B2), and connective tissue growth
factor (CTGF) in culture supernatants were also measured by
ELISA (Quantikine™ from R&D Systems (Minneapolis, MN,
USA) for TGF-B1 and TGF-B2, and Human CTGF ELISA Kit
from Cusabio, Inc., Wuhan, Hubei, China, for CTGF), in accor-
dance with the manufacturer’s instructions. Levels of each factor
were measured using a microplate reader (Power Scan® HT;
Dainippon Pharmaceutical, Osaka, Japan). Data are expressed as
secreted factors per 1.0 x 10* cells at the time of harvest,

Statistical Analyses

Differences in values between groups of cells were analyzed by
paired Student’s t-test. In the proliferation assay, associations
between cell number of facial dermal fibroblasts and trunk dermal
fibroblasts at confluence (on day 32) were statistically analyzed
using Pearson’s correlation index. Values of p < 0.05 were con-
sidered to be statistically significant. Chronological changes in cell
number are presented as means = standard error of the mean, and
other data are presented as means =+ standard deviation.

Results

Cell Morphology and Proliferation

Morphologically, no differences were observed between dermal
fibroblasts obtained from the face and trunk, while superficial
dermal fibroblasts and deep dermal fibroblasts showed apparent
differences regardless of donor site. Superficial dermal fibroblasts
were smaller and spindle-shaped when compared with deep der-
mal fibroblasts, which tended to broadly spread on the surface
(Figure 1). In addition, with regard to proliferation kinetics, no
differences were observed between facial and trunk dermal fibro-
blasts, although the cellular density of superficial dermal fibro-
blasts tended to be higher than that of deep dermal fibroblasts on
proliferation assay (Figure 2A), as shown in the comparative
description of cell numbers of FS, FD, TS, and TD on day 32
(Figure 2B). Cell numbers at confluency on day 32 demonstrated
that for superficial dermal fibroblasts and deep dermal fibroblasts,
respectively, cellular density of facial and trunk dermal fibroblasts
from the same donor showed significant correlations (Figure 2C).

mRNA Expression of Fibrosis-Associated Factors

In order to investigate the functional differences between facial
and trunk dermal fibroblasts, mRNA expression of fibrosis-
associated factors in superficial dermal fibroblasts and deep der-
mal fibroblasts was quantitatively compared using real-time PCR.

Among superficial dermal fibroblasts, FS showed lower expres-
sion of ECMs such as type I and III collagens, fibronectin, TGE-B1
and TGF-B3, and CTGF when compared with TS. On the other
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Table 2. Primer sequences and optimized concentrations for real-time PCR
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Gene Coding protein Sequence Primer concentration [nM]
COL1A1 Type I collagen F: CCCACCAATCACCTGCGTACAGA 100
R: TTCTTGGTCGGTGGGTGACTCTGA 100
COL3A1 Type III collagen F: GAGATGTCTGGAAGCCAGAACCAT 100
R: GATCTCCCTTGGGGCCTTGAGGT 100
FN1 Fibronectin F: GGAGAATTCAAGTGTGACCCTCA 300
R: TGCCACTGTTCTCCTACGTGG 300
MMP1 MMP1 F: TCTGGGGTGTGGTGTCTCA 300
(collagenase) R: GCCTCCCATCATTCTTCAGGTT 300
TGFB1 TGEF-p1 F: GTTCAAGCAGAGTACACACAGC 300
R: GTATTTCTGGTACAGCTCCACG 300
TGFB2 TGEF-p2 F: ATGCGGCCTATTGCTTTAGA 200
R: TAAGCTCAGGACCCTGCTGT 200
TGFB3 TGF-3 F: CAGGGAGAAAATCCAGGTCA 100
R: CCTGGAAGGCGTCTAACCAAG 100
CTGF CTGF F: ACGGCGAGGTCATGAAGAAGAACA 100
R: ACTCTCTGGCTTCATGCCATGTCT 100
ASMA a-smooth muscle actin F: CCAAGCACTGTCAGGAAT 100
R: AGGCAGTGCTGTCCTCTT 100
FGE2 bFGF F: ATACAGCAGCAGCCTAGCAACTCT 100
R: TTCGGCAACAGCACACAAATCCTG 100
HGF HGF F: GCAAGTGAATGGAAGTCCTTTA 100
R: CAGAGGGACAAAGGAAAAGAA 100
SCF SCF F: GCCGCTGTTCGTGCAATAT 200
R: CTGCGATCCAGCACAAACAGT 200
HARP HARP F: CGCTGCTGAACATGCTCAA 300
R: TGTCGAACACCTGCTGGATG 300
GAPDH GAPDH F: GAAGGTGAAGGTCGGAGTC 300
R: GAAGATGGTGATGGGATTTC 300
ES TS ED ™D (A) Cell number (B) Cell number (Day 32)
. 2 100 60 gN—-,Se m—'
&
iy = A
E z <~ o8
2 10 230 & o
‘,8 FS ,8 —é‘
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X TS % 00 o)
FD i
- - 1D (p<10.001)
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Figure 1. Cell morphology of FS, TS, FD, and TD. Phase contrast micro- = R =
scopic findings for FS, TS, FD, and TD from donor No. 4 at 4, 12, and 32 days 2 40 Z 40 . .
after cell seeding. Scale bar indicates 100 um. = & =
o & o °
‘S k=) .
% 20 . % 20 ~
. : : . & ‘ a
hand, expression of TGF-B2 was higher in FS than in Cl=0875 (p<0.001) «Cl=0.853 (p<0.001)

TS. Expression of MMP1, ASMA, bFGF, and HGF showed no
clear trends. Among deep dermal fibroblasts, FD showed lower
expression of TGF-B1 and CTGF than TD, while no clear trends
were seen for other factors (Figure 3).

Production of Fibrosis-Associated Factors

In order to further confirm the differences between facial and
trunk dermal fibroblasts, protein production of type I collagen,
TGF-B1, TGF-B2, and CTGF were compared by ELISA.

Among superficial dermal fibroblasts, FS showed significantly
lower production of type I collagen, TGF-B1, and CTGF than
TS. this was consistent with the results of mRNA expression
analysis. In addition, production of TGF-B2 showed the same
trend as for mRNA expression, with higher production in FS

© 2012 Informa Healthcare USA, Inc.

(]

0 20 40 60 0 20 40 60
FS [x10° cells/well] FD [x10° cellsiwell]

Figure 2. Cell proliferation of FS, TS, FD, and TD. (A) Chronological cell
number in four cell fractions is noted (n = 7 for each). Error bars indicate
SEM. (B) Cell count of FS, TS, ED, and TD on day 32 (n = 7 for each). (C)
Correlation of saturated cell number between facial and trunk fibroblasts on
day 32.

than that in TS, although the differences were not significant.
Among deep dermal fibroblasts, similar to results of mRNA
expression analysis, FD showed lower production of TGF-p1 and
CTGF than TD, and no clear trends were seen for type I collagen
and TGF-f2 (Figure 4).
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Figure 3. Expression of wound healing-associated factors by FS, TS, FD, and TD. mRNA expression of fibrosis-associated factors by FS, ED, TS, and TD

(n =7, each).
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Figure4. Production of wound healing-associated factors by FS, TS, FD, and TD. Production of type I collagen, TGF-p1 and TGF-p2, and CTGF by FS, FD, TS,

and TD (for type I collagen, n = 5 for each; for others, n = 6 for each).

Discussion

In our analysis of seven paired FS, FD, TS, and TD samples from
the same individuals, facial and trunk dermal fibroblasts obtained
from the same layers of dermis showed identical morphology and
proliferation kinetics, while differences in depth of origin dis-
tinctly affected cell morphology and proliferation kinetics, as
indicated in previous reports [11-15]. On the other hand, the
cellular density of facial and trunk dermal fibroblasts from the
same depth of dermis in the same individuals showed significant,
positive correlations. The proliferative capability of superficial and
deep dermal fibroblasts is thought not to be influenced by anato-
mical site, but is specific to donor individuals.

In a subsequent study, mRNA expression of 11 genes consid-
ered to be associated with scarring (i.e., fibrosis formation) was
investigated between facial and trunk dermal fibroblasts. Type I
and III collagens, fibronectin, and collagenase expression were
investigated because ECM production causes excess deposition
of ECM, and were considered to be a profibrotic factor [8,9,26],
while collagenase expression is considered to be an antifibrotic
factor [11,27]. Other cytokines, such as TGF-fs, CTGF, bFGF, and
HGF, were also investigated because these may be involved in
fibrotic processes [11,27-31]. TGF-f1 and its downstream med-
iator CTGF are known to play particular important roles in
hypertrophic scar formation and keloids [6,12,24,30,32] and are
therefore considered to be dominant profibrotic factors. TGF-p2
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[19,31] and TGF-B3 [19,30,31,33,34] also play important roles in
the process of fibrotic scar formation, although their relative
dominance during scar development is smaller when compared
with TGF-B1 and CTGF, and their effects on scarring were not
clearly defined as pro- or antifibrotic. On the other hand, HGF is
reported to have antifibrogenic effects in various organs [35,36],
and much more recently, bFGF was found to prevent fibrogenesis
via activation of HGF secretion from adipose-derived cells and
dermal fibroblasts [37]. Therefore, we also investigated the expres-
sion of HGF and bFGF as possible antifibrotic factors.

Between facial and trunk dermal fibroblasts, differences in
expression and/or production of fibrosis-associated factors have
been noted. In particular, it was noted that expression and pro-
duction of TGF-B1 and CTGF, known as one of the most potent
fibrosis-inducing factors [6,12,24,30,32], were lower in facial
fibroblasts than in trunk fibroblasts. Moreover, with regard to
superficial dermal fibroblasts, facial fibroblasts showed lower
expression and/or production of ECMs than trunk fibroblasts.
This indicates that facial dermal fibroblasts are intrinsically less
fibrotic than trunk dermal fibroblasts, although the reasons for the
differences in TGF-B2 and TGF-B3 expressions in fibrosis are
unclear.

Our study demonstrated that facial and trunk dermal fibro-
blasts in the superficial and deep dermis possess identical prolif-
erative capacity, but that facial dermal fibroblasts show lower
fibrotic activity in mRNA expression and protein production
analyses. We believe that these functional differences in local
dermal fibroblasts are at least partly responsible for the clinically
observed differences in scarring in the face and trunk. (Facial
wounds tend to heal with less scarring than trunk wounds.)

As noted by Chang et al. in a genome-wide mRNA expression
analysis using a microarray, fibroblasts obtained from various
body sites displayed distinct and characteristic transcriptional
patterns, particularly with regard to HOX genes established during
embryogenesis, and fibroblasts at different locations in the body
should be considered as distinct differentiated cell types [16].
During the developmental process, the dermal component is gen-
erally derived from lateral plate mesoderm and somite [38], how-
ever, the dermis of the face and ventral neck area is specifically
differentiated from neural crest cells via formation of mesoecto-
derm [38,39]. We believe that these developmental differences are
the cause of the functional differences observed in our study.
Future studies should aim to clarify more fundamental differences
between facial and dermal fibroblasts, similar to the work of
Yamaguchi et al,, which revealed that the physiological differences
in melanin pigment between palmoplantar and nonpalmoplantar
skin are associated  with elevated expression of dickkopf-1, an
inhibitor of the canonical Wnt signaling pathway which is also
associated with developmental processes [18]. Further clarifica-
tion of key factors in the anatomical differences in the scarring
properties of fibroblasts may contribute to future therapeutic
intervention for problematic wound scarring, such as conspicuous
scars resulting from excess scar formation, hypertrophic scarring,
or keloids.

Conclusions

Our study demonstrated that facial and trunk dermal fibroblasts
in the superficial and deep dermis possess identical proliferative
capacity, but that facial dermal fibroblasts show lower fibrotic
activity in mRNA expression and protein production analyses.
The differences in functional properties of facial and trunk dermal
fibroblasts were consistent with the clinical healing tendencies of
facial and trunk wounds. Thus, the differences between facial and

© 2012 Informa Healthcare USA, Inc.
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trunk scarring are, in part, related to the intrinsic nature of the
local dermal fibroblasts.
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