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Abstract

Background We prospectively assessed the reproducibility of a novel low-dose single-volume dynamic computed
tomography (CT) myocardial blood flow measurement technique.

Methods Thirty-four pairs of measurements were made under rest and stress conditions in 13 swine (54.3 = 12.3 kg).
One or two acquisition pairs were acquired in each animal with a 10-min delay between each pair. Contrast (370 mgl/
mL; 0.5 ml/kg) and a diluted contrast/saline chaser (0.5 mL/kg; 30:70 contrast/saline) were injected peripherally at
5ml/s, followed by bolus tracking and acquisition of a single volume scan (100 kVp; 200 mA) with a 320-slice CT
scanner. Bolus tracking and single volume scan data were used to derive perfusion in mL/min/g using a first-pass
analysis model; the coronary perfusion territories of the left anterior descending (LAD), left circumflex (LCx), and right
coronary artery (RCA) were automatically assigned using a previously validated minimum-cost path technique. The
reproducibility of CT myocardial perfusion measurement within the LAD, LCx, RCA, and the whole myocardium was
assessed via regression analysis. The average CT dose index (CTDI) of perfusion measurement was recorded.

Results The repeated first (Pryo1) and second (Pryoz) single-volume CT perfusion measurements were related by
Pryo> = 1.01Pp01 — 0.03(p = 0.96; RMSE = 0.08 mL/min/g; RMSE = 0.07 mL/min/g) for the whole myocardium, and by
Pregz = 0.86Peq1 + 0.13(p = 0.87; RMSE = 0.31 mL/min/g; RMSE = 0.29 mL/min/q) for the LAD, LCx, and RCA perfusion
territories. The average CTDI of the single-volume CT perfusion measurement was 10.5 mGy.

Conclusion The single-volume CT blood flow measurement technique provides reproducible low-dose myocardial
perfusion measurement using only bolus tracking data and a single whole-heart volume scan.

Relevance statement The single-volume CT blood flow measurement technique is a noninvasive tool that
reproducibly measures myocardial perfusion and provides coronary CT angiograms, allowing for simultaneous
anatomic-physiologic assessment of myocardial ischemia.

Key Points

* A low-dose single-volume dynamic CT myocardial blood flow measurement technique is reproducible.
* Motion misregistration artifacts are eliminated using a single-volume CT perfusion technique.
* This technique enables combined anatomic-physiologic assessment of coronary artery disease.

Keywords Computed tomography angiography, Coronary angiography, Coronary artery disease, Myocardial ischemia,
Myocardial perfusion imaging
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Background radiation dose of perfusion measurement to less than
Coronary artery disease (CAD) is the leading cause of 2mSv [17, 18] and its accuracy was validated using
morbidity and mortality in the United States [1]. While fluorescent microspheres as the reference standard
coronary computed tomography angiography (CTA) is a  [19-21]. Specifically, two volume scans were acquired at
powerful tool for anatomical assessment of CAD, there the base (V1) and peak (V2) of aortic enhancement, where
exist several approaches for evaluating its physiological the delay time between V1 and V2 is determined using an
effects. Dynamic computed tomography (CT) myocardial optimal contrast injection protocol [17]. However, the
perfusion imaging, when used in conjunction with cor- clinical implementation of this technique can be limited
onary CTA, improves diagnostic assessment of CAD by by motion artifacts between the two volume scans [18]. A
allowing for physiological assessment of ischemia [2-9].  dynamic CT perfusion technique requiring only bolus
Hence, dynamic CT perfusion offers an effective alter- tracking data and a single volume scan at the peak of
native to standard functional testing in patients with  contrast enhancement has recently been reported [19].
suspected CAD [10]. However, current CT perfusion This technique minimizes the required radiation dose and
techniques rely on multiple cardiac scans [5, 11, 12] to  eliminates motion misregistration artifacts between dif-
measure myocardial blood flow [13] resulting in high ferent volume scans. However, the reproducibility of this
effective radiation doses of up to 10-15mSv per exam  single-volume technique has yet to be established.
[14, 15]. While several dose reduction strategies have been Hence, the purpose of this study was to assess the
promising, such strategies still incur relatively high reproducibility of the single-volume quantitative CT
radiation exposures of approximately 5mSv or greater = myocardial blood flow measurement technique under rest
[16]. Moreover, the need for multiple CT scans for per- and stress perfusion conditions. The central hypothesis
fusion measurement results in cardiac motion artifacts was that the bolus tracking data combined with the
despite image registration. acquisition of a single contrast-enhanced volume scan at
Fortunately, a two-volume first-pass analysis dynamic the peak enhancement could reproducibly measure
CT perfusion technique was developed to decrease the myocardial perfusion in mL/min/g at a low radiation dose.
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Methods

General methods

This prospective study was approved by the Institutional
Animal Care and Use Committee at the University of
California Irvine (IACUC Protocol Number: AUP-22-015)
and was carried out in accordance with all relevant reg-
ulations and guidelines. A total of 13 male Yorkshire
swine (54.3 + 12.3 kg) were used in this validation study.
Exclusion criteria were heart rate above 100 beats per
minute, severe beam hardening, and false triggering
caused by inappropriate ROI placement. The exclusion of
datasets was based on one element from each couple
presenting with exclusion criteria. Contrast-enhanced
single-volume CT perfusion imaging with bolus tracking
was performed under rest and stress conditions on each
animal, as described below. The imaging protocol
remained identical for all studies.

Animal preparation

Anesthesia was induced with Telazol (4.4 mg/kg) and
Xylazine (2.2mg/kg) and was maintained through
mechanical ventilation with 1.5-2.5% isoflurane (High-
land Medical Equipment, Temecula, CA and Baxter,
Deerfield, IL, USA). A sheath (7Fr, AVANTI®, Cordis
Corporation, Miami Lakes, FL, USA) was placed in a
femoral vein for intravenous fluid and contrast material
administration. Another sheath was placed in a marginal
ear vein for intravenous fluid and adenosine administra-
tion. At the end of each experiment, the animal was
euthanized by KCl injection (1 mL/kg).

CT imaging protocol

Contrast-enhanced single-volume CT perfusion imaging
with bolus tracking was performed under rest and stress
conditions on each animal, where reproducibility mea-
surements were made by acquiring an average of one or
two scan pairs at rest, followed by one or two scan pairs at
stress. This resulted in a total of two to four scans per
animal, all using the same protocol timing and CT settings.
Specifically, for each rest or stress CT acquisition,
0.5 mL/kg of contrast material (Isovue 370, Bracco Diag-
nostics, Princeton, NJ, USA) was injected at 5mL/s fol-
lowed by a diluted contrast/saline chaser (0.5 mL/kg; 30:70
contrast/saline) at the same rate. The diluted chaser was
used to optimize visualization of the right ventricular by
providing sufficient opacification of the right ventricular
blood pool while minimizing streak artifacts from highly
attenuating contrast material [22]. Following contrast
injection, dynamic bolus tracking was performed in the
descending aorta with a triggering threshold set at 80 HU
above the baseline blood pool HU. Following triggering, a
delay time of one-half the contrast injection duration plus
a 2-s dispersion delay was employed, after which a
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single whole-heart volume scan was acquired under
electrocardiography-gating at approximately the peak of
the aortic enhancement within the same breath hold [17].
Implementation of a prospective electrocardiography-gated
technique ensured that image acquisition consistently took
place during diastole, around 70% of the R-R interval, a
targeted window commonly used for coronary CTA.
Between acquisition pairs, a 10-min delay was employed to
allow for adequate clearance and recirculation of contrast
material. Of additional note, five minutes prior to each
stress examination, intravenous adenosine was infused
continuously (240 pg/kg/min, Model 55-2222, Harvard
Apparatus, Holliston, MA, USA) through a marginal ear
vein, and infusion was maintained until each stress image
acquisition was complete. Last, a subset of three animals
was also given sublingual nitroglycerin spray five minutes
prior to each rest scan to maximally dilate the coronaries
for optimal coronary CT angiogram.

All CT images were acquired at 100 kVp, 200 mA, rotation
time of 0.35 s, 320 x 0.5 mm collimation, and field-of-view of
240 mm (Aquilion One, Canon Medical Systems, Tustin,
CA, USA). All volume scans were reconstructed using an
FCO3 kernel, a voxel size of 0.468 x 0.468 x 0.50 mm®, and
an AIDR3D algorithm with a slice thickness of 0.5 mm. The
CT dose index (CTDI) of the single-volume perfusion pro-
tocol was also recorded.

CT perfusion measurement

The single-volume myocardial CT perfusion technique
uses dynamic bolus tracking data and a single contrast-
enhanced volume scan as analytical inputs into a novel
first-pass analysis compartment model for quantitative
perfusion measurement in mL/min/g [19]. In particular,
the entire myocardium (left and right ventricular myo-
cardium combined) was modeled as a single perfusion
compartment. Assuming no contrast mass exits the
myocardial compartment over the measurement duration,
the average compartmental perfusion (P,.) is propor-
tional to the first-pass rate of compartmental contrast
mass accumulation (%), normalized by the aortic aver-
age input concentration (Cpy) and total myocardial tissue
mass (M) [19-21].

First, the bolus tracking and volume scan data are used
to reconstruct a full aortic contrast enhancement curve
using a gamma variate fit [17]. The aortic average input
concentration (Cpy) is then derived by integrating the
gamma variate fit curve (area under the fit curve) from the
contrast arrival time to the volume scan acquisition time.
Of note, the contrast arrival time is defined as when the
gamma fit curve initially inflects up. The integration time
is then defined as the time between the contrast arrival
time and the single volume scan acquisition time at
approximately the peak of aortic enhancement.



Hadjiabdolhamid et al. European Radiology Experimental (2024)8:91

S 500 . . : ; ;

T O BOLUS TRACKING

+= 400 | |===== FIT CURVE

o [_Jauc

€300f | M TRIGGER

e B VOLUME SCAN

©

= 200

c

w

© 100

=

[}

< 0 L L
0 2 4 6 8 10 12 14

Time (s)

Fig. 1 Example case of the single-volume quantitative CT perfusion
acquisition protocol. Bolus tracking data points are aortic enhancement
measurements from the descending aorta after contrast is injected until
the arrival of contrast to the myocardial compartment. This is followed by
triggering at 80 HU above the baseline HU. The volume scan is then
acquired after a delay time of %2 injT 4 2's from the trigger. Aortic
enhancement measurements from the bolus tracking and volume scan
data were fit using automatic gamma variate fitting. Aortic-AlF, Dynamic
aortic enhancement curve; AUC, Area-under-the-curve; FIT Curve, Gamma
variate; Trigger, Aortic trigger; Volume Scan, Single-volume scan at the
aortic enhancement peak

Second, the contrast mass accumulation within the
entire myocardial compartment (M,) is calculated. The
mass accumulation can be calculated between pre- and
post-contrast volume scans for blood flow measurement.
In the single-volume perfusion technique case, the first
several non-enhanced bolus tracking data are used as pre-
contrast data to estimate the pre-contrast myocardial
tissue attenuation. The assumption is that the myocardial
attenuation is spatially homogenous within the entire
myocardium and can be obtained by averaging the myo-
cardial tissue sample within a bolus tracking scan window.
The average post-contrast myocardial enhancement is
estimated using the contrast-enhanced volume scan at
approximately the peak of aortic enhancement. Then, the
whole compartment contrasts mass change (dMc) is
derived by multiplying the average difference between
pre- and post-contrast myocardial enhancement and the
number of voxels of the entire myocardium. When divi-
ded by the integration time (dt), the rate of contrast mass
accumulation (dgfﬁ) is obtained.

Next, the myocardial tissue mass (Mr, g) is calculated as
the product of the number of voxels from the myo-
cardium segmentation, the voxel volume (mL), and the
myocardial density (g/mL). The average perfusion within
the myocardial compartment (P,,., mL/min/g) can then
be computed, as described in Eq. 1.

1AM
Pave = M'I'ICINI dtc

1)

Last, to calculate the voxel-by-voxel perfusion, the per-
voxel change in myocardial enhancement is estimated by
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subtracting the average pre-contrast myocardial attenua-
tion from the contrast-enhanced volume scan on every
single voxel. The per-voxel myocardial perfusion is then
derived by normalizing the per-voxel enhancement
change by the average myocardial enhancement, in mL/
min/g.

CT perfusion reproducibility

The reproducibility of the single-volume myocardial CT
perfusion technique was assessed by comparing
paired myocardial perfusion measurements under the
same flow condition. For each acquisition, the central
lumen of the descending aorta was segmented semi-
automatically (Vitrea fX version 7.14.3.199, Vital Images,
Inc., Minnetonka, MN, USA) from the volume scan to
measure the peak aortic enhancement. The descending
aorta within the 2-mm bolus tracking CT slices was
also segmented to measure the aortic enhancement
over time. The aortic enhancement obtained from
the bolus tracking slices and volume scan were then
fit automatically with the gamma variate function
(LSQCurveFit, MatLab 2021, MathWorks, Natick, MA,
USA), as shown in Fig. 1. Next, the entire myocardium,
including both left and right ventricular myocardium,
was semi-automatically segmented from the volume
scan data. The myocardial tissue within the bolus
tracking window was also segmented to estimate the
pre-contrast myocardial tissue attenuation from the
early bolus tracking CT slices. Perfusion measurements
were then computed according to Eq. 1 using custom in-
house software. In addition, semi-automatic extraction
of the LAD, LCx, and RCA centerlines was performed.
The vessel centerlines were then used by an automated
minimum-cost path myocardial assignment technique to
determine vessel-specific perfusion territories for each
coronary artery by determining the minimum distance
between each voxel of the myocardium and each cor-
onary artery, then assigning each voxel to its nearest
coronary artery [23, 24]. Regional perfusion measure-
ments in the LAD, LCx, and RCA were then computed
by averaging the per-voxel perfusion measurements
within each assigned territory. After this, a comparison
to their corresponding acquisition pair regional perfu-
sion measurements was performed.

Statistical analysis

Whole-myocardium perfusion measurements for each
flow condition were compared to their corresponding
acquisition pair perfusion measurement under rest and
stress conditions. Whole-myocardium and vessel-specific
regional perfusion measurements were compared pairwise
with Wilcoxon signed-rank testing, regression, Bland-
Altman with limits-of-agreement, Spearman correlation
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(p), root-mean-square-error (RMSE), and root-mean-
square deviation (RMSD) analysis. The p-values lower
than 0.050 were considered as significant. All analyses
were conducted with statistical software, including
Microsoft Excel (Microsoft Corporation, 2018) and SPSS
(IBM Corporation, version 22).

Results

General

A total of 80 CT measurements were obtained at a heart
rate of less than 100 beats per minute, with 12 measure-
ments subsequently excluded, resulting in 34 paired (68
total) measurements for the reproducibility assessment.
Exclusion criteria were severe beam hardening (8 cases),
and false triggering caused by inappropriate ROI place-
ment (4 cases). On average, two to three repeat pairs of
measurements were obtained per animal. Among the
included data, the average whole-heart rest and stress
perfusion were 0.92 (0.71-1.20) mL/min/g and 1.17
(0.81-2.09) mL/min/g, respectively. The mean heart rate
and mean arterial blood pressure of the swine were
80bpm and 50 mmHg under rest, and 82bpm and
67 mmHg under stress, respectively. The average time
delay between bolus-tracking-based triggering and
volume scan acquisition at approximately the peak of the
aortic enhancement was 4.5s.

Qualitative reproducibility measurements

Representative coronal, axial, and 3D anterior perfusion
maps of two paired acquisitions are shown under rest
(Fig. 2a) and stress conditions (Fig. 2b) to visually com-
pare the spatial distribution of the paired low-dose per-
fusion measurements.

Quantitative reproducibility measurements

The regression equation relating the first (Ppyo1) and
second (Pmyo2) perfusion measurements in whole myo-
cardium was Ppyo2 = 1.01Ppye1 — 0.03 with a Spearman
correlation (p) of 0.96, an RMSE of 0.08 mL/min/g and an
RMSD of 0.07 mL/min/g (Fig. 3a). Similarly, paired per-
fusion measurements of all vessel-specific perfusion ter-
ritories were linearly related by Pgregy = 0.86Pgeg1 + 0.13
with a Spearman correlation (p) of 0.87, a RMSE of
0.31 mL/min/g and a RMSD of 0.29 mL/min/g (Fig. 3c).
The corresponding Bland-Altman analysis for whole
myocardium and regional perfusions are shown in
Fig. 3b, d, respectively. Under rest conditions, the median
whole-myocardium perfusion for all first and second
acquisitions were 0.91 (0.71-1.20) mL/min/g and 0.93
(0.71-1.20) mL/min/g, respectively (p=0.876). Under
stress conditions, the median whole-heart CT perfusion
for all first and second acquisitions were 1.17
(0.86-2.15) mL/min/g and 1.16 (0.75-2.14) mL/min/g,
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respectively (p = 0.087). Detailed median whole-heart and
vessel-specific perfusion measurements with their inter-
quartile ranges are summarized in Table 1.

Individual analysis for each perfusion territory was also
performed, as shown in Table 2. For LAD, LCx, and
RCA perfusion territories, paired perfusion measurements
were related by Pprap; = 0.88Ppap; +0.10, Prexw =
0-77PLCx1 + 0.24, and PRCAZ = 1-01PRCA1 —0.01, respec-
tively. The corresponding Spearman correlation (p),
RMSE, and RMSD are specified in Table 2.

For the subset of three animals that were given sub-
lingual nitroglycerin under rest conditions, the regression
equation relating the first and second perfusion mea-
surements in the LAD, LCx, and RCA perfusion
territories combined was Pyigoz = 0.92PNjitro1 + 0.09
(p=0.95, RMSE = 0.14 mL/min/g and RMSD = 0.13 mL/
min/g, Fig. 4a). The corresponding Bland-Altman analysis
is displayed in Fig. 4b.

Radiation dose

The CTDI and dose-linear product of the single-volume
CT perfusion measurement were 10.5mGy and
168 mGy.cm, respectively. According to AAPM report No.
204 [25], the SSDE was calculated to be 13.6 mGy. By using
a chest conversion factor of 0.014 mSV"*mGy’l*cm’1 [25],
the equivalent effective radiation dose in the patient was
estimated to be 2.3 mSv.

Discussion

Indications from results

This study showed that the single-volume dynamic CT
myocardial perfusion technique can reproducibly measure
myocardial perfusion in mL/min/g in the whole myo-
cardium with near unity regression slope, minimal RMSE
and RMSD, and excellent Spearman correlation. While
the results indicate that vessel-specific perfusion is less
precise than whole-heart perfusion, the administration of
sublingual nitroglycerine before coronary CT angiogram
improved vessel-specific perfusion measurement. This is
because a CT angiogram with more extensive and con-
sistent coronary artery branches reduces the reproduci-
bility error in myocardial mass assignment [23, 24].

The single-volume CT myocardial perfusion technique
has several advantages over existing dynamic CT perfu-
sion techniques. First, the single-volume technique
enables quantitative perfusion measurement using bolus
tracking data and a single first-pass contrast-enhanced
volume scan, whereas current dynamic CT perfusions
require 10-15 consecutively acquired image volumes
for perfusion measurement. As such, the radiation
dose associated with the single-volume technique is
reduced as compared to current dynamic perfusion
techniques. Second, the compartment modeling used by
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Fig. 2 Quantitative voxel-by-voxel perfusion maps. The perfusion maps are displayed for the original and repeat acquisitions of a pair under rest (a) and
another under stress conditions (b). The color bar indicates quantitative myocardial perfusion in mL/min/g

the single-volume technique improves the accuracy of
perfusion measurement as compared to many current
dynamic CT perfusion techniques that are known to
underestimate perfusion, as previously shown [19]. Third,
the single-volume technique minimizes respiratory
motion artifact as only a short breath-hold time is
necessary to acquire the peak enhancement volume scan,
similar to a standard coronary CTA, as compared to
existing perfusion techniques which require a breath-hold
over approximately 10-15 cardiac cycles. Correspond-
ingly, the single-volume technique also eliminates mis-
registration artifacts as compared to conventional
dynamic CT perfusion techniques that require image
registration algorithms to correct motion artifacts
between volume scans prior to perfusion measurement.
Fourth, the use of a diluted chaser improves visualization
of the right ventricular myocardium, which in turn

enables right ventricular myocardial perfusion measure-
ment. Last, the single-volume perfusion technique’s
acquisition protocol parallels that of a standard coronary
CTA protocol; hence, diagnostic quality angiography data
can be acquired simultaneously with perfusion data,
assuming imaging is performed under resting conditions
with a diagnostic tube current.

Comparison to previous reports

Many research groups have aimed to reduce the radiation
dose associated with dynamic CT perfusion. Application
of radiation dose reduction techniques such as tube vol-
tage reduction, tube current modulation, and scan
acquisition number reduction, have all been promising
[16, 26, 27]. For instance, tube voltage reduction was able
to reduce the effective radiation dose by 40% (from 10.7 to
6.1 mSv) with preserved image quality and myocardial
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Fig. 3 Comparison of the original and repeat low-dose single-volume myocardial CT perfusion measurements. A total of 68 perfusion measurements
from 13 animals were assessed. Regression analysis comparing the original and repeat (a) whole-myocardium perfusion and (c) regional perfusion
measurements of each acquisition pair. Corresponding Bland-Altman analysis for (b) whole perfusion and (d) regional perfusion are also displayed

Table 1

Comparison of original and repeat perfusion measurements under rest and stress conditions

Region (n = 68)

Rest (mL/min/g)

Stress (mL/min/g)

Original, median (IQR)

Repeat, median (IQR)

p-value

Original, median (IQR)

Repeat, median (IQR)  p-value
Whole-heart 091 (048) 0.93 (0.49) 0.876 1.17 (1.29) 1.16 (1.39) 0.087
LAD 1.01 (061) 1.02 (0.57) 0.639 1.14 (1.13) 03 (1.05) 0972
LCx 1.13 (0.99) 1.14 (0.82) 0.230 1.83 (1.56) 134 (142) 0.196
RCA 094 (0.51) 0.89 (0.72) 0.794 132 (1.31) 1.08 (1.60) 0.753

Data are expressed as median perfusion (IQR)

IQR Interquartile range, LAD Left coronary artery, LCx Left circumflex coronary artery, n Number of perfusion measurements, RCA Right coronary artery

perfusion assessment in patients with normal body mass
[26]. Automated tube current modulation was also able to
achieve a reduced effective radiation dose of 7.7 mSv [27].

While

tube voltage reduction and tube

current

modulation are widely used dose reduction strategies
[28, 29], they remain limited. Since it is necessary to
maintain a balance between radiation dose and diagnostic
image quality, tube voltage, and tube current must remain



Hadjiabdolhamid et al. European Radiology Experimental (2024)8:91

Page 8 of 10

Table 2 Regression comparison of original and repeat perfusion measurements

Region (n = 68) Slope Intercept Spearman correlation (p) RMSE (mL/min/g) RMSD (mL/min/g)
Whole-heart 1.01 [0.96, 1.05] -0.03 [-0.09, 0.03] 0.96 [0.90, 0.98] 0.08 0.07
LAD 0.88 [0.73, 1.03] 0.1 [[0.11, 0.31] 0.81 [0.62, 0.90] 029 0.28
LCx 0.77 [0.65, 0.89] 0.24 [0.03, 0.45] 0.87 [0.68, 0.96] 035 0.28
RCA 1.01 [0.84, 1.17] 0 [-0.21, 0.20] 0.87 [0.67, 0.94] 028 0.28

For slope, intercept, and Spearman correlation (p), 95% confidence intervals (Cl) are expressed as [Clower Clupper]
LAD Left coronary artery, LCx Left circumflex coronary artery, n Number of perfusion measurements, RCA Right coronary artery, RMSE Root-mean-square error,

RMSD Root-mean-square deviation

(a) Regional Perfusion Regression
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Fig. 4 Comparison of the original and repeat low-dose single-volume myocardial rest perfusion measurements in vessel-specific perfusion territories
after administration of sublingual nitroglycerine. A total of 10 perfusion measurements from a subset of 3 animals were assessed. a Regression analysis
comparing the original and repeat regional perfusion measurements of each acquisition pair. b Corresponding Bland-Altman analysis for regional

perfusion

within an acceptable range determined by patient size.
Therefore, there has been a growing interest in CT per-
fusion techniques that utilize other methods to reduce
dose, such as acquisition number reduction.

That said, when reducing the number of volume scans
for existing perfusion techniques, most groups reported
inaccurate myocardial perfusion measurements [27, 30].
Conversely, the previously reported first-pass analysis
technique used only two optimally timed volume scans for
accurate perfusion measurement [17, 20, 21, 31]. A CTDI
of 2.3 mGy was reported, which is approximately 0.5 mSv
[18]. More recently, this first-pass analysis technique was
further optimized, enabling accurate dynamic CT perfu-
sion measurement using bolus tracking data and a single
contrast-enhanced volume scan, as validated versus
ultrasound flow probe and microsphere flow [19]. Hence,
the current work validated the prospective reproducibility
of this single-volume CT perfusion technique. In this
study, both rest and stress scans were acquired at 200 mA
such that diagnostic quality coronary CTA data could be
acquired simultaneously, where the CTA data was

necessary for perfusion territory assignment and regional
perfusion measurement. However, it is important to note
that the radiation dose for perfusion measurement can be
further reduced at 50 mA, as previously validated [19],
assuming a diagnostic quality coronary CTA is not
required.

Limitations

First, no beam hardening correction algorithms were used
while beam hardening artifacts were noticeable, resulting
in false hypo-enhanced regions in the myocardium.
Hence, acquisitions with severe beam hardening were
excluded. The presence of beam hardening on the myo-
cardium and the potential changes in the location of the
affected area on the myocardium could explain the loss of
precision when assessing regional perfusion repeatability
across paired acquisitions. However, reducing contrast
concentration and rate of contrast injection can help with
reducing beam hardening to some extent, and additional
beam hardening correction algorithms can be employed
to further reduce errors [32, 33]. Second, myocardial
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assignment variations may exist when assigning vessel-
specific perfusion territories using the minimum-cost
path technique [23, 24], resulting in larger variations in
vessel-specific perfusion measurements. Since the accu-
racy of this assignment, technique is dependent on the
extent of the coronary artery branches, correct perfusion
territory assignments are not possible without adequate
visualization of coronary branches. Hence, if the length of
the visualized vessels and branches were different for
repeated acquisitions, variations in the perfusion territory
assignment occurred. To address the issue with the
assignment, sublingual nitroglycerin was administered for
a subset of three animals to maximally dilate the coronary
arteries for a more optimal coronary CT angiogram under
rest conditions. This resulted in improved branch visua-
lizations and vessel-specific perfusion measurement
agreement in each perfusion territory. Third, it is
important to note that our study used healthy swine
subjects, which limits the evaluation of reproducibility to
scenarios where myocardial ischemia is absent. While this
approach allowed us to investigate the technique’s feasi-
bility and initial performance metrics, future studies
should aim to validate its efficacy in a myocardial ischemia
model to assess the technique in more clinically relevant
conditions. Fourth, regarding the stress perfusion rates
assessed in the animals, several of the animals did not
achieve an adequate response to adenosine, as evidenced
by a non-significant difference between rest and stress
heart rates. While this did not impact the accuracy of our
results, it did reduce the dynamic range over which our
measurements were assessed; hence future studies should
employ higher adenosine concentrations or use regade-
noson for improved hyperemic response. Last, the single-
volume myocardial CT perfusion assumes that the myo-
cardial attenuation is spatially homogenous within the
entire myocardium. However, this assumption does not
apply to patients with a prior history of conditions such as
myocardial infarction or inflammatory cardiomyopathy.
Both rest and stress perfusion measurements could be
underestimated because of significant scarring. Alter-
natively, coronary flow capacity could be used to distin-
guish between scar and ischemia in such cases [34].

Conclusions

The single-volume quantitative CT perfusion technique
provides low-dose, reproducible myocardial perfusion
measurement in mL/min/g using only bolus tracking data
and a single whole-heart volume scan.

Abbreviations

CAD Coronary artery disease
CcT Computed tomography
CTA CT angiography

Page 9 of 10

LAD Left anterior descending artery
LCx Left circumflex artery

RCA Right coronary artery

RMSD Root-mean-square deviation

RMSE Root-mean-square error

Acknowledgements
No large language models were employed in the preparation of this
manuscript.

Author contributions

All authors have made contributions to the conception and design of the work
under the leadership and supervision of SM; NH and YZ contributed to the
acquisition, analysis, and interpretation of data; LH contributed to the creation
of new software used in the work; NH was a major contributor in writing the
manuscript; All authors substantively revised the manuscript. All authors read
and approved the final manuscript.

Funding

This work was supported, in part, by the American Heart Association under
award number 19TPA34910176 and the Department of Radiological Sciences
at the University of California, Irvine. The authors of this manuscript declare no
relationships with any companies, whose products or services may be related
to the subject matter of the article.

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Approval from the institutional animal care committee and Institutional Review
Board was obtained.

Competing interests
The authors declare no competing interests.

Received: 8 April 2024 Accepted: 15 July 2024
Published online: 14 August 2024

References

1. Leigh JA, Alvarez M, Rodriguez CJ (2016) Ethnic minorities and coronary
heart disease: an update and future directions. Curr Atheroscler Rep 18:9.
https://doi.org/10.1007/511883-016-0559-4

2. Baxa J, Hroméadka M, §edivy J et al (2015) Regadenoson-stress dynamic
myocardial perfusion improves diagnostic performance of CT angio-
graphy in assessment of intermediate coronary artery stenosis in
asymptomatic patients. Biomed Res Int 2015:1-7. https://doi.org/10.1155/
2015/105629

3. Xul,SunZ Fan Z (2015) Noninvasive physiologic assessment of coronary
stenoses using cardiac CT. Biomed Res Int 2015:1-12. https://doi.org/10.
1155/2015/435737

4. Pontone G, Muscogiuri G, Andreini D et al (2016) The new frontier of
cardiac computed tomography angiography: fractional flow reserve and
stress myocardial perfusion. Curr Treat Options Cardiovasc Med 18:74.
https://doi.org/10.1007/511936-016-0493-3

5. Nous FMA, Geisler T, Kruk MBP et al (2022) Dynamic myocardial perfusion
CT for the detection of hemodynamically significant coronary artery
disease. JACC Cardiovasc Imaging 15:75-87. https://doi.org/10.1016/j.
j€Mg.2021.07.021

6.  Seitun S, De Lorenzi C, Cademartiri F et al (2018) CT myocardial perfusion
imaging: a new frontier in cardiac imaging. Biomed Res Int 2018:1-21.
https://doi.org/10.1155/2018/7295460


https://doi.org/10.1007/s11883-016-0559-4
https://doi.org/10.1155/2015/105629
https://doi.org/10.1155/2015/105629
https://doi.org/10.1155/2015/435737
https://doi.org/10.1155/2015/435737
https://doi.org/10.1007/s11936-016-0493-3
https://doi.org/10.1016/j.jcmg.2021.07.021
https://doi.org/10.1016/j.jcmg.2021.07.021
https://doi.org/10.1155/2018/7295460

Hadjiabdolhamid et al. European Radiology Experimental (2024)8:91

20.

21

Yu M, Shen C, Dai X et al (2020) Clinical outcomes of dynamic computed
tomography myocardial perfusion imaging combined with coronary
computed tomography angiography versus coronary computed tomo-
graphy angiography-guided strategy. Circ Cardiovasc Imaging
13:e009775. https://doi.org/10.1161/CIRCIMAGING.119.009775

Bamberg F, Becker A, Schwarz F et al (2011) Detection of hemodyna-
mically significant coronary artery stenosis: incremental diagnostic value
of dynamic CT-based myocardial perfusion imaging. Radiology
260:689-698. https://doi.org/10.1148/radiol.11110638

LiY, Yu M, Dai X et al (2019) Detection of hemodynamically significant
coronary stenosis: CT myocardial perfusion versus machine learning CT
fractional flow reserve. Radiology 293:305-314. https.//doi.org/10.1148/
radiol.2019190098

Lubbers M, Coenen A, Kofflard M et al (2018) Comprehensive cardiac CT
with myocardial perfusion imaging versus functional testing in suspected
coronary artery disease. JACC Cardiovasc Imaging 11:1625-1636. https://
doi.org/10.1016/jjcmg.2017.10.010

Yu L, Tao X, Dai X et al (2021) Dynamic CT myocardial perfusion imaging
in patients without obstructive coronary artery disease: quantification of
myocardial blood flow according to varied heart rate increments after
stress. Korean J Radiol 22:97. https://doi.org/10.3348/kjr.2020.0249

Rossi A, Wragg A, Klotz E et al (2017) Dynamic computed tomography
myocardial perfusion imaging: comparison of clinical analysis methods
for the detection of vessel-specific ischemia. Circ Cardiovasc Imaging
10:2005505. https://doi.org/10.1161/CIRCIMAGING.116.005505

Nieman K, Balla S (2020) Dynamic CT myocardial perfusion imaging. J
Cardiovasc Comput Tomogr 14:303-306. https://doi.org/10.1016/jjcct.
2019.09.003

Ho K-T, Chua K-C, Klotz E, Panknin C (2010) Stress and rest dynamic
myocardial perfusion imaging by evaluation of complete time-
attenuation curves with dual-source CT. JACC Cardiovasc Imaging
3:811-820. https//doi.org/10.1016/}jcmg.2010.05.009

Rossi A, Merkus D, Klotz E et al (2014) Stress myocardial perfusion: ima-
ging with multidetector CT. Radiology 270:25-46. https://doi.org/10.
1148/radiol.13112739

Danad |, Szymonifka J, Schulman-Marcus J, Min JK (2016) Static and
dynamic assessment of myocardial perfusion by computed tomography.
Eur Heart J Cardiovasc Imaging 17:836-844. https://doi.org/10.1093/ehjci/
jew044

Hubbard L, Malkasian S, Zhao Y et al (2019) Timing optimization of low-
dose first-pass analysis dynamic CT myocardial perfusion measurement:
validation in a swine model. Eur Radiol Exp 3:16. https://doi.org/10.1186/
s41747-019-0093-6

Hubbard L, Malkasian S, Zhao Y et al (2019) Low-radiation-dose stress
myocardial perfusion measurement using first-pass analysis dynamic
computed tomography: a preliminary investigation in a swine model.
Invest Radiol 54:774-780. https://doi.org/10.1097/RLI.0000000000000613
Hubbard L, Molloi S (2023) Low-dose quantitative CT myocardial flow
measurement using a single volume scan: phantom and animal valida-
tion. J Med Imaging 10:056002-1-05600217. https://doi.org/10.1117/1.
JMI.10.5.056002

Hubbard L, Lipinski J, Ziemer B et al (2018) Comprehensive assessment of
coronary artery disease by using first-pass analysis dynamic CT perfusion:
validation in a swine model. Radiology 286:93-102. https://doi.org/10.
1148/radiol.2017162821

Hubbard L, Ziemer B, Lipinski J et al (2016) Functional assessment of
coronary artery disease using whole-heart dynamic computed

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 10 of 10

tomographic perfusion. Circ Cardiovasc Imaging 9:¢005325. https://doi.
org/10.1161/CIRCIMAGING.116.005325

Kerl JM, Ravenel JG, Nguyen SA et al (2008) Right heart: split-bolus
injection of diluted contrast medium for visualization at coronary CT
angiography. Radiology 247:356-364. https://doi.org/10.1148/radiol.
2472070856

Malkasian S, Hubbard L, Dertli B et al (2018) Quantification of vessel-
specific coronary perfusion territories using minimum-cost path assign-
ment and computed tomography angiography: validation in a swine
model. J Cardiovasc Comput Tomogr 12:425-435. https://doi.org/10.
1016/jjcct.2018.06.006

Malkasian S, Hubbard L, Abbona P et al (2020) Vessel-specific coronary
perfusion territories using a CT angiogram with a minimum cost path
technique and its direct comparison to the American Heart Association
17-segment model. Eur Radiol 30:3334-3345. https;//doi.org/10.1007/
500330-020-06697-w

Boone JM, Strauss KJ, Cody DD et al (2011) Size-specific dose estimates
(SSDE) in pediatric and adult body CT examinations. AAPM Report No.
204. https://doi.org/10.37206/143

Fujita M, Kitagawa K, Ito T et al (2014) Dose reduction in dynamic CT
stress myocardial perfusion imaging: comparison of 80-kV/370-mAs and
100-kV/300-mAs protocols. Eur Radiol 24:748-755. https://doi.org/10.
1007/500330-013-3063-z

Kim SM, Cho YK, Choe YH (2014) Adenosine-stress dynamic myocardial
perfusion imaging using 128-slice dual-source CT in patients with normal
body mass indices: effect of tube voltage, tube current, and iodine
concentration on image quality and radiation dose. Int J Cardiovasc
Imaging 30:95-103. https://doi.org/10.1007/510554-014-0524-7
Summerlin D, Willis J, Boggs R et al (2022) Radiation dose reduction
opportunities in vascular imaging. Tomography 8:2618-2638. https://doi.
0rg/10.3390/tomography8050219

Kok M, Mihl C, Seehofnerova A et al (2015) Automated tube voltage
selection for radiation dose reduction in CT angiography using different
contrast media concentrations and a constant iodine delivery rate. AJR
Am J Roentgenol 205:1332-1338. https://doi.org/10.2214/AJR.14.13957
van Assen M, Pelgrim GJ, Slager E et al (2019) Low CT temporal sampling
rates result in a substantial underestimation of myocardial blood flow
measurements. Int J Cardiovasc Imaging 35:539-547. https://doi.org/10.
1007/510554-018-1451-9

Ziemer BP, Hubbard L, Lipinski J, Molloi S (2015) Dynamic CT perfusion
measurement in a cardiac phantom. Int J Cardiovasc Imaging
31:1451-1459. https://doi.org/10.1007/s10554-015-0700-4

Levi J, Wu H, Eck BL et al (2021) Comparison of automated beam hard-
ening correction (ABHC) algorithms for myocardial perfusion imaging
using computed tomography. Med Phys 48:287-299. https://doi.org/10.
1002/mp.14599

Levi J, Eck BL, Fahmi R et al (2019) Calibration-free beam hardening
correction for myocardial perfusion imaging using CT. Med Phys
46:1648-1662. https://doi.org/10.1002/mp.13402

van de Hoef TP, Echavarria-Pinto M, Escaned J, Piek JJ (2017) Coronary
flow capacity: concept, promises, and challenges. Int J Cardiovasc Ima-
ging 33:1033-1039. https://doi.org/10.1007/510554-017-1125-z

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1161/CIRCIMAGING.119.009775
https://doi.org/10.1148/radiol.11110638
https://doi.org/10.1148/radiol.2019190098
https://doi.org/10.1148/radiol.2019190098
https://doi.org/10.1016/j.jcmg.2017.10.010
https://doi.org/10.1016/j.jcmg.2017.10.010
https://doi.org/10.3348/kjr.2020.0249
https://doi.org/10.1161/CIRCIMAGING.116.005505
https://doi.org/10.1016/j.jcct.2019.09.003
https://doi.org/10.1016/j.jcct.2019.09.003
https://doi.org/10.1016/j.jcmg.2010.05.009
https://doi.org/10.1148/radiol.13112739
https://doi.org/10.1148/radiol.13112739
https://doi.org/10.1093/ehjci/jew044
https://doi.org/10.1093/ehjci/jew044
https://doi.org/10.1186/s41747-019-0093-6
https://doi.org/10.1186/s41747-019-0093-6
https://doi.org/10.1097/RLI.0000000000000613
https://doi.org/10.1117/1.JMI.10.5.056002
https://doi.org/10.1117/1.JMI.10.5.056002
https://doi.org/10.1148/radiol.2017162821
https://doi.org/10.1148/radiol.2017162821
https://doi.org/10.1161/CIRCIMAGING.116.005325
https://doi.org/10.1161/CIRCIMAGING.116.005325
https://doi.org/10.1148/radiol.2472070856
https://doi.org/10.1148/radiol.2472070856
https://doi.org/10.1016/j.jcct.2018.06.006
https://doi.org/10.1016/j.jcct.2018.06.006
https://doi.org/10.1007/s00330-020-06697-w
https://doi.org/10.1007/s00330-020-06697-w
https://doi.org/10.37206/143
https://doi.org/10.1007/s00330-013-3063-z
https://doi.org/10.1007/s00330-013-3063-z
https://doi.org/10.1007/s10554-014-0524-7
https://doi.org/10.3390/tomography8050219
https://doi.org/10.3390/tomography8050219
https://doi.org/10.2214/AJR.14.13957
https://doi.org/10.1007/s10554-018-1451-9
https://doi.org/10.1007/s10554-018-1451-9
https://doi.org/10.1007/s10554-015-0700-4
https://doi.org/10.1002/mp.14599
https://doi.org/10.1002/mp.14599
https://doi.org/10.1002/mp.13402
https://doi.org/10.1007/s10554-017-1125-z

	Reproducibility of a single-volume dynamic CT myocardial blood flow measurement technique: validation in a swine model
	Background
	Methods
	General methods
	Animal preparation
	CT imaging protocol
	CT perfusion measurement
	CT perfusion reproducibility
	Statistical analysis

	Results
	General
	Qualitative reproducibility measurements
	Quantitative reproducibility measurements
	Radiation dose

	Discussion
	Indications from results
	Comparison to previous reports
	Limitations

	Conclusions
	Acknowledgements




