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Low-dose ultra-high-pitch computed tomography coronary
angiography: identifying the optimum combination of iteration
strength and radiation dose reduction strategies to achieve true
submillisievert scans

Nidhi Kumari*

Kartik P. Ganga* PURPOSE

Vineeta tha To identify the optimum strength of advanced modeled iterative reconstruction (ADMIRE) to
] achieve the best subjective and objective image quality when combining three-dose reduction

Sanjeev Kumar strategies, ultra-high-pitch computed tomography coronary angiography (FLASH CTCA; with sin-

Priya Jagia gle-dose ivabradine to lower heart rate), low tube voltage, and ADMIRE.

Nitish Naik ‘ METHODS

Gurpreet Gulati Sixty consecutive patients underwent FLASH CTCA at 100 kVp in this single-center prospective

Sa njiv Sharma study. Single-dose ivabradine was administered to patients whose heart rate was above 75 bpm.

Images were reconstructed using the three highest strengths of ADMIRE (A3, A4, and A5). Objective
and subjective image quality (using a Likert scale) were evaluated in the three datasets.

*Contributed equally and share first

authorship. RESULTS
The signal strength remained unchanged but mean noise significantly reduced across the increas-
ing strengths of ADMIRE [signal: 513.78 + 101.7 Hounsfield units (HU) at A3, 515.6 + 100.5 HU at
A4, and 519.7 £ 107.9 HU at A5; noise: 23.4 + 4.5 HU at A3, 20.2 + 3.6 HU at A4, and 17.2 + 3.3 HU at
A5]. Signal-to-noise and contrast-to-noise ratios were the highest at A5, and A5 offered significantly
higher Likert scores in image noise, vessel sharpness, and overall image quality than A3 or A4. Ad-
ditionally, A5 did not interfere with image interpretation in any patient.

CONCLUSION

Using all three dose reduction strategies during FLASH CTCA along with single-dose ivabradine ad-
ministration ensures minimal radiation exposure in daily practice. In this study, A5 datasets had the
best overall subjective and objective image quality despite their “plastic appearance”. In the future,
enhanced dose reduction can be obtained by further lowering tube voltages.
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able advanced techniques for every patient
to undergo “true” submillisievert CTCAs."

Lowering the tube potential as a stand-
alone measure leads to a decrease in image
quality. The current guidelines recommend
100 kVp for patients with a body mass index
(BMI) <30 kg/m?, making an approximate re-
duction of 50%-60% in radiation dose pos-
sible using these strategies compared with
strategies using 120 kVp.? Additional dose re-
duction may be possible by further reducing
the tube voltage and using iterative recon-
struction (IR), which permits the decoupling
of spatial resolution and noise to offset the
noisier image quality obtained with lower
tube voltages. IR has rapidly replaced the
more archaic filtered back projection (FBP)
by enabling the drastic reduction in image
noise inherent in the use of low tube volt-
age* As a result of advances in computer
processing technologies, current generation
IR, such as model-based IR, is now available
on all vendor platforms and is no longer lim-
ited by the absence and expense of the faster
computational requirements that IR requires.
Previous generations of IR have been shown
to reduce image noise by 70%-80% com-
pared with FBP in CT.>¢ The latest generation
advanced modeled IR (ADMIRE) is a hybrid
technique that removes noise more rapid-
ly by using statistical modeling in both the
raw and image domain. Although different
strengths of ADMIRE have been shown to de-
liver a better signal-to-noise ratio (SNR) and
contrast-to-noise ratio (CNR) even for CTCA,
the best strength of iteration that is opti-
mal remains undetermined. This is because
higher strengths of iteration can lead to an
excessive smoothing of the image, which de-
grades subjective image quality.’

Another dose reduction strategy that can
be used is high-pitch (>3) prospective elec-
trocardiogram (ECG)-triggered helical data

* Signal strength remains unchanged but
mean noise significantly decreases with in-
creasing advanced modeled iterative recon-
struction (ADMIRE) strengths (A3 to A5).

* Signal-to-noise and contrast-to-noise ratios
are the highest at A5.

* The A5 datasets have the best overall sub-
jective and objective image quality despite
producing a “plastic appearance” when
combining three-dose reduction strategies:
ultra-high-pitch computed tomography
coronary angiography (with single-dose iv-
abradine to lower heart rate), low tube volt-
age, and ADMIRE.

acquisition (FLASH CTCA), which can acquire
the complete volumetric dataset within a
fraction of a cardiac cycle. The high pitch
leads to very low radiation dose (0.5-1 mSv)
as long as the patient has low, regular heart
rates (HRs).

Prospective ECG-gated CTCA, which is
the default “lower-dose CTCA’, is a well-uti-
lized technique. By using forward-looking
ECG prediction and step/shoot non-spiral
acquisition, it requires the X-ray beam to be
turned on for only a small portion of the car-
diac cycle. In FLASH CTCA, by using a higher
pitch and faster table movement, the beam
is switched on for even shorter periods, en-
abling it to be genuinely “low dose” or “ul-
tra-low dose”.

Combining the three techniques (low
tube voltage, FLASH CTCA, and IR) could lead
to a significant reduction in radiation expo-
sure and still deliver diagnostic image quali-
ty. The objective of this study was to identify
the optimum strength of ADMIRE to achieve
the best SNR and CNR when using FLASH
CTCA at a tube voltage of 100 kVp because
the strength of ADMIRE that provides the op-
timum subjective image quality is still con-
tested. This study also evaluated the role of
a single dose of the novel HR-lowering drug
ivabradine in decreasing and stabilizing the
HR to rates required for FLASH CTCA.

Methods

This study was a prospective single-cen-
ter study involving 66 consecutive adult
patients who underwent CTCA for suspect-
ed coronary artery disease. The study was
approved by the Institutional Ethics Com-
mittee (IECPG-96/21.03.2018), and informed
consent was obtained. All studies were con-
ducted after documenting baseline HR and
blood pressure and assessing left ventricular
ejection fraction through echocardiography.
A 384 -slice (192*2) dual-source scanner (Sie-
mens Somatom Force, Erlangen, Germany)
was used to perform FLASH CTCA. The ac-
quisition parameters were 2 X 192 x 0.6 mm
for detector collimation (Siemens Healthcare
Sector, Forcheim, Germany), rotation time of
0.25 s, temporal resolution of 66 ms, pitch of
3.2 mm, and tube voltage of 100 kVp. In cas-
es where the HR was greater than 75 bpm, a
single 10 mg dose of ivabradine (in patients
without any contraindications for the drug)
was administered to the patient, and CTCA
was acquired if the HR was less than 75 bpm
after 2 h. lvabradine was not administered to
any of the patients already on beta-blockers.

Subsequently, 50-60 mL of iodinated con-
trast media (350 mg I/mL) was injected, fol-
lowed by a 30 mL saline chaser at a flow rate
of 3.6-3.8 mL/s through the antecubital vein.
Scans were automatically triggered after
an attenuation threshold of 100 Hounsfield
units (HU) was reached in the descending
thoracic aorta using bolus tracking. Auto-
matic exposure control (CARE kV, Siemens)
and attenuation-based tube current modu-
lation (CAREDose, Siemens) was enabled. A
dual FLASH protocol was performed using
one set of images acquired in the strongest
systolic phase (35% of RR interval) and one
set of images acquired in the strongest dia-
stolic phase (65% of RR interval). All patients,
including those who were given ivabradine,
were observed carefully for adverse effects
before, during, and after the CTCA. Patients
with HRs above 75 bpm, despite being on
oral beta-blockers, and patients with hyper-
sensitivity to iodinated contrast were exclud-
ed from the study.

Computed tomography image reconstruc-
tion

CTCA images were reconstructed using
ADMIRE (Siemens, Germany). Both the sys-
tolic and diastolic phases were reconstructed
using three increasing strengths of noise re-
duction: ADMIRE 3 (A3), ADMIRE 4 (A4), and
ADMIRE 5 (A5). The parameters for recon-
struction for both the systolic and diastolic
datasets were a 0.75 mm slice thickness with
0.5 mm increments and a 512 x 512 matrix
using a medium soft tissue reconstruction
kernel (Bv-40).

The resulting six series of images were ar-
chived and then evaluated using a commer-
cially available software (Siemens Syngo.via
VB10B).

Regions of interest (ROIs) of 1 cm? drawn
in the aortic root at the level of the left main
coronary artery on an axial image were used
to measure signal strength (mean HU value).
The standard deviation (SD) obtained from
the same ROI represented the objective im-
age noise (Figure 1). Similar ROIs (as large as
possible) were drawn on the right coronary,
proximal left main, left anterior descending,
and left circumflex arteries (within 1 cm of
their origins on axial images).

Only one phase, either the highest quality
diastolic or systolic images, were chosen for
the assessment of subjective and objective
image analysis based on which had the least
cardiac motion in the preliminary analysis of
both datasets.
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Quantitative analysis identical location for all three datasets (A3, Mean signal strength and noise were cal-
A4, and A5), which were viewed side by side  culated by averaging the values obtained
An automated copy/paste tool ensured . . ; .
) simultaneously by NK (Figures 2-4). from the five vessels mentioned above.
that all measurements were performed in an
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Figure 1. (a-c) Axial computed tomography images showing image noise measurements in the aortic root in a 45-year-old female patient (62 kg, 150 cm) at
advanced modeled iterative reconstruction (ADMIRE) 3 [image noise: 36 Hounsfield units (HU)], ADMIRE 4 (image noise: 31 HU), and ADMIRE 5 (image noise: 27 HU).
ROI, Regions of interest; SD, standard deviation.

Figure 2. (a-c) Curved multiplanar computed tomography images of the right coronary artery of a 45-year-old female patient (62 kg, 150 cm, heart rate: 69 bpm)
obtained through electrocardiogram-triggered high-pitch acquisition at advanced modeled iterative reconstruction (ADMIRE) 3 (a), ADMIRE 4 (b), and ADMIRE 5 (c).

Figure 3. (a-c) Curved multiplanar computed tomography images of the left anterior descending artery of a 45-year-old male patient (88 kg, 170 cm, heart rate:
66 bpm) obtained through electrocardiogram-triggered high-pitch acquisition at advanced modeled iterative reconstruction (ADMIRE) 3 (a), ADMIRE 4 (b), and

ADMIRE 5 (c).
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Figure 4. (a-c) Curved multiplanar computed tomography images of the left main coronary artery of a 45-year-old male patient (88 kg, 170 cm, heart rate: 66 bpm)
obtained through electrocardiogram-triggered high-pitch acquisition at advanced modeled iterative reconstruction (ADMIRE) 3 (a), ADMIRE 4 (b), and ADMIRE 5 (c).

In addition, SNR was defined as the ratio
of the mean HU value of the coronary artery
and its SD (noise), and CNR was calculated by
dividing the contrast attenuation by image
noise.

Qualitative analysis

Two independent and blinded cardiotho-
racic radiologists (GG and KG, with 20 and 6
years of experience, respectively, in cardiac
imaging) performed the qualitative image
analysis at a different time from the quanti-
tative measurements. The ADMIRE strengths
used on each dataset were hidden from the
readers to prevent bias.

Maximum intensity projections, curved
multiplanar images, and routine axial data-
sets were used at the discretion of the indi-
vidual readers. A Likert score was assigned
for each dataset with respect to 1) subjec-
tive image noise, 2) coronary wall definition
(sharpness), 3) beam-hardening artifacts,
and 4) overall subjective image quality. The
readers ignored artifacts resulting from mo-
tion and poor gating that were not caused by
the reconstruction algorithm.

These four parameters were assessed us-
ing a single score on a 4-point Likert scale
(range 1-4) based on the segment of the cor-
onary artery with the poorest appearance.
The Likert scale was defined as follows: image
noise and beam-hardening artifacts were as-
sessed as (1) present and not acceptable, (2)
present and interfering with assessment, (3)
present but not interfering with assessment,
and (4) minimal or absent; vessel sharpness
was defined as (1) blurry, (2) poorer than
average, (3) better than average, and (4) the
sharpest; overall image quality was graded
as (1) unacceptable (inadequate to evaluate
coronary stenosis), (2) fair (sufficient for eval-
uating coronary stenosis), (3) good, and (4)

excellent quality. The Likert scores from both
readers were averaged and used for statisti-
cal analysis.

Estimation of radiation dose

The CT volume dose index and dose-
length product (DLP) were obtained from the
scanner. The effective dose was derived from
the product of DLP and the conversion coef-
ficient (k) for the chest.® To make our study
more comparable with previous studies, a
coefficient of 0.014 mSv mGy'cm™ was used

Statistical analysis

Data were analyzed using SPSS version
23.0 (SPSS, Chicago, IL, USA). Descriptive
statistics are presented in frequencies with
percentages, mean+/— SD, or median (min-
max), depending on the distribution of the
data. For the assessment of image quality
score and quantitative parameters between
the three reconstruction algorithms, a One-
Way analysis of variance (for normal data)
and Kruskal-Wallis tests (for non-normal
data) were used. For pairwise comparisons, a
post hoc test (Dunn'’s test) was applied. Stu-
dent’s test (paired) was used for comparing
HRs in patients who had been administered
ivabradine (before or after ivabradine ad-
ministration). Interobserver reliability was as-
sessed using the Kappa coefficient. A P value
< 0.05 was considered statistically significant.

Results

In total, 66 patients were enrolled, with
6 patients excluded because of an elevated
preprocedural HR above 75 bpm despite
being on routine beta-blocker therapy. The
mean age of the 33 men and 27 women was
49.9 + 9.6 years (range: 30-75). The mean BMI
and average HR during CTCA were 27.4 £ 4.1
kg/m? (range: 19.5-40.9) and 69 + 5.7 bpm

(range: 50-75), respectively. lvabradine was
administered to 31 patients, after which the
average HR was 67.9 = 6.2 bpm compared
with 87.3 + 7.8 bpm (P = 0.038) prior to ad-
ministration. No adverse effect was identi-
fied in any patient.

Quantitative analysis

Mean signal strength (averaged value of
the ROIs in the five vessels) remained un-
changed across the three datasets recon-
structed at the different strengths of ADMIRE
(513.78£101.7HU in A3,515.6 = 100.5 HU in
A4, and 519.7 + 107.9 HU in A5) (P = 0.976).

Mean image noise (averaged value of
the ROIs in the five vessels) significantly de-
creased with increasing strengths of ADMIRE
(23.4+4.5HUin A3,20.2 + 3.6 HU in A4, and
17.2 £ 3.3 HU in A5) (P = 0.033), although
pairwise comparison produced varying re-
sults in different vessels (Table 1). Mean noise
was reduced by 13.66% at A4 compared with
A3, 14.83% at A5 compared with A4, and
26.49% at A5 compared with A3 (Table 1).
Thus, a linear improvement in the mean SNR
and CNR was observed with increasing iter-
ations, with an improvement of 39.91% and
37.12%, respectively, at A5 compared with
A3 (P < 0.0001) (Table 1).

Qualitative analysis

The optimal overall image quality was
obtained at A5, with readers 1 and 2 rating
96.67% (58/60) and 98.33% (59/60), respec-
tively, of the A5 images as excellent (Table 2).

Subjective image noise was at its maxi-
mum at A3, with readers 1 and 2 grading it
as minimal or absent only in 58.33% and 18%
of the A3 datasets. Subjective image noise
was at a minimum at A5, with both readers
grading it as minimal or absent in 95% of the
A5 datasets.
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Table 1. Objective image quality parameters in the study population

Variables ADMIRE 3 (A3) ADMIRE 4 (A4) ADMIRE 5 (A5) P value* P (A3-A4)* P (A4-A5)* P (A3-A5)*
I. Aorta

Aorta signal (HU) 546.12 +105.0 546.5 + 105 546.5 + 106.5 0.999 = = =
Aorta noise (HU) 425+9.3 375+84 323+83 <0.0001 0.004 0.001 0.0001
Aorta SNR 13.3+34 15.1+4.2 17.7+53 <0.001 0.104 0.084 0.029
Aorta CNR 15.4+3.8 17.5+4.6 20.5+5.7 <0.001 0.076 0.040 0.011
II. Left main (LM) coronary artery

LM signal (HU) 5242 +117.1 5253+ 116.0 5260+ 117 0.998 = - -
LM noise (HU) 18.7+8.8 16.1+7.5 13.1+6.4 <0.001 0.143 0.031 <0.0001
LM SNR 29.39 (9.9-178.6) 35 (9.8-200) 45.6 (10.3-149.2) 0.028 0.912 0.310 0.025
LM CNR 34.9(11.0-217.3) 41.2(11.4-226) 51.4(11.5-168.7) 0.027 0.931 0.292 0.025
lll. Left anterior descending artery (LAD)

LAD signal (HU) 510.7 £ 108.7 5134+1054 513.0+177 0.984 = = =
LAD noise (HU)* 15 (4-46) 14 (3-38) 12 (2-31) 0.014 0.384 0.476 0.011
LAD SNR* 327 (11.1-89) 35.7 (13.4-179.6) 41.2(16.5-271) 0.017 0.506 0.409 0.013
LAD CNR* 38.6 (14.1-95.3) 41.7 (17.1-190.3) 49.4 (00.9-288) 0.138 = = =

IV. Left circumflex artery (LCX)

LCX signal (HU) 486.7 £112.8 491.0+ 110 4922+ 112 0.966 = = @
LCX noise (HU)* 18.5 (3-51) 15 (4-44) 13 (3-38) 0.003 0.203 0.168 0.003
LCX SNR* 24.7 (8.5-82) 30.9 (14.5-119.5) 43.0(16.8-142.3) 0.007 0.524 0.211 0.005
LCX CNR* 28.9 (12.4-96.6) 35.5(14.5-119.7) 43.0(16.8-142.3) 0.004 0.468 0.173 0.003
V. Right coronary artery (RCA)

RCA signal (HU) 500.9 +125.7 502.4+122.9 503.1£124 0.997 = = =
RCA noise (HU) 19.2+8.9 16.0+7.9 133%7.2 <0.001 0.063 0.058 <0.0001
RCA SNR* 26.3 (3.4-94.4) 32.8 (4.6-95.5) 40.7 (7.5-166) 0.001 0.335 0.093 0.001
RCA CNR* 30.4(10.16-105.3) 39.6 (123.6-124.3) 49.3 (15.5-196.3) 0.0007 0.301 0.084 <0.0001
VI. Averaged values from 5 vessels

Signal (HU) 513.78 £101.77 515.68 £ 100.53 519.78 £107.92 0.976 = = =
Noise (HU) 2347 £4.5 20.28 £ 3.6 17.21 +£3.38 <0.001 <0.001 <0.001 <0.001
SNR 31.94 +19.89 38.14 + 25.19 46.35 +31.83 <0.001 <0.001 <0.001 <0.001
CNR 37.34+22.85 4442 +28.28 53.89 + 35.05 <0.001 <0.001 <0.001 <0.001

Values are expressed as mean +/— standard deviation or median (min-max), depending on the normality of the data. #One-Way analysis of variance or Kruskal-Wallis test,
depending on the normality of the data, P < 0.05 for statistically significant difference, *Dunn’s test, P < 0.05 for statistically significant difference. ADMIRE, advanced modeled
iterative reconstruction; SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; HU, Hounsfield unit. Mean signal reflects the averaged value from the regions of interest in the five

vessels.

Beam-hardening artifacts were minimal
or absent in almost all the datasets for both
readers at all three ADMIRE strengths and
did not interfere in the interpretation in any
of the datasets for either reader.

Vessel sharpness in all 60 patients was
lowest at A3 [14/60 (23.33%) for reader 1,
19/60 (31.67%) for reader 2] and highest in
those reconstructed at A5 [60/60 (100%) for
both readers]. Interobserver reliability was
excellent for subjective image noise, vessel
sharpness, and overall image quality at A5
(Table 3). Poor agreement for subjective im-
age noise was determined at A3. This may be
because the more experienced reader 1 (GG)
was more accepting of image noise. Howev-

er, image noise did not interfere with image
interpretation for either reader.

Pairwise comparisons revealed that A4
and A5 offered significantly higher Likert
scores for image noise, vessel sharpness,
and overall image quality compared with
A3 (Table 4), and A5 was associated with a
significant increase in all three of the afore-
mentioned parameters according to the
Likert scale (all P < 0.0001). Likert scores for
beam-hardening artifacts were not signifi-
cantly different between the groups (P =
0.999).

The average effective radiation dose was
1.6 £ 0.29 mSv (range 1.2-2.5 mSv; dual
FLASH protocol). The radiation dose with
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a single FLASH scan was 0.60 £ 0.09 mSv
[an average of the radiation dose from the
strongest diastolic dataset that was most fre-
quently (59/60) used for interpretation].

Discussion

High CTCA accuracy is desirable when
using conventional angiography only in pa-
tients requiring revascularization therapy.
FBP, which is usually used for CTCA, is fast,
requires less computing power, and is more
easily implemented, but it leads to noisier
images with artifacts at reduced doses be-
cause of its inherent mathematical assump-
tions of the CT system. FBP ignores essential
information such as the Poisson distribution

Kumari et al.



Table 2. Subjective comparison between different strengths of ADMIRE

Reader 1 Reader 2
Variables ADMIRE 3 (total ~ ADMIRE 4 (total ADMIRE 5 ADMIRE 3 ADMIRE 4 ADMIRE 5
n=60) n=60) (total n = 60) (total n = 60) (total n = 60) (total n = 60)

Image noise
Present and unacceptable = = = = = =
Present and interfering 1(1.67%) - - - - -
Present and not interfering 24 (40.00%) 13 (21.67%) 3 (5.00%) 49 (81.67%) 11 (18.33%) 3 (5.00%)
Minimal/absent 35 (58.33%) 47 (78.33%) 57/60 (95.00%) 11/60 (18.33%) 49 (81.67%) 57 (95.00%)
Beam-hardening artifact
Present and unacceptable - - - - - -
Present and interfering - - - - - -
Present and not interfering 1(1.67%) 1(1.67%) 1(1.67%) - - -
Minimal/absent 59 (98.33%) 59 (98.33%) 59 (98.33%) 60 (100.00%) 60 (100.00%) 60 (100.00%)
Vessel sharpness
Blurry - - - - - -
Poorer than average 3(5%) - - 1(1.67%) - -
Better than average 43 (71.66%) 16 (26.66%) = 40 (66.66%) 7 (11.67%) @
Sharpest 14 (23.34%) 44 (73.34%) 60 (100.00%) 19 (31.67%) 53 (88.33%) 60 (100.00%)
Overall image quality
Unacceptable - - - - - -
Fair 4 (6.67%) - - 12 (20.00%) = -
Good 17 (28.33%) 6 (10.00%) 2(2.33%) 21 (35.00%) 3 (5.00%) 1(1.67%)
Excellent 39 (65.00%) 54 (90.00%) 58 (96.67%) 27 (45.00%) 57 (95.00%) 59 (98.33%)
ADMIRE, advanced modeled iterative reconstruction.
Table 3. Interobserver variability between readers 1 and 2
Variables ADMIRE 3 ADMIRE 4 ADMIRE 5

Agreement (%) K value* Agreement (%) K value* Agreement (%) K value*
Image noise 58.3 0.26 86.6 0.58 100 1
Beam hardening 98.3 0.001 98.3 0.001 98.3 0.001
Vessel sharpness 81.6 0.59 81.3 0.43 100 1
Overall image quality 86.6 0.73 95.3 0.64 98.3 0.65
*All P values of the kappa coefficient were significant (P < 0.001). ADMIRE, advanced modeled iterative reconstruction.
Table 4. Likert scores for different ADMIRE strengths
Variables ADMIRE 3 (A3) ADMIRE 4 (A4) ADMIRE 5 (A5) P (A3-A4-A5)*  P(A3-A4)*  P(A4-A5)*  P(A3-A5)*
Image noise 3505 3704 39+0.2 <0.0001 <0.0001 0.04 <0.0001
Beam-hardening artifact 3.9+0.1 3.9+0.1 39+0.2 0.999 - - -
Vessel sharpness 3.1+0.5 3704 4.0+0.1 <0.0001 <0.0001 0.005 <0.0001
Overall image quality 35+06 39+03 3.9+0.1 <0.0001 <0.0001 0.999 <0.0001

#0ne-Way analysis of variance, P < 0.05 for statistically significant difference, *post-hoc analysis (Bartlett’s test), P < 0.05 for statistically significant difference. ADMIRE, advanced

modeled iterative reconstruction.

of photons and CT hardware details (focal
spot size, active detector area, and image
voxel shape). The more complex IR has been
reintroduced for CT imaging as advances in
computer hardware and processing have
overcome its traditional time and process-
ing-intensive drawbacks. It has since become
routine® and can compensate for a lower

tube potential or even tube current, which
are associated with noisier images, by pro-
ducing images of higher quality in the set-
ting of a very low SNR, as demonstrated by
multiple authors.” To further lower the pa-
tient’s radiation burden, CTCA acquisition is,
in the current era, primarily performed using
the prospective “step-and-shoot” acquisition

and by lowering the tube current and using
tube current modulation. The resulting in-
cremental increase in noise and decrease in
spatial reduction is negated by shifting from
FBR to IR. Further advances in IR with the
development of hybrid-IR algorithms (e.g.,
ASIR, AIDR 3D, and iDose) and model-based
IR algorithms (e.g., ADMIRE, IMR, VEO, and
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FIRST) have demonstrated that a “virtually
noise-free” image with a higher CNR can be
obtained." Second-generation dual-source
prospective FLASH CTCA provides an ad-
ditional opportunity to combine all three
techniques to obtain a maximum reduction
in radiation dose with excellent image qual-
ity, mainly by lowering the tube voltage/
current and using IR. The low radiation ex-
posure results from the absent slice overlap
of the FLASH CTCA protocol compared with
the conventional prospectively triggered
protocols. Nearly all unnecessary radiation
exposure is eliminated when FLASH CTCA is
used only at the beginning and end of the
scanned volume. With a pitch of 3.4, time
resolution of 75 ms, and full heart coverage
in <0.25 s, FLASH CTCA has a reported suc-
cess rate of 100% in the delineation of cor-
onary arteries up to 1.5 mm."? FLASH CTCA
is, therefore, an acceptable angiographic
method for reducing radiation dose without
compromising image quality. The challenge
with using FLASH CTCA is that it requires a
stable and low HR. HR control medications
such as beta-blockers have long attempted
to achieve this objective, but they have nu-
merous drawbacks and contraindications.
However, newer drugs such as ivabradine, a
funny channel blocker, have recently been
successfully used and have proved in studies
more efficacious at lowering and stabilizing
the HR.*'> We therefore incorporated this
into the protocol to establish the utility of a
single dose of ivabradine in lowering the HR.

Studies have also demonstrated that
it is possible to perform CTCA with ultra-
low-dose radiation exposure in the order of
0.1-0.5 mSv.'*"7 What remains unanswered
is if the higher iteration strength images in-
terfere with interpretation because of their
extreme smoothing effect and the possi-
bility of achieving the low HR required for
these studies in daily routine clinical prac-
tice. The apparent subjective degradation is
likely caused by the reader’s preference for
obtaining images that have been used to
receive FBP, indicating the need for a more
conscious and concerted shift toward higher
IR strengths despite the “apparent” degra-
dation, which is an opinion shared by other
authors.™

In our study, the image noise was lowest
at A5 among the three IR datasets (23.4 £ 4.5
HU at A3,20.2 + 3.6 HU at A4, and 17.2 £ 3.3
HU at A5). The SNR was 21.3 + 9.4 at A3, 25.9
+ 5.6 at A4,and 30.6 + 6.9 at A5, and CNR was
26.1 £ 5.1 at A3,30.2 £ 5.9 at A4, and 36.5 +
7.36 at A5. Both SNR and CNR were highest
at A5. The subjective image noise was high-

est at A3 and lowest at A5. Vessel sharpness
and overall subjective image quality in-
creased with the higher ADMIRE strengths
and were highest at A5. These results are
similar to those of the studies by Gordic et
al.’, who found that both the objective as
well as subjective image noise decreased
with higher ADMIRE strengths. Although A4
(selected in 84%) was the preferred dataset
in their study for making the diagnosis, our
readers preferred A5 (selected in >96%). Im-
ages with excessive smoothing and a plas-
tic appearance at A5, which was cited as a
drawback in the previous studies, was not a
disadvantage in this study. This in consistent
with another study by Scholtz et al.’’, who
opined that despite an artificially smoothed
image appearance in CT angiographies of
the neck, CNR and overall quality were rated
better at A5 than at A3; however, the differ-
ence was non-significant. The conclusion of
both the previous and present studies is that
higher strengths of iteration do not degrade
image quality nor interfere with coronary as-
sessment despite the images having a more
plastic appearance. The dual FLASH protocol,
consisting of two high-pitch CTCA scans per-
formed sequentially, achieves good image
quality despite an unexpectedly high HR
(caused by anxiety or pain during contrast
injection) and occasional premature ventric-
ular contractions. In this study, however, we
concluded that a single FLASH is sufficient for
an evaluation of all the coronary vessels be-
cause, in our sample, only one patient (1/60,
1.67%) required an evaluation of both sys-
tolic and diastolic datasets for the depiction
of all coronary arteries. This was likely possi-
ble because we followed a strict protocol of
performing the FLASH technique only after
ensuring a stable or regular HR of <75 bpm.
If the patient’s HR was >75 bpm, a single 10
mg dose of ivabradine was administered 2
h before examination. In the small subset of
patients receiving ivabradine, a significant
reduction in the HR was noted. To the best of
our knowledge, this is the first study to sug-
gest that a single 10 mg dose of ivabradine
may be efficacious in lowering the HR. A re-
cently published abstract by Baig et al.° re-
vealed similar results with the administration
of a 15 mg dose of ivabradine. However, larg-
er randomized studies are required to verify
that this is a valid method and not confound-
ed by the 2 hinterval period prior to CTCA.

The mean radiation dose per patient was
1.6 and 0.6 mSv when only one scan (systole
or diastole) was considered, which demon-
strates that FLASH CTCA, when used with a
low tube voltage and IR, can lead to submil-
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lisievert scans and still obtain diagnostic im-
age quality. Earlier studies have demonstrat-
ed that diagnostic image quality can also
be achieved with 80 kVp using similar high-
pitch techniques with exposure levels as low
as 0.1-0.3 mSv despite using lower levels of
IR, such as A3 or A4.'°?°23 Based on the find-
ings of our study, we hypothesize that these
remarkably low exposure levels can become
routinely feasible and be applied to larger
subsets of the general population if ade-
quate attention is paid to HR control (with
novel and safe drugs such as ivabradine),
using FLASH CTCA at 70-80 kVp, and using
higher strengths of iteration to compensate
for the noisy image. In routine daily prac-
tice, coronary artery evaluation is feasible
with good-to-excellent image quality while
simultaneously reducing radiation exposure
significantly.

This study has limitations. First, this was
a single vendor study from a single center
only; thus, the replication of our results to
other scanners and centers may be limited.
Second, although anonymized images were
used, the differences in image quality be-
tween reconstruction methods were at times
apparent and may have impacted observer
blinding. Third, quantitative noise assess-
ment in IR can be inaccurate when using the
SD from ROIs because noise is unequally dis-
tributed in the images; however, this is still
an accepted criterion for noise estimation.
Fourth, the effect of higher grades of itera-
tion on the quantitative assessment of the
degree of coronary artery stenosis was not
assessed in this study. However, other stud-
ies have conclusively proved that stenosis as-
sessment is not hampered with the higher it-
eration grade of images.'**2 Finally, the role
played by a single dose of ivabradine needs
further validation through trials. The small
study group is also a limitation of our study.

In conclusion, we conclude that combin-
ing FLASH CTCA, lowering tube voltage, and
using IR leads to a significant reduction in ra-
diation dose exposure closer to“true” submil-
lisievert levels in patients, especially if com-
bined with novel drugs such as ivabradine
to lower the HR. The highest strength of IR,
despite the plastic appearance of the imag-
es, does not interfere with image interpreta-
tion and leads to a significant increase in SNR
and CNR. The higher strengths of iteration
with its superior noise-reducing capabili-
ties but the consequent plastic/smoothed
appearance is likely the lesser of two evils
because it improves diagnostic image qual-
ity, allowing for a greater reduction in tube
voltage and consequent radiation exposure.
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