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A B S T R A C T   

Purpose: In planning transcatheter aortic valve replacement (TAVR), retrospective cardiac spiral-CT is recom
mended to measure aortic annulus with subsequent CT-angiography (CTA) to evaluate access routes. Photon- 
counting detector (PCD)-CT enables to assess the aortic annulus in desired cardiac phases, using prospective 
ECG-gated high-pitch CTA. The aim of this study was to evaluate the measurement accuracy of aortic annulus 
using prospective ECG-gated high-pitch CTA against retrospective spiral-CT reference. 
Method: Thirty patients underwent cardiac spiral-CT and prospective ECG-gated (30% R-R on aortic valve level) 
high-pitch CTA. Using propensity score matching, another 30 patients were identified whose CTA was performed 
using high-pitch mode without ECG-synchronization. Two investigators measured annular diameter, perimeter, 
and area on cardiac spiral-CT and high-pitch CTA. 
Results: The aortic valve was imaged in systole in 90 % of prospective ECG-gated CTA cases but only 50 % of non- 
ECG-gated CTA cases (p = 0.002). There was a strong correlation (r ≥ 0.94) without significant differences (p ≥
0.09) between cardiac spiral-CT and prospective ECG-gated high-pitch CTA for all annulus measurements. In 
contrast, significant differences were found in annular short-axis diameter and area between cardiac spiral-CT 
and non-ECG-gated high-pitch CTA (p ≤ 0.03). Furthermore, prospective ECG-gated high-pitch CTA showed 
significantly reduced radiation exposure compared with cardiac spiral-CT (CTDI 4.52 vs. 24.10 mGy; p < 0.001). 
Conclusion: PCD-CT-based prospective ECG-gated high-pitch scans with targeted systolic acquisition at the level 
of the aortic valve can simultaneously visualize TAVR access routes and accurately measure systolic annulus size. 
This approach could aid in optimizing protocols to achieve lower radiation doses in the growing population of 
younger, low-risk TAVR patients.   

1. Introduction 

Since its first human application in 2002 [1], transcatheter aortic 
valve replacement (TAVR) has revolutionized the management of severe 
symptomatic aortic stenosis (AS) [2,3]. In the last decade, the devel
opment of valve prostheses, advances in non-invasive imaging, growing 
interventional experience, and technical refinements have led to routine 
integration of TAVR into clinical practice [4]. The indications for TAVR 
have also expanded from high-risk to intermediate- and low-risk patients 
[5–7]. 

Computed tomography (CT) plays an essential role in patient eval
uation prior to TAVR [8–10]. CT is considered the gold standard for the 
assessment of aortic root dimensions to determine the optimal prosthesis 
type and size, for evaluation of the peripheral access route, and esti
mating the risk of peri-interventional complications, such as annular 
injury and coronary occlusion [10,11]. Therefore, accurate measure
ments are important to avoid post-procedural complications, such as 
paravalvular leakage, device migration and embolization, conduction 
disorders, or even annular rupture [10,12–14]. 

According to the latest recommendations, image acquisition for 
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TAVR planning should consist of an electrocardiogram (ECG)-synchro
nized CT-angiography (CTA) with coverage of at least the aortic root, 
followed by a general CTA of the thorax, abdomen, and pelvis for the 
assessment of the vascular access route [15,16]. In general, retrospective 
ECG-gated spiral-CT is used for aortic root and cardiac image acquisition 
[15]. However, despite the retrospective multiphase reconstruction, the 
image quality of the cardiac acquisition may be affected by blurring due 
to respiratory motion or the variability of R-R intervals [17]. Further
more, retrospective spiral-CT is typically associated with a high radia
tion dose. In contrast, several previous studies using non-ECG-gated 
high-pitch CT have shown comparable diagnostic yields with reduced 
artifacts and radiation exposure [18–20]. 

A recently introduced photon-counting detector (PCD)-CT system 
provides a prospective ECG-gated high-pitch scan mode that has the 
potential to simultaneously assess the aortic root at a desired cardiac 
phase and the vascular access route. However, the feasibility and mea
surement accuracy of this scan mode for annular sizing is not well- 
investigated. Thus, the aim of this study was to evaluate the measure
ment accuracy of aortic annulus sizing using prospective ECG-gated 
high-pitch CTA against the reference, conventional retrospective ECG- 
gated spiral-CT on a PCD-CT. 

2. Material and methods 

This retrospective study was approved by the ethics committee of the 
state chamber of physicians in Rheinland-Palatinate, Germany (Regis
tration No. 2022-16359), which waived the requirement for written 
informed consent. 

2.1. Study population 

A total of 60 patients were included in this study. Thirty patients 
underwent pre-TAVR PCD-CT including retrospective ECG-gated car
diac spiral-CT and prospective ECG-gated high-pitch CTA in October 
2022. Another 30 patients from our institutional database who 

underwent pre-TAVR PCD-CT prior to the availability of ECG-gated 
high-pitch CTA were propensity score-matched based on age, sex, and 
heart rate (HR) during the scan. 

2.2. PCD-CT 

CT acquisition was performed on a first-generation, dual-source 
PCD-CT system (NAEOTOM Alpha, Siemens Healthineers, Forchheim, 
Germany). All scans were acquired at 120 kVp with automated tube 
current modulation (CARE Dose4D, Siemens; IQ-Level 40 for cardiac 
spiral-CT and 70 for high-pitch CTA). Collimation was set at 144 × 0.4 
mm. The pitch factor was 0.3 in retrospective cardiac spiral-CT and 3.2 
in high-pitch CTA. Gantry rotation time was 0.25 s. 

The scan protocol consisted of three consecutive acquisitions. No 
nitrates or beta-blockers were administered. First, a prospective ECG- 
triggered non-enhanced scan of the heart was acquired for calcium 
scoring and visualization of the calcified aortic valve. Subsequently, 75 
ml of iodinated contrast agent (Ultravist 370 mgI/ml, Bayer Healthcare, 
Berlin, Germany) was intravenously administered at a flow rate of 3 ml/ 
s and bolus tracking performed in the ascending aorta. After reaching 
the threshold of 100 HU at 90 kV, the contrast-enhanced retrospective 
ECG-gated cardiac spiral-CT was initiated automatically. This was 
immediately followed by either prospective ECG-gated (study cohort) or 
non-ECG gated (control cohort) high-pitch CTA of the thorax, abdomen, 
and pelvis to evaluate the vascular access routes. 

For prospective ECG-gated high-pitch CTA, the non-enhanced cal
cium score scan was used to determine the location of the aortic valve to 
set the ECG-pulsing window at this image level at 30 % of the R-R in
terval (Fig. 1). 

Patients’ mean HR and the presence of arrhythmia, such as tachy
cardia, atrial fibrillation, or premature ventricular complex, during the 
examination was assessed and documented from Digital Imaging and 
Communications in Medicine (DICOM) data. 

Fig. 1. Planning of prospective ECG-gated high-pitch CTA The planning of prospective ECG-gated high-pitch CTA was based on the non-enhanced scan (axial CT 
image). The aortic valve was located in the non-enhanced scan in order to set the ECG-pulsing window at the optimal level (purple dotted line on the left CT-scout). 
Image acquisition was set at 30% of the R-R interval (purple line on the ECG curve). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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2.3. Image reconstruction 

All contrast-enhanced images were reconstructed using a vascular 
kernel (Bv) with a sharpness level of 36 and quantum iterative recon
struction (QIR) at a strength level of 3. Images were reconstructed with a 
slice thickness of 0.8 mm and increment of 0.4 mm. Images from the 
ECG-gated cardiac spiral-CT were reconstructed in systole at a 30 % R-R 
interval, as well as a multiphase series in steps of 10 % of the R-R in
terval. Additional cardiac reconstruction was performed from the high- 
pitch CTA using an identical field of view (FOV) as the cardiac spiral-CT. 

The non-enhanced images were reconstructed according to the 
manufacturer’s guidelines for calcium scoring with 3-mm slice thickness 
and 1.5-mm increment using the default kernel Qr36. 

2.4. Assessment of the aortic root 

The aortic root was evaluated on the retrospective ECG-gated spiral- 
CT scans at a 30 % R-R interval and on the high-pitch CTA in both study 
cohorts. The anatomical structures of the aortic root were assessed ac
cording to the expert consensus guidelines from the Society of Cardio
vascular Computed Tomography (SCCT) [15]. After identifying the 
aortic annular plane in multiplanar reformations using a commercial 
picture archiving and communication system (Sectra, Linköping, Swe
den), the aortic annulus dimensions were measured to assess the 
diameter (mean diameter, short- and long-axis diameter, 
[meandiameter =

short− axisdiameter+long− axisdiameter
2 ]), perimeter, and area 

(Fig. 2). The success or failure of systolic triggering was evaluated based 
on whether the maximum opening area of the aortic valve was met. All 
measurements were performed independently by two readers: one 
trained reader (R.R.) with 1 year of experience under the close super
vision of a radiologist (M.H.) with more than 5 years of experience in 
cardiovascular imaging, and one board-certified radiologist (Y.Y.) with 
more than 12 years of experience in the field. To minimize recall bias, 
the anonymized CT images were presented in random order with no scan 
information and readers were blinded to the scan information and each 
other’s determination. 

2.5. Radiation dose 

Radiation exposure was compared using the CT dose index (CTDI) in 
mGy and dose-length product (DLP) in mGy*cm. The DLP was deter
mined using an automatically generated protocol based on the CTDI. 
Both measures were acquired using the dose report from DICOM docu
ments. Effective dose was calculated according to the latest publication 
from International Commission on Radiological Protection (ICRP) [21]. 

2.6. Statistical analysis 

Dedicated statistical software (SPSS Version 23; IBM Corporation, 
Armonk, NY, USA) was used for all statistical analyses. The Shapiro-Wilk 
test was used to test all data for normal distribution. Data are reported as 
the mean ± standard deviation or median with quartiles (Q1, Q3). 
Categorical data are reported as absolute frequencies with respective 
proportions. A p-value < 0.05 was considered significant. 

The study cohorts were compared using Chi-Quadrat, independent t- 
test, or Mann-Whitney-U tests, as appropriate. Agreement between 
different methods was assessed by Pearson’s correlation coefficients and 
Bland-Altman analyses. The strength of the linear relationship corre
sponding to the correlation coefficient value was interpreted as follows: 
r > 0.8, very strong; r = 0.6–0.8, moderately strong; r = 0.3–0.6, fair; r 
< 0.3, poor [22]. Interobserver agreement was evaluated by intraclass 
correlation coefficients (ICCs) in a two-way random-effects model. 
Levels of agreement were defined as follows: poor, <0.5; moderate, 
0.5–0.75; strong, 0.76–0.9; excellent, >0.9 [23]. 

3. Results 

3.1. Patient characteristics 

In the overall study population of 60 patients, the mean age was 79.0 
± 8.6 years and 44 (73 %) patients were male. Due to the propensity 
score matching, baseline patient characteristics were similar in the two 
cohorts (age: p = 0.93; sex: p = 0.77; HR: p = 0.65). Among all of the 
patients, arrhythmia during image acquisition occurred in 15 patients 

Fig. 2. Measurements in study cohorts Measurements of the aortic annulus were performed in both cohorts in cardiac spiral-CT at cardiac phase 30% R-R interval 
and in high-pitch CTA. Annular mean diameter, perimeter, and area were assessed. 

Table 1 
Patient characteristics.  

Characteristic Study cohort 
ECG-gated 
high-pitch CTA 

Control cohort 
Non-ECG-gated 
high-pitch CTA 

Total 

No. of patients 30 30 60 
Age, years 79 ± 7 79 ± 10 79 ± 9 
Sex, male/ female 22 (73 %) / 8 

(27 %） 
22 (73 %) / 8 
(27 %) 

44 (73 %) / 16 
(27 %) 

BMI, kg/m2 26.8 ± 4.6 26.0 ± 4.6 26.4 ± 4.6 
HR, bpm 67 ± 13 68 ± 16 67 ± 15 
Arrhythmia 8 (26.7 %) 7 (23.3 %) 15 (25 %) 
Tachycardia 1 (3.3 %) 1 (3.3 %) 2 (3.3 %) 
Atrial fibrillation 5 (16.7 %) 2 (6.7 %) 7 (11.7) 
Premature ventricular 

complex 
2 (6.7 %) 4 (13.3 %) 6 (10.0 %) 

Data are presented as mean ± SD or n (%), unless otherwise specified. 
N, number of patients; BMI, body mass index; HR, heart rate; bpm, beats per 
minute. 
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(25 %) and was not significantly different between the cohorts (p =
0.75). Detailed patient characteristics are summarized in Table 1. 

3.2. Aortic annulus measurements 

There was an excellent correlation and no significant difference (p ≥
0.09) between retrospective cardiac spiral-CT and prospective ECG- 
gated high-pitch CTA in regard to mean diameter (r = 0.94), perim
eter (r = 0.99), and area (r = 0.99; Table 2 and Fig. 3). However, the 
comparison between cardiac spiral-CT and non-ECG-gated high-pitch 
CTA showed a significant difference in the short-axis diameter (17.2 mm 
vs 18.9 mm, p = 0.03) and area (525.6 mm2 vs. 515.8 mm2, p = 0.02) of 
the aortic annulus. Furthermore, Bland-Altman plots demonstrated ho
mogenous scatter and smaller bias around the mean difference line of 
the aortic annular perimeter and area obtained by retrospective spiral- 
CT and prospective ECG-gated high-pitch CTA compared to retrospec
tive spiral-CT and non-ECG-synchronized high-pitch CTA, respectively 
(Fig. 4). 

3.3. Evaluation of the aortic valve 

In the study cohort with prospective ECG-gated high-pitch CTA, the 
aortic valve was correctly captured in systole in 27 patients (90 %). All 3 
patients (10 %) with unsuccessful systolic triggering had arrhythmias: 2 
patients had atrial fibrillation and 1 patient had premature ventricular 
complex. In the comparison cohort, the aortic valve was significantly 
less frequently acquired in systole (15 patients, 50 %, p = 0.002). Ex
amples are shown in Fig. 5. 

3.4. Radiation dose 

Compared with retrospective ECG-gated cardiac spiral-CT, the CTDI 
was significantly lower in the prospective ECG-gated high-pitch CTA 
(4.5 ± 1.13 mGy vs. 24.1 ± 7.60 mGy; p < 0.001). Despite a much 
longer scan length, the high-pitch CTA also resulted in significantly less 
radiation exposure (DLP: 317.0 ± 92.26 mGy*cm vs. 424.2 ± 136.99 
mGy*cm; Effective dose: 4.7 mSv vs. 5.9 mSv; all p < 0.001). 

4. Discussion 

This retrospective study compared pre-intervention aortic annular 
measurements from three different PCD-CT acquisition techniques in 
patients undergoing TAVR. All patients underwent retrospective ECG- 
gated cardiac spiral-CT as the clinical reference and high-pitch CTA 
with or without prospective ECG gating. 

We observed that prospective ECG-gated high-pitch CTA correlated 
well with retrospective spiral-CT, as no significant differences were 
found in the aortic annular measurements. In addition, the approach 
resulted in successful systolic acquisition of the aortic valve in almost all 
patients and a significantly lower radiation dose. In contrast, a signifi
cant difference was found in the annulus area with non-ECG-gated high- 
pitch CTA, and systolic acquisition of the aortic valve was missed in half 
of the patients. 

CT is currently accepted as the gold standard for precise assessment 
of the aortic root and vascular access routes for TAVR planning. In 
accordance with current guidelines, retrospective ECG-gated cardiac 
spiral-CT with coverage of the entire cardiac cycle is most often used for 
aortic root acquisition in pre-TAVR CT [10,15]. However, this method 
inherently leads to a high radiation dose. As TAVR is generally per
formed in elderly patients with high surgical risk, the dose reduction 
may appear secondary. However, due to its rapid development, the in
dications for TAVR have expanded from high-risk patients to patients 
with intermediate risk, and now even patients at low risk for surgical 
valve replacement [2,3,5–7,24–28]. This expansion led to rejuvenation 
of the TAVR patient population with an average patient age in the early 
70 s [6,7,28]. Thus, radiation exposure to evaluate this relatively 
younger patient population is becoming a concern. Furthermore, many 
TAVR patients suffer from atrial arrhythmias with HR variability 
[29,30] and multimorbidity with labored breathing, which may result in 
blurred CT images in retrospective gating due to respiratory motion or 
changing R-R intervals [17]. In contrast, high-pitch scan mode with a 
significantly shorter acquisition time reduces motion artifacts [31,32]. 
Therefore, prospective ECG-gated high-pitch CTA with a lower radiation 
dose, robust safety, and comparable diagnostic accuracy has potential to 
become a part of standard CT protocols for pre-TAVR assessment. 

Qureshi et al. compared retrospective ECG-gated spiral-CT with non- 
ECG-gated high-pitch CTA and demonstrated strong correlations in the 
aortic annular perimeter and area measured between the two different 
scanning protocols [19]. This result is similar to our findings in the 
control cohort using high-pitch CTA without ECG-synchronization. 
However, due to dynamic changes in the aortic annulus dimension 
during the cardiac cycle [33], manufacturers base their valve sizing 
recommendations on systolic measurements. Therefore, the non-ECG- 
synchronized approach, with possible acquisition of the aortic root in 
diastole and subsequent risk of under-sizing the prosthesis, is not satis
factory. In this context, our study demonstrated the advantages of 
adequate ECG-synchronization. Compared to the scanning protocol 
without ECG-synchronization, prospective ECG-gated high-pitch CTA 
has superior correlation with, as well as less bias than, the reference 
standard. Furthermore, the aortic valve was successfully acquired in 
systole in almost all of the patients, whereas half were missed by non- 
ECG-gated CTA, which makes ECG-gated high-pitch CTA much more 
reliable for aortic annular measurement. 

Capilli et al. also investigated the performance of high-pitch CTA in 
annulus measurements compared with retrospective ECG-gated spiral- 
CT [34]. Due to the use of ECG-synchronization in high-pitch CTA, they 
achieved comparable improved results as Qureshi et al., with stronger 
correlation and less bias between the annular area measured by high- 
pitch CTA and cardiac spiral-CT. In this study, the high-pitch CTA 
scan started at 10 % of the R-R-interval at the upper border of the cardiac 
level (region of the carina), assuming to reach the region of the aortic 
root between 15 % and 25 % of the R-R interval. Compared to their 
estimated systolic high-pitch CTA, in our study, with the help of new 
developments in PCD-CT, the aortic valve was visualized in the desired 
systolic phase. Therefore, our study showed even superior results in 
assessing the aortic annulus by prospective ECG-gated high-pitch CTA. 

Table 2 
Summary of aortic annular measurements.  

Annulus 
measurement 

Comparison 
cardiac spiral-CT vs. 
high-pitch CTA 

Spiral-CT CTA Mean difference 
(95 % CI) 

P value R correlation  

Diameter 
ECG-gated 28.4 ± 2.6 28.3 ± 2,7 0.1 (− 0.2–––0.5)  0.49  0.94 
non-ECG-gated 28.8 ± 3.5 28.8 ± 3.4 − 0.3 (− 0.3–––0.3)  0.84  0.97  

Perimeter 
ECG-gated 81.3 ± 8.2 80.9 ± 8.7 0.4 (− 0.1–––0.9)  0.09  0.99 
non-ECG-gated 82.5 ± 10.0 82.0 ± 9.8 0.5 (− 1.4–––1,1)  0.12  0.98  

Area 
ECG-gated 505.7 ± 106.4 501.0 ± 112.1 4.7 (− 1.9–––11.4)  0.16  0.99 
non-ECG-gated 525.6 ± 129.9 515.8 ± 128.5 9.8 (1.4–––18.2)  0.02  0.98 

Data are presented as mean ± SD. Unit used in measurement diameter and perimeter is mm, area is mm2. 
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Recently, Hagar et al. compared the diagnostic value of ultra-high- 
resolution CTA (UHR-CTA) to that of high-pitch CTA in TAVR plan
ning on PCD-CT [35]. In their study, high-pitch CTA was performed at 
25 % of the R-R interval to depict the aortic annulus in the systolic 
phase. Compared to retrospective ECG-gated UHR-CTA, high-pitch CTA 
also achieved satisfying results with a strong positive correlation in the 

annular area-derived diameter. Probably due to the minimal difference 
in the capture time point in the R-R interval, the correlation and bias in 
annular measurements between the different scan methods were slightly 
inferior to our results. 

In our study, due to arrhythmia, the aortic valve was not met in 
systole in 10 % of patients during the prospective ECG-gated high-pitch 

Fig. 3. Correlation scatterplots Top row: Retrospective ECG-gated cardiac spiral-CT compared to prospective ECG-gated high-pitch CTA. Bottom row: Retrospective 
ECG-gated cardiac spiral-CT compared to non-ECG-gated high-pitch CTA. 

Fig. 4. Bland-Altman plots Top row: Retrospective ECG-gated cardiac spiral-CT compared to prospective ECG-gated high-pitch CTA. Bottom row: Retrospective ECG- 
gated cardiac spiral-CT compared to non-ECG-gated high-pitch CTA. 
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scan. Capilli et al. showed that the high-pitch protocol was associated 
with significant prosthesis under-sizing based on the annulus diameter 
in patients with atrial fibrillation [34]. Hagar et al. also demonstrated 
that high-pitch CTA with lower image quality, presumably due to 
arrhythmia was more likely to lead to different prosthesis sizing [35]. 
Thus, immediate image evaluation after high-pitch CTA, and possibly 
supplementary acquisition, such as UHR-CTA, should be considered in 
cases necessitating enhanced image details. 

Furthermore, this study corroborates previous studies reporting 
significantly lower radiation doses with high-pitch CTA compared to 
cardiac spiral-CT [18,19,34,35]. In recent trials, TAVR showed a clear 
early safety benefit over surgical aortic valve replacement in low-risk 
patient populations. This led to expanding TAVR indications in 
younger patients [6,7,28,36]. Therefore, the advantage of high-pitch 
CTA with reduced radiation exposure is growing in interest. Consid
ering that current TAVR-planning CT protocols usually consist of cardiac 
spiral-CT and an additional CTA, the protocol simplification solely using 
high-pitch CTA could lead to an approximate 60 % reduction in radia
tion dose. Acquisition with prospective ECG-gated high-pitch CTA en
ables both the evaluation of TAVR access routes and sufficient 
assessment of the aortic root, as well as a comparably accurate mea
surement of the aortic annulus. In addition, the high-pitch CTA scan 
protocol has the advantage of decreasing the scan time and contrast 
medium exposure [37,38]. 

This study has some limitations. First, patient numbers were limited 
in this single-center study. Second, the impact on prosthesis sizing based 
on annular measurements from cardiac spiral-CT and prospective ECG- 
gated high-pitch CTA was not investigated in this study. Because the 
choice of prosthesis type and size does not simply depend on the annular 
dimensions, many other factors, such as calcification of the aortic valve, 
location of the coronary ostium, and operator experience, influence 

prosthesis selection, especially in the overlap between two different 
prosthesis sizes following the manufacturer’s recommendation. There
fore, only absolute measurements of the aortic annulus were compared 
in our study. Previous studies have already shown excellent agreement 
in hypothetical balloon-expandable prosthesis sizing. Qureshi et al. 
demonstrated that non-ECG-gated high-pitch CTA and retrospective 
cardiac spiral-CT lead to the selection of almost the same hypothetical 
transcatheter valve size [19]. The studies by Hagar et al. and Capilli 
et al. also showed approximately 90 % agreement in hypothetical 
prosthesis selection between cardiac spiral-CT and ECG-synchronized 
high-pitch CTA [34,35]. However, in patients with atrial fibrillation, 
smaller prostheses were chosen based on results from high-pitch CTA 
compared with retrospective spiral-CT [34]. Based on these hypothetical 
results, prospective trials investigating the real-world impact of scan 
protocols on prosthesis choice should be considered. Finally, our study 
did not focus on low-risk TAVR candidates and mostly included patients 
with intermediate to high-risk in whom there was significant annular 
calcification. Theoretically, low-risk patients may have less calcification 
in the aortic valve, making it more complicated to locate it on the non- 
enhanced CT scan. Thus, future studies in low-risk patients with mildly 
calcified annuli are needed to evaluate the utility of prospective ECG- 
gated high-pitch CTA. 

5. Conclusion 

Pre-intervention prospective ECG-gated high-pitch scans with tar
geted systolic acquisition at the level of the aortic valve derived from 
PCD-CT can simultaneously visualize TAVR access routes and accurately 
measure the systolic annulus size. This could aid in optimizing pre- 
intervention scan protocols for lower radiation doses in the growing 
population of younger, low-risk TAVR patients. 

Fig. 5. Example of the impact of ECG-synchronization in high-pitch CTA on assessment of the aortic valve (a) In the prospective ECG-gated high-pitch CTA with ECG- 
gating at the 30% R-R interval, the aortic valve was hit exactly in systole. (b) In contrast, in high-pitch CTA without ECG-synchronization, the aortic valve was met 
in diastole. 
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