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Abstract

Introduction This study investigated the use of dual-energy spectral detector computed tomography (CT) and vir-
tual monoenergetic imaging (VMI) reconstructions in pre-interventional transcatheter aortic valve replacement (TAVR)
planning. We aimed to determine the minimum required contrast medium (CM) amount to maintain diagnostic CT
imaging quality for TAVR planning.

Methods In this prospective clinical trial, TAVR candidates received a standardized dual-layer spectral detector CT
protocol. The CM amount (lohexol 350 mg iodine/mL, standardized flow rate 3 mL/s) was reduced systematically

after 15 patients by 10 mL, starting at 60 mL (institutional standard). We evaluated standard, and 40- and 60-keV VM|
reconstructions. For image quality, we measured signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), and diam-
eters in multiple vessel sections (i.e., aortic annulus: diameter, perimeter, area; aorta/arteries: minimal diameter). Mixed
regression models (MRM), including interaction terms and clinical characteristics, were used for comparison.

Results Sixty consecutive patients (mean age, 79.4+7.5 years; 28 females, 46.7%) were included. In pre-TAVR CT, the CM
reduction to 40 mL is possible without affecting the image quality (MRM: SNR: =1.1, p=0.726; CNR: 0.0, p=0.999). VMI
40-keV reconstructions showed better results than standard reconstructions with significantly higher SNR (+6.04, p <0.001).
Reduction to 30 mL CM resulted in a significant loss of quality (MRM: SNR: =12.9, p<0.001; CNR: =13.9, p<0.001), regardless
of the reconstruction. Across the reconstructions, we observed no differences in the metric evaluation (p>0.914).

Conclusion Among TAVR candidates undergoing pre-interventional CT at a dual-layer spectral detector system,
applying 40 mL CM is sufficient to maintain diagnostic image quality. VMI 40-keV reconstructions improve the vessel
attenuation and are recommended for evaluation.

Clinical relevance statement Contrast medium reduction to 40 mL in pre-interventional transcatheter aortic valve
replacement CT using dual-energy CT maintains image quality, while 40-keV virtual monoenergetic imaging reconstruc-
tions enhance vessel attenuation. These results offer valuable recommendations for interventional transcatheter aortic
valve replacement evaluation and potentially improve nephroprotection in patients with compromised renal function.
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Key Points

Langenbach et al. European Radiology (2024) 34:4089—-4099

- Patients undergoing transcatheter aortic valve replacement (TAVR), requiring pre-interventional CT, are often multimorbid

with impaired renal function.

- Using a spectral detector dual-layer CT, contrast medium reduction to 40 mL is feasible, maintaining diagnostic image quality.

- The additional application of virtual monoenergetic image reconstructions with 40 keV improves vessel attenuation significantly

in clinical practice.

Keywords Aortic valve, Aortic valve stenosis, Tomography (X-ray computed), Transcatheter aortic valve replacement,

Contrast media

Introduction

Aortic valve stenosis affects a significant portion of the
aging population over 65 years worldwide with a poor
prognosis [1]. Patients with a symptomatic disease have
more than 50% mortality at two years unless an aortic
valve replacement is performed promptly [2]. Tran-
scatheter aortic valve replacement (TAVR) has become
an established therapeutic procedure for patients with
high-risk or contraindications for open surgery [3-5]
and is increasingly performed in low- or intermediate-
risk patients [6]. Considering the rapid aging of the
population worldwide, the number of TAVR proce-
dures is likely to increase in the future [7].

Pre-procedural contrast-enhanced computed tomog-
raphy (CT) imaging is essential for planning the correct
prosthesis size and the aortic access route. It provides
comprehensive non-invasive information about the
valve, aortic root dimensions, and aortic and iliac artery
anatomy before TAVR. The degree of calcification and
distance of the coronary ostia from the annulus plane
are also essential for the optimal selection of the pros-
thesis model and size [8, 9].

Dual-energy or spectral computed tomography
(DECT) has shown favorable results in vascular imag-
ing because of its potential for post-processing to
increase vascular contrast [10]. A central technique in
DECT post-processing is virtual monoenergetic imag-
ing (VMI), which allows for image reconstructions at a
desired hypothetical energy level. Contrast-enhanced
vessel attenuation increases with decreasing X-ray
energies since the K-edge of iodine is closer to the lower
energy spectra. VMI reconstructions at lower keV thus
facilitate increased soft tissue and iodine contrast and
have increased vessel attenuation at lower doses of con-
trast medium (CM) [11, 12].

Patients referred for TAVR are often elderly, multimor-
bid, and a clinically significant renal impairment is com-
mon in this population, putting them at risk for acute
kidney failure after receiving intravenous iodized CM.
Contrast-induced nephropathy (CIN) is a potentially

severe complication associated with the application of
intravenous iodized CM. To minimize this risk, using the
least amount of CM as reasonably possible for diagnos-
tic purposes is essential [13]. Signal-to-noise ratio (SNR)
and contrast-to-noise ratio (CNR) are widely used as
quantitative parameters of image quality and allow for
improved visualization and more accurate diagnosis [10].
This study systematically investigates the reduction of
iodized CM to a minimum amount needed to achieve suf-
ficient diagnostic CT imaging data. We further hypoth-
esize that low-keV VMI reconstructions improve the vessel
attenuation compared to the standard reconstruction, thus
additionally supporting a reduced amount of CM.

Material and methods

Patient selection and study design

The HIPAA-compliant study protocol was approved by the
local institutional review board (IRB) (IRB No. 21-1245,
German clinical trials register DRKS00025702) as a qual-
ity assurance trial. Written informed consent was obtained
before inclusion. Patients were consecutively enrolled for
this prospective study between June 2021 and November
2021. The systematic reduction of CM followed the recom-
mendations for CM applications stated in our institutional
guidelines for CT angiography, which is according to the
actual Society of Cardiovascular Computed Tomography
(SCCT) guidelines for TAVR imaging [14]. Inclusion cri-
teria were clinical indication for TAVR with relevant aortic
valve stenosis requiring a pre-interventional CT exami-
nation, a CT examination according to the local standard
pre-TAVR CT protocol, and a scan on our dual-layer spec-
tral detector CT (IQon, Philips Healthcare). Patients with
known absolute contra-indication for CT or the application
of iodized CM (e.g., allergy) were excluded.

Contrast protocol

Our standard protocol for administering CM Iohexol
350 mg iodine/mL (Accupaque’ 350, GE Health-
care Buchler GmbH & Co. KG.) in the baseline cohort
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consisted of a bolus of 60 mL, followed by a 60-mL
saline chaser, both at a rate of 3 mL/s. After evaluat-
ing 15 patients, the protocol was adjusted. We reduced
the CM bolus in steps of 10 mL and increased the saline
chaser by 10 mL to maintain a stable total volume of
120 mL with a fixed CM injection rate of 3 mL/s. Sub-
sequent reductions were made to 50 mL CM and 70 mL
saline chaser, then 40 mL CM and 80 mL saline chaser,
and at least 30 mL CM and 90 mL saline chaser. The
injection rate was not modulated during the application
or changed with the reduction of the CM amount to
achieve optimal comparability between all groups and
reduce potential confounding effects. The CM was typi-
cally administered via the right cubital vein using an
automatic injection system (Medrad® Stellent Injection
System, Medrad, Bayer), with contrast bolus tracking
set to a threshold of 120 HU in the ascending aorta and
a threshold delay of 4.9 s.

Dual-energy computed tomography data acquisition

and image reconstruction

CT datasets were acquired with a dual-layer spectral
detector CT using retrospective ECG-gating acquisition
mode, extending from the clavicles to the femoral heads.
Scan parameters were as follows: slice thickness of 2 mm,
tube voltage 120 kV, tube current time product 130 mAs,
64x0.625 mm collimation, 0.33 s rotation time, pitch of
0.3. The CT scan duration of the CT ECG-gated angiog-
raphy was noted. The images were post-processed using
a conventional statistical iterative reconstruction algo-
rithm (IMR level 2, Philips Healthcare) and a standard
cardiac kernel. For each patient, VMI reconstructions
were calculated for the contrast-enhanced images in two
different keV levels (VMI 40 and 60 keV) on a dedicated
image processing console (IntelliSpace Portal, Philips
Healthcare) using the same iterative reconstruction
level and reconstruction kernel as the standard dataset.
Reconstructions were created immediately following the
examination at the scanner and transferred to the local
picture archiving and communication system (PACS).

Quantitative image analysis

For quantitative assessment, we measured the maxi-
mum and minimum diameters, perimeter, and area of
the aortic annulus, and minimum vessel diameters of the
ascending, descending, and abdominal aorta, as well as
bilateral common iliac, external iliac, and common femo-
ral artery runoffs.

Furthermore, the study aimed to determine the image
quality in various regions of the arterial vessels through
all reconstructions. For a quantitative assessment, regions
of interest (ROIs) were placed centrally in the vessel of
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the ascending aorta, aortic arch, descending thoracic
aorta, descending abdominal aorta, common iliac arter-
ies on both sides, external iliac arteries on both sides, and
common femoral arteries on both sides. The ROI size was
chosen individually for each patient, ensuring the larg-
est size possible while preserving the vessel wall. The CT
images were automatically linked to ensure comparability
among all reconstructions, and the ROIs were projected
in each series to guarantee the correct position and size.
Signal attenuations in mean HU values and image noise,
defined as standard deviation (SD), were measured at a
multimodal workstation. Additionally, measurements
were made in the subcutaneous adipose tissue of the
lower abdomen to calculate image contrast. Standard-
ized ROIs with a diameter of 10 mm were used for these
measurements. These measurements were performed in
triplicate and then averaged to minimize measurement
inaccuracies. SNR and CNR as standard measures of
image quality and vessel attenuation were calculated fol-
lowing the study of Willemink et al [15].

Qualitative image analysis

Two independent readers (M.L., K.K.) with experience in
cardiovascular imaging (equivalent SCCT level of accred-
itation 2) performed the qualitative image analysis using
a PACS (Dedalus Healthcare) imaging workstation. A
5-point Likert scale was employed to individually assess
the image quality of all contrast medium groups and
reconstruction: 1, non-diagnostic; 2, diagnostic despite
impairment by image noise and/or low or significantly
inhomogeneous intraluminal contrast opacification; 3,
moderate image noise with sufficient vessel attenuation,
intraluminal contrast opacification may be present; 4,
good vessel contrast and attenuation, low image noise;
5, excellent, no diagnostic limitations. The readers visu-
ally evaluated the diagnostic capability of the CT for
TAVR planning, focusing specifically on the pertinent
anatomical structures with individual evaluation of mul-
tiple vessel segments (aortic valve/annulus, ascending,
descending, and abdominal aorta, bilateral common iliac,
external iliac, and common femoral artery runoffs).

Statistical evaluation

Data was collected in a computerized database (Excel®,
Microsoft Corp.). Quantitative variables were described
with mean and SD or median, minimum, and maximum
qualitative variables with absolute and relative frequency
(%). Categorical variables were compared using the Fisher
exact test, and continuous variables were compared using
the one-way ANOVA test for normal distribution or the
Kruskal-Wallis ¢-test for asymmetric distribution. We used
multilevel mixed-effects linear regression models to assess
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the influence of the CM amount and VMI reconstructions,
including interaction terms and clinical characteristics (age,
sex, BMI, Agatston score, atrial fibrillation, and left ventric-
ular ejection fraction) and controlling for possible autocor-
relation due to multiple regions per patient. The interrater
reliability was calculated using cross tables and determin-
ing Cohen’s Kappa, evaluated according to Landis/Koch
[16]. In the essentially exploratory analysis, p values <0.05
were considered statistically significant. Statistical analy-
ses were performed using Stata (Stata 17, Stata Corp.). The
sample size for each group in this study was determined by
considering the existing literature, anticipating a significant
difference of 0.75 standard deviations [10]. To ensure a sta-
tistical power of 0.80 and account for multiple comparisons
using the Bonferroni correction, a sample size of n=12 per
group was estimated. Factoring in an expected dropout rate
of 20%, the final calculated group size was n=15.

Results

Patient cohort

A total of 60 consecutive patients (79.4 +7.5 years; range,
54-97 years), including 28 (46.7%) female patients, were
prospectively enrolled in this study (flowchart, Fig. 1).

Langenbach et al. European Radiology (2024) 34:4089—-4099

All CT examinations were performed without compli-
cations. Thus, no examinations had to be excluded from
this study. We observed no differences regarding clinical
characteristics between all 4 CM groups (p>0.271). The
patient’s mean body mass index (BMI) was 26.2+5.0 kg/
m?, ranging from 16.9 to 40.5 kg/m?. Nearly one-third of
the patients (31.7%) suffered from chronic renal failure. A
detailed overview of the individual characteristics of the
investigated patient cohort is provided in Table 1.

After the clinical and radiological TAVR evaluation,
46 patients (76.7%) from the cohort received a TAVR.
Of the 14 patients (23.3%) who did not undergo a TAVR
procedure, nine patients (15.0%) received a surgical valve
replacement.

Quantitative image analysis
Comparing the metric measurements of the aortic annu-
lus, the aorta, and pelvic arteries facilitating the different
image reconstructions, no significant differences between
the standard, and the VMI 40 keV and 60 keV could be
observed (p>0.914) (Table 2).

Considering overall SNR and CNR as markers for the
image quality and after adjustment for all interaction

Patients with severe
aortic valve stenosis
(n=60)

Study population
(n=60)

Group 1 Group 2
CTA with 60 mi CTA with 50 mi
contrast medium contrast medium
(n=15) (n=15)

Group 3 Group 4
CTA with 40 ml CTA with 30 mi
contrast medium contrast medium
(n=15) (n=15)

—

Consecutive inclusion
Fig. 1 Flowchart of study enrollment. CTA, computed tomography angiography
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Table 1 Baseline characteristics, overall, and comparing the different contrast medium groups
mean +SD, median (Q1-Q3), or N (%) Overall Group 1 Group 2 Group 3 Group 4 p value
(N=60) 60 mL 50 mL 40 mL 30mL
(N=15) (N=15) (N=15) (N=15)
Age, years 794+75 79.0+73 7741101 80.0+75 813144 0.554
Sex 0.583
Male 32(533) 8(533) 6 (40.0) 10 (66.7) 8(53.3)
Female 28 (46.7) 7 (46.7) 9 (60.0) 5(33.3) 7(46.7)
BMI, kg/mZ 262+50 249+46 263+6.2 255+35 28.1+£52 0.326
Agatston Score 2,52801[1,7243- 2,2270[1,4455- 2363.0[1,301.0- 3,6280([23040- 24150[1,897.0- 0222
4,109.8] 4,244.0] 3,216.5] 4,708.0] 2,811.5]
CTA scan duration, s 172+2.1 173%2.1 16.7+22 174+22 17322 0.831
EuroScore Il 1.8 26 24 16 1.7 0.621
[0.9-36] [1.2-36] [06-4.1] [0.8-2.5] [08-2.7]
Creatinine, mg/dL 1.0 0.9 1.0 1.0 1.1 0.740
[0.8-1.2] [0.8-1.1] [0.8-1.5] [0.8-1.1] [0.8-1.3]
GFR, mL/min/1.73 m? 614+26.2 59.0+258 63.7+36.1 683+196 54.7+205 0.532
Chronic renal failure 0611
No 41 (68.3) 11(73.3) 9(60.0) 12 (80.0) 9(60.0)
Yes 19(31.7) 4(26.7) 6 (40.0) 3(20.0) 6 (40.0)
EF 0.979
Normal (>50%) 46 (76.7) 11(73.3) 12 (80.0) 12 (80.0) 11(73.3)
Moderately reduced (41-50%) 7(11.7) 2(133) 2(133) 2(133) 1(6.7)
Reduced (31-40%) 4(6.7) 1(6.7) 1(6.7) 0(0.0) 2(133)
Severely reduced (< 30%) 3(5.0) 1(6.7) 0(0.0) 1(6.7) 1(6.7)

Categorical variables were compared using the Fisher exact test, continuous variables using the one-way ANOVA test for normal distribution, or the Kruskal-Wallis

t-test for asymmetric distribution

BMI, body mass index; CTA, computed tomography angiography; GFR, glomerular filtration rate; EF, ejection fraction

terms and clinical characteristics, a significant decrease
was seen for the 30 mL CM group (SNR: -12.92,
p<0.001; CNR: —13.86, p<0.001). No significant decrease
in image quality was observed for the 50 mL and 40 mL
CM groups. Details are provided in Table 3. A complete
overview of all interaction terms can be found in the sup-
plementary information (S1).

Regarding the different VMI reconstructions,
compared to the standard reconstruction, the VMI
40-keV reconstruction shows a significant benefit
regarding the SNR (+6.04, p<0.001) with no differ-
ence regarding the CNR (p=0.513). The VMI 60-keV
reconstruction was inferior to the standard regarding
SNR (—9.80, p<0.001) and CNR (- 18.43, p<0.001)
(Table 3, Figs. 2 and 3, S2).

We further tested various clinical characteristics for
their association with image quality and vessel attenu-
ation. After adjustment for CM amount and recon-
structions, BMI remains the only patient individual
characteristic significantly negatively associated with
the image quality (SNR:—0.88, p<0.001; CNR:—0.83,
p<0.001). Age was significantly associated with the SNR
(0.23, p=0.027), while no significance was found regard-
ing CNR (p=0.174).

Qualitative image analysis

When considering the qualitative analysis using the
visual evaluation based on the questionnaires, the inter-
rater reliability of both readers showed a substantial to
almost perfect agreement for the different vessel sections
(k=0.763-0.923). The average image quality was rated
with 5 (IQR 4-5). For the different contrast protocols and
image reconstructions, the rating was 5 (IQR 5-5) (stand-
ard reconstruction)/5 (IQR 5-5) (VMI 40 keV)/5 (IQR
4-5) (VMI 60 keV) for the 60 mL group, 5 (IQR 4-5)/5
(IQR 5-5)/ 5 (IQR 4-5) for 50 mL, 4.5 (IQR 4-5)/ 5 (IQR
5-5)/5 (IQR 4-5) for 40 mL, and 4 (IQR 3-4)/5 (IQR
4-5)/ 4 (IQR 3-5) for 30 mL (Fig. 4). Comparing the dif-
ferent contrast protocols, in patients with the application
of 30 mL CM, the image quality was rated significantly
lower compared to the standard of 60 mL (—0.7, p <0.001)
in the fully adjusted models. No significant difference in
image quality was observed for using 50 mL (p=0.904)
or 40 mL (p=0.396). Regarding the VMI reconstructions,
using VMI 40 keV significantly increased the subjective
image quality by 0.5 (»<0.001) after full adjustment. The
VMI 60 keV showed no significant impact based on the
qualitative evaluation (p=0.706). Typical imaging exam-
ples are displayed in Fig. 5.
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Table 2 Comparison of the quantitative metric measurements in the different vessel sections using standard, and VMI 40-keV and VMI
60-keV reconstructions

Vessel section Standard VMI 40 keV VMI 60 keV p value
(meanx=SD) (N=60) (N=60) (N=60)

AoAnulus diameter (max.) 33.3+45 33.2+44 33.3+45 0.995
AoAnulus diameter (min.) 290+40 293+39 293+4.1 0914
AoAnulus perimeter 101.2£135 101.3+£133 101.3+£135 0.999
AoAnulus area 773.6+202.8 779.1+200.3 778.8+202.8 0.986
AoAsc 356+4.6 356+45 356+45 0.999
AoArc 272+35 272+35 272+35 1.000
ThoAo 252+33 252+32 250+32 0.998
AbdAo 18.7+29 18.7+28 18.7+28 1.000
RCIA 10.5+2.1 10.5+2.1 10.5+2.1 0.995
LCIA 106422 106422 106+2.2 0.999
REIA 81+17 81+17 81+1.7 0.998
LEIA 81+15 80+15 81+15 0.990
RCFA 83+£16 83+16 83+16 0.998
LCFA 83+15 83£15 83+14 1.000

Aortic annulus area in mm?, all other values in mm

AoAnulus, aortic annulus; AoAsc, ascending aorta; AoArc, aortic arch; ThoAo, thoracic descending aorta; AbdAo, abdominal descending aorta; RCIA, right common iliac
artery; LCIA, left common iliac artery; REIA, right external iliac artery; LEIA, left external iliac artery; RCFA, right common femoral artery; LCFA, left common femoral artery

Table 3 Mixed regression model corrected for all interaction terms (contrast medium, reconstructions, vessel area; details in S1) and
clinical characteristics. Significant p values are indicated in bold

SNR CNR
Coef 95% Conf. Interval p value Coef 95% Conf. Interval p value

Contrast medium

60 mL Ref Ref

50 mL -0.21 —6.24-5.82 0.946 -0.27 —6.17t05.64 0.930

40 mL —-1.10 —7.23-5.04 0.726 0.00 —6.04106.04 0.999

30 mL —-12.92 —19.04 to-6.81 <0.001 -13.86 —19.87t0—-7.85 <0.001
Reconstructions

Standard Ref Ref

VMI 40 keV 6.04 3.66-842 <0.001 0.71 —-142t0284 0513

VMI 60 keV -9.80 -12.19t0—-742 <0.001 —1843 —20.56t0—16.30 <0.001
Clinical characteristics

Age 0.23 0.03-0.44 0.027 0.16 —-0.071t00.38 0.174

Sex (female) 292 -0.19t0 6.03 0.066 3.20 -0.17t06.57 0.063

BMI -0.88 -1.18t0—-0.57 <0.001 -0.83 —-1.17t0-0.50 <0.001

Agatston Score 0.00 —0.00t0 0.00 0423 0.00 —0.00 to 0.00 0.704

Atrial fibrillation 237 -0.80t05.55 0.143 340 —-0.05t06.84 0.053

Ejection fraction (normal (> 50%)) Ref

Moderately reduced (41-50%) -0.73 -5341t03.89 0.758 —-233 —7.34102.68 0.361

Reduced (31-40%) -2.89 -893t03.15 0.348 —4.17 —-10.72t0 2.39 0213

Severely reduced (<30%) 5.04 -1.70t0 11.78 0.142 6.32 —-099t013.63 0.090

SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; BMI, body mass index
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CM group

E3 eoml
E3 s0ml
B3 40ml
E3 30ml

AoAsc AoArc ThoAoAbdAo RCIA LCIA REIA LEIA RCFA LCFA  AoAsc AoArc ThoAoAbdAo RCIA LCIA REIA LEIA RCFA LCFA  AoAsc AoArc ThoAoAbdAo RCIA LCIA REIA LEIA RCFA LCFA

Region

Fig. 2 Boxplot graphic illustrating the different levels of signal-to-noise ratios in the different vessel sections, displayed for the different

reconstructions (standard, VMI 40 keV, VMI 60 keV) and the different contrast medium groups. CM, contrast medium; SNR, signal-to-noise ratio;
AoAsc, ascending aorta; AoArc, aortic arch; ThoAo, thoracic descending aorta; AbdAo, abdominal descending aorta; RCIA, right common iliac artery;
LCIA, left common iliac artery; REIA, right external iliac artery; LEIA, left external iliac artery; RCFA, right common femoral artery; LCFA, left common

femoral artery

125

Standard

40keV

60keV

100

CNR

»
o

CM group
E3 60ml
B3 50ml
ES 40ml
E3 30ml

AoAsc AoArc ThoAoAbdAo RCIA LCIA REIA LEIA RCFA LCFA  AoAsc AoArc ThoAoAbdAo RCIA LCIA REIA LEIA RCFA LCFA  AoAsc AoArc ThoAoAbdAo RCIA LCIA REIA LEIA RCFA LCFA

Fig. 3 Boxplot graphic illustrating the different levels of contrast-to-noise ratios in the different vessel sections, displayed for the different

Region

reconstructions (standard, VMI 40 keV, VMI 60 keV) and the different contrast medium groups. CM, contrast medium; CNR, contrast-to-noise ratio;
AoAsc, ascending aorta; AoArc, aortic arch; ThoAo, thoracic descending aorta; AbdAo, abdominal descending aorta; RCIA, right common iliac artery;
LCIA, left common iliac artery; REIA, right external iliac artery; LEIA, left external iliac artery; RCFA, right common femoral artery; LCFA, left common

femoral artery
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60 ml
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30mif |
60 ml
]
LA o
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w4
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W
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Likert scale
Ws
4

3
2
1

Relative occurence

Fig. 4 Stacked box model illustrating the qualitative analysis. Proportions of the rating based on a 5-point Likert scale for the evaluated vessel
sections are displayed. AoVal, aortic valve; CorOst, coronary ostia; AoAsc, ascending aorta; AoArc, aortic arch; ThoAo, thoracic descending aorta;
AbdAo, abdominal descending aorta; RCIA, right common iliac artery; LCIA, left common iliac artery; REIA, right external iliac artery; LEIA, left external
iliac artery; RCFA, right common femoral artery; LCFA, left common femoral artery

Discussion

This study evaluated the possible reduction of CM below
the standard amount of 60 mL, ensuring diagnostic
image quality for TAVR planning CT. The CM amount
necessary for a sufficient TAVR planning CT can be
reduced to 40 mL, providing equivalent results in image
quality, vessel attenuation, and evaluability compared
to the standard amount. VMI reconstructions at 40 keV
improve the CT vessel attenuation based on SNR and
qualitative image analysis compared with the standard
reconstruction.

For TAVR patients, CM administration is mandatory
for the pre-interventional CT, the invasive cardiac cathe-
terization to exclude relevant CAD, and the TAVR proce-
dure itself. Patients with high-grade, relevant aortic valve
stenosis are primarily multimorbid and often present
with impaired renal function [17]. To avoid CM-induced
nephropathy, the necessarily administered CM amount
for the pre-TAVR CT and the subsequent interventions
should be reduced as far as diagnostically acceptable.
Therefore, nephroprotection by decreasing the applied
CM amount seems warranted. An analysis of the col-
lective from the PARTNER trial showed that preopera-
tive severe renal dysfunction (eGFR<30 mL/min) was
associated with significantly increased 1-year mortality
(34.4% vs. 21.5%, moderate dysfunction, vs. 20.8%, no/
mild dysfunction) [18]. In addition, CT allows, at least in
a large proportion of patients, evaluation of the coronary
arteries with the aid of functional CT-based analysis of

coronary stenoses [19, 20]. Thus, the diagnostic cardiac
catheterization examination previously required before
TAVR implantation could potentially be omitted in the
future, leading to additional savings in CM.

One of the first studies evaluating DECT for TAVR
planning was the SPECTACULAR trial by Cavallo et al.
In this study, 116 patients were prospectively examined
using 50 mL CM. Standard and VMI 40-keV reconstruc-
tions were compared regarding image quality and metric
evaluation. The authors showed that TAVR evaluation
was possible with 50 mL CM with better results using the
VMI 40-keV dataset [10]. Furthermore, iodine contrast,
and therefore vessel attenuation, is most pronounced at
40 keV, allowing adequate assessment of vessels even at
low CM levels. Grofie Hokamp et al have shown this for
the pulmonary arteries, based on subjective and objective
CT image quality. VMI 40 keV significantly improved the
vessel attenuation in this study [21]. Shuman et al showed
that using VMI reconstructions at 50 keV allows adequate
diagnosis of the aorta with a 50% reduction of the CM
amount [22].

These results are partially in accordance with our
results. We confirmed that 50 mL CM is also suitable
for sufficient pre-TAVR imaging, and a CM amount
reduction using VMI 40-keV reconstruction is also pos-
sible without a significant loss of image quality. Never-
theless, the benefit of the VMI 40-keV reconstruction
over the standard reconstruction was only demonstra-
ble regarding SNR but not CNR. The readers preferred
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Fig. 5 Typical CTimaging examples at the level of the ascending aorta in the different contrast medium groups in three different reconstructions
(standard, VMI 40 keV, VMI 60 keV). VM, virtual monoenergetic imaging

the VMI 40-keV reconstruction over the standard
reconstruction in the qualitative evaluation.

To the best of our knowledge, our study is the first trial to
address systematically, in a comparative manner with the
previous standard of 60 mL CM, the CM amount required
for adequate pre-TAVR imaging using DECT data.

We further investigated the influence of clinical charac-
teristics on image quality. With increasing BMI, the image
quality decreased significantly [23]. Based on our results, the
image quality with 40 mL CM was sufficient for all patients
regardless of the BML. For a further reduction of CM below
40 mL or imaging in adipose patients, consideration of BMI
might be favorable. Nevertheless, a body weight—adapted
CM application might be a solution to avoid non-diagnostic
image quality, not only in pre-TAVR imaging. Interestingly,
the patient’s age was slightly positively associated with the
SNR. This might be a cofounding with other, non-investi-
gated clinical characteristics. The underlying reason remains
unclear and requires further investigation.

Comparing the individual readers revealed no significant
differences for the qualitative evaluation, showing how reli-
able and generally well evaluable pre-TAVR CT imaging is.
In particular, for the appropriate analysis of the aortic valve,
the qualitative analysis of the VMI 40-keV reconstructions
showed homogeneously good results, even in the groups
with reduced amounts of CM, except 30 mL CM. This

suggests that the reviewers accept these reconstructions well
and that an evaluation is possible in many cases, even with
reduced CM quantity and potentially increased image noise.

We followed the SCCT scan parameter recommendation,
adapted to the available CT system, and used a protocol that
allowed the acquisition of the entire examination volume
with only one ECG-triggered scan and one CM application
[24]. Our chosen protocol made a significant CM reduction
possible even with a single craniocaudal scan. Further stud-
ies regarding the optimal application protocol with 40 mL or
even 30 mL CM are necessary to achieve further progress.
One potential approach to further enhance the arterial atten-
uation more effectively could involve utilizing a split bolus
or adjusting the CM injection rate throughout the scan. Kok
et al exhibited results comparable to our study by modulat-
ing the injection rate and reducing CM volume for TAVR
imaging. Their study compared 53 mL CM at an injection
rate of 4 mL/s with 40 mL CM at 3 mL/s [23]. Higashigaito
et al employed injection rate modulation while simultane-
ously reducing CM volume to uphold consistent injection
times for patients undergoing thoracoabdominal CT angi-
ography [25]. Both approaches should be considered for fur-
ther investigations of low CM-dose protocols for vascular or
TAVR CT imaging.

Using a dual-layer or photon-counting detector CT,
reconstruction of monoenergetic datasets is possible
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retrospectively from every acquired CT scan. A dedicated
dual-energy acquisition protocol is not required. This is
the crucial difference from other dual-energy approaches
for which a dual-energy acquisition protocol must be
defined in advance. Other studies, such as those by
Grant et al and Albrecht et al, have shown that CT scan-
ners using other dual-source techniques can be similarly
employed for CM reduction [26-28]. The disadvantage
of the dual-layer spectral technology is a slower rotation
speed, especially compared to dual-source systems, and
the resulting increased radiation dose. However, in the
TAVR population with primarily elderly patients, this is
not as significant as the achieved CM reduction [29].

The present study has several limitations. Being a single-
center study, a multicenter and a multi-vendor follow-up
trial would be desirable to generalize the results. The num-
ber of patients included and the small cohort size due to
the pilot character of the study are other important limi-
tations. However, due to the significant results obtained,
the systematic analysis performed on the reduction of the
CM amount now allows further studies for a more pre-
cise evaluation of the CM protocol and for the analysis of
influencing factors to determine the necessary amount of
CM for individual patients, if required. The primary aim of
this study was to define a generalizable CM protocol valid
for all patients. The administration of CM in the study was
performed according to the valid standard operating pro-
cedure (SOP) in our institute, independent of body weight.
Body weight—adapted CM application is possibly superior
to fixed CM administration in TAVR patients, requiring
further investigation. Finally, no analysis of the renal func-
tion after the CT and interventions was performed as this
was not part of the study aims. It is of note that renal func-
tion in the context of TAVR depends not only on the CM
administered during pre-interventional CT but also on var-
ious other factors, such as the amount of CM administered
during TAVR, and postinterventional course, among oth-
ers. Therefore, a much larger cohort is necessary to show
the impact of the CM applied during CT on renal function.

This prospective study demonstrated that reducing
the CM amount used in CT imaging for TAVR planning
on dual-layer spectral detector CT to 40 mL is possible
without compromising the diagnostic image quality. VMI
40 keV reconstructions showed better results regard-
ing SNR and in the qualitative analysis and should be
preferred for image evaluation. Reduction to 30 mL CM
shows a significant loss of image quality and is therefore
not recommended for clinical practice. These results offer
valuable recommendations for TAVR evaluation and
can potentially improve nephroprotection in this fragile
patient cohort with often compromised renal function.
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