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Cholesterol Crystal Dissolution Rate of 
Serum Predicts Outcomes in Patients With 
Aortic Stenosis Undergoing Transcatheter 
Aortic Valve Replacement
Baravan Al-Kassou , MD*; Lara Al-Kassou, MD*; Thorsten Mahn, MD; Dieter Lütjohann , PhD; 
Jasmin Shamekhi , MD; Nicola Willemsen , MD; Sven Thomas Niepmann, MD; Stephan Baldus , MD; 
Malte Kelm , MD; Georg Nickenig, MD; Eicke Latz , MD; Sebastian Zimmer , MD

BACKGROUND: Aortic stenosis has pathophysiological similarities with atherosclerosis, including the deposition of cholesterol-
containing lipoproteins. The resulting cholesterol crystals activate the NLRP3 (NOD-like receptor protein 3) inflammasome, 
leading to inflammation and cardiovascular diseases. We aimed to investigate the cholesterol crystal dissolution rate (CCDR) 
of serum in patients with aortic stenosis and to assess the prognostic value of this biomarker.

METHODS AND RESULTS: The study included 348 patients with aortic stenosis undergoing transcatheter aortic valve replace-
ment. The CCDR was measured using flow cytometry to enumerate cholesterol crystals that were added to a serum solution, 
at baseline and after 2 hours of incubation. Based on the median CCDR, the cohort was stratified into high and low choles-
terol crystal dissolvers. The incidence of the primary end point, a composite of 1-year all-cause mortality and major vascular 
complication, was significantly lower in the high CCDR group (7.3 per 100 person-years) compared with the low CCDR group 
(17.0 per 100 person-years, P=0.01). This was mainly driven by a lower 1-year mortality rate in patients with a high CCDR (7.3 
versus 15.1 per 100 person-years, P=0.04). Unplanned endovascular interventions were significantly less frequent in high 
cholesterol crystal dissolvers (12.8 versus 22.6 per 100 person-years, P=0.04). Although low-density lipoprotein cholesterol 
levels were comparable in both groups (101.8±37.3 mg/dL versus 97.9±37.6 mg/dL, P=0.35), only patients with a low CCDR 
showed a benefit from statin treatment. In multivariate analysis, low CCDR (hazard ratio, 2.21 [95% CI, 0.99–4.92], P=0.04) 
was significantly associated with 1-year mortality.

CONCLUSIONS: The CCDR is a novel biomarker associated with outcome in patients with aortic stenosis undergoing transcath-
eter aortic valve replacement. It may provide new insights into patients’ anti-inflammatory capacity and additional prognostic 
information beyond classic risk assessment.
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Calcific aortic stenosis (AS) is the most common 
acquired valvular heart disease in developed 
countries.1,2 Its incidence is expected to rise in 

the coming years due to a growing life expectancy of 
modern societies.3 AS is characterized by thickening 
and calcification of the aortic valve cusps and results 
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in an obstruction of left ventricular outflow, leading to 
heart failure and ultimately to death from cardiovascu-
lar causes.4

The pathophysiology of AS has several findings 
in common with atherosclerotic diseases, including 
chronic inflammation, deposition of lipoproteins, and 
active calcification.5–8 Additionally, cumulative effects 
of genetic risk variants and cardiovascular risk factors 
as well as lipoprotein and total cholesterol levels play a 
crucial role in the development of AS.4,9,10

Initially, mechanical and shear stress induced dys-
function of valvular endothelial cells leads to the depo-
sition of cholesterol containing lipoproteins and the 
infiltration of immune cells in the aortic valve cusps.6,11 
If the local cholesterol concentration exceeds its sol-
ubility, cholesterol crystals (CC) form and are depos-
ited in the extracellular space. In fact, histopathological 

examination of resected human aortic valves has re-
vealed that calcific aortic valve cusps abundantly con-
tain CC.12,13 Moreover, it has been demonstrated that 
CCs can activate the NLRP3 (NOD-like receptor pro-
tein 3) inflammasome in macrophages, resulting in an 
interleukin-1 driven inflammation that leads to the de-
velopment of cardiovascular diseases.14,15 Accordingly, 
deposits of CC appear to be an early cause rather than 
a late consequence of inflammation, contributing to the 
progression of lesion formation and ultimately leading 
to the development of severe AS.14

Currently, the only effective treatment for severe 
AS is either surgical or transcatheter aortic valve re-
placement (TAVR). However, valve replacement only 
removes the left ventricular outflow obstruction and 
does not modify the underlying pathology. Moreover, 
several case reports have reported CC embolization 
after TAVR, affecting various downstream organ sys-
tems.16–18 Thus, despite the distinct improvements in 
outcomes achieved by these interventions, peripro-
cedural complications and high 1-year mortality rates 
ranging between 23.7% and 30.7% remain significant 
concerns, potentially attributed to progressive inflam-
mation and calcification.19,20 Investigating the role of 
CC, a main factor of chronic inflammation and the 
signaling pathway in AS, is therefore of great interest 
in this context. The aim of the present study was to 
quantify the endogenous cholesterol crystal dissolu-
tion rate (CCDR) in patients with AS undergoing TAVR. 
We sought to examine whether CCDR is associated 
with clinical outcomes and suitable for identifying vul-
nerable patients with increased sclerotic burden at 
high risk despite valve replacement.

METHODS
Patient Population
From January 2017 to February 2020, 388 patients 
with severe native AS underwent TAVR with next-
generation transcatheter heart valves at the Heart 
Center Bonn and were included in this study. In this 
analysis, 40 patients were excluded for whom no valid 
CCDR measurements could be obtained. Moreover, 
exclusion criteria included patients with bicuspid or 
noncalcified aortic valves (n=2), active endocarditis 
(n=0), valve-in-valve procedures for degenerated aortic 
valve prostheses (n=11), and patients with an estimated 
life expectancy <1 year (n=1). All patients underwent a 
detailed preoperative evaluation including transesoph-
ageal echocardiography, computed tomography (CT), 
and coronary angiography. After evaluation, all cases 
were discussed within the local interdisciplinary heart 
team. The study was approved by the local ethics com-
mittee of the University of Bonn (No. 077/14). Written 
and informed consent was obtained from all patients 

CLINICAL PERSPECTIVE

What Is New?
•	 We present a novel assay for quantifying the 

endogenous cholesterol crystal dissolution 
rate (CCDR), a major contributor to interleukin-
1 driven chronic inflammation, in patients with 
severe aortic stenosis undergoing transcatheter 
aortic valve replacement.

•	 A low CCDR was associated with significantly 
higher bilateral iliofemoral calcification and in-
creased vascular injury during the transcatheter 
aortic valve replacement procedure compared 
with a high CCDR.

•	 A low CCDR was associated with increased 
1-year mortality following transcatheter aortic 
valve replacement, especially driven by cardio-
vascular mortality, in comparison with a high 
CCDR.

What Are the Clinical Implications?
•	 The CCDR represents a novel biomarker with 

the potential to provide new insights into the 
preventative anti-inflammatory capability and 
additional prognostic information, thus improv-
ing the identification of vulnerable patients.

Nonstandard Abbreviations and Acronyms

AS	 aortic stenosis
CC	 cholesterol crystal
CCDR	 cholesterol crystal dissolution rate
PY	 person-years
TAVR	 transcatheter aortic valve replacement
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before blood collection. The data that support the find-
ings of this study are available from the corresponding 
author upon reasonable request.

Study End Point and Follow-Up
The primary end point of the study was prespecified 
as a composite of 1-year all-cause mortality and major 
vascular complications. Key secondary end points in-
cluded 30-day all-cause mortality, stroke, myocardial 
infarction, major bleeding complication, and acute kid-
ney injury at 30 days according to the Valve Academic 
Research Consortium 3 definition criteria as well as car-
diovascular and noncardiovascular mortality at 1 year.21 
The prosthesis–patient mismatch was calculated and 
considered moderate if indexed effective orifice area 
was ≤0.85 cm2/m2 and severe when ≤0.65 cm2/m2, as 
described previously.22 Furthermore, preinterventional 
CT scans were analyzed using 3 mensio Structural 
Heart software (Pie Medical Imaging BV, Maastricht, 
the Netherlands) to quantify the extent of aortic valve 
and iliofemoral calcification. The aortic valve calcifica-
tion was divided into the corresponding sectors of the 
right, left, and noncoronary cusp. The iliofemoral cal-
cification was measured starting from the femoral ar-
tery bifurcation to the aortic bifurcation. As published 
previously, an adjusted threshold of 550, 300, and 50 
Hounsfield units (HU) was used to assess the calcium 
volume scoring in patients with luminal attenuation of 
200 to 500 HU, <200 HU, and >500 HU, respectively.23 
Follow-up data were collected during routine outpatient 
visits and via standardized telephone interviews with 
the referring cardiologists or general practitioners.

Blood Sample Collection
After admission to the hospital, but before performing 
the TAVR procedure, blood samples were obtained 
from all enrolled patients. The samples were drawn 
from the central venous catheter and collected in 
standard tubes (S-Monovette 7.5 mL, Sarstedt AG & 
Co. KG, Nürnbrecht, Germany). To separate the serum 
from corpuscular components, the samples were im-
mediately centrifuged at 3000 rpm (1415 g) for 10 min-
utes. Subsequently, the samples were aliquoted and 
stored at −80 °C in the BioBank Bonn.

Cholesterol Crystal Preparation
The preparation of CCs was carried out from a 2 mg/mL 
(w/v) cholesterol solution in propan-1-ol (Cholesterol, 
SIGMA Life Science, St. Louis, MO; Propan-1-ol 
pure, AppliChem, Darmstadt, Germany, respectively). 
Crystal formation was induced by adding 1.5× volumes 
of endotoxin-free water (UltraPure DNase/RNase-Free 
Distilled Water, LIFE Technologies Limited, Carlsbad, 
CA). The prepared CCs were left to rest for 24 hours 

at constant room temperature and then carefully 
dried at 30 °C in a concentrator (Concentrator 5301, 
Eppendorf, Hamburg, Germany). The CCs were re-
suspended in PBS (pH 7.4, Life Technologies Europe 
BV, Bleiswijk, Netherlands) to obtain a concentration of 
10 mg/mL (w/v). Bovine albumin (bovine serum albu-
min fraction V, GE Healthcare, Pasching, Austria) was 
added to achieve a concentration of 1% after sonifica-
tion (RK 100, Bandelin Electronic, Berlin, Germany) for 
3 minutes. CCs were stored in sterile glass tubes at 4 
°C. Before analysis, the suspension was vortexed for 
at least 1 minute. Counting beads and size calibration 
beads were used for validation of crystal concentration 
and size in all samples (Count Bright Absolute Counting 
Beads and Flow Cytometry Size Calibration Kit, Life 
Technologies Corporation, Eugene, OR). Finally, we 
obtained a concentration of 3.5x106 CCs per μL at 3 to 
7 μm. Crystal quantification was validated by an inde-
pendent electric sensing zone method, using a Coulter 
Counter with a threshold of 3 μm (Coulter Counter 
Z2, Beckman Coulter Life Science, Indianapolis, IN). 
Pearson correlation showed a high agreement be-
tween the flow cytometry and electric sensing zone 
methods (Pearson coefficient, 0.949).

Cholesterol Crystal Dissolution Rate
Flow cytometry was performed to enumerate the 
CCs (FACSCalibur, Becton and Dickinson Company, 
Franklin Lakes, NJ). The obtained data were subse-
quently analyzed with FlowJo software (FlowJo V10, 
FlowJo LLC, Ashland, OR) using forward and side 
scatter characteristics to identify CCs. A gating strat-
egy that focused on the most intense region, repre-
senting 50% of all crystals in a range between 3 and 
5 μm, was used to exclude counts caused by serum. 
This approach resulted in an exclusion of large crys-
tal agglomerates and smaller fragments, as shown in 
Figure S1. For the analysis of the CCDR, that is time 
and serum concentration dependent, 140 μg of the CC 
suspension and 10 μL of counting beads were added 
to 150 μL of sample serum to achieve a final 50% serum 
solution. The mixture was incubated for 2 hours at 37 
°C with constant shaking. All measurements were 
done as quintuplets. The assessment of CCDR was 
performed at baseline and after 2 hours of incubation, 
indicating the reduction of CC as percentage change. 
To internally validate our assay, several tests were con-
ducted. Regarding the assessment of consistency and 
reproducibility of the quantitative measurements, an in-
traclass correlation coefficient showed a good agree-
ment with a Cronbach alpha of 0.713.

Statistical Analysis
Continuous variables are presented as means with SD 
if normally distributed and as median with interquartile 
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range if not normally distributed. The Kolmogorov–
Smirnov test was used to assess normal distribution 
of continuous variables. Continuous variables were 
tested with the Student’s t tests or Mann–Whitney U 
test, depending on the distribution. Categorical vari-
ables are given as absolute numbers and percentages. 
Differences in categorical variables were assessed 
using Fisher’s exact test. Correlation analysis was per-
formed using Pearson’s correlation coefficient. Linear 
regression analysis was conducted to visualize the 
correlation between CT assessed calcium volume and 
cholesterol crystal dissolution rate of serum. Primary 
and secondary outcome according to the CCDR clas-
sification was estimated by the Kaplan–Meier method, 
and log-rank test was used to determine statistical sig-
nificance. Statistically significant predictors of 1-year 
all-cause mortality were identified by first including the 
parameters in a univariate analysis and subsequently 
entering the significant predictors with a P value 
≤0.05 in a Cox proportional hazards model. Statistical 
analyses were performed with SPSS version 28 (IBM 
Corporation, Somer, NY) and Stata version 14.2 
(StataCorp LLC, College Station, TX). Statistical signifi-
cance was considered as a 2-tailed probability value 
≤0.05. All authors vouch for the data and analyses.

RESULTS
The study cohort comprised 348 patients with AS 
undergoing TAVR, from whom valid CCDR measure-
ments were obtained. The baseline characteristics 
of all patients are summarized in Table  1. The study 
population was 47.7% female and had a mean age of 
80.9±6.2 years. The median of the Society of Thoracic 
Surgeons predicted risk of mortality (2.9%, interquar-
tile range, 2.1–4.6%) and the median of EuroSCORE II 
(3.3%, interquartile range, 2.0–5.8%) indicated a low 
surgical risk for the overall cohort. The incidence of 
coronary and peripheral artery disease was 57.8% and 
51.7%, respectively. Predominant cardiovascular risk 
factors included arterial hypertension (83.9%), hyper-
cholesterolemia (62.6%), and diabetes (30.7%).

According to the flow cytometry-based analysis, 
the dissolution of CCs varied from no dissolution to a 
dissolution of >70%. The study cohort was stratified 
into high and low CC dissolvers based on the median 
CCDR. A low CC dissolution was associated with a 
higher rate of atrial fibrillation (54.0% versus 41.9%, 
P=0.03). Accordingly, the indication for permanent 
oral anticoagulation was significantly higher in patients 
with a low CCDR (58.3% versus 42.2%, P=0.004), 
whereas a dual antiplatelet therapy was more common 
in patients with a high CCDR (54.1% versus 38.6%, 
P=0.005), as shown in Table 2. With respect to the im-
planted next-generation transcatheter heart valves, the 

proportion of balloon-expandable and self-expanding 
heart valves was comparable between high and low 
CC dissolvers (48.8% versus 56.8%, P=0.16; 51.2% 
versus 43.2%, P=0.16, respectively).

Although the serum concentration of low-density 
lipoprotein (LDL) cholesterol (101.8±37.3 mg/dL ver-
sus 97.9±37.6 mg/dL, P=0.35) and total cholesterol 
(158.1±43.8 mg/dL versus 154.1±40.2 mg/dL, P=0.41), 
as well as previously established use of statins (76.2% 
versus 83.0%, P=0.14), were comparable in patients 
with high and low CCDR, the lipid-lowering therapy 
showed a different efficacy in both groups: statin 
treatment was associated with significantly reduced 
levels of LDL (94.1±35.7 mg/dL versus 116.9±41.5 mg/
dL, P=0.003) and total cholesterol (149.8±37.1 mg/dL 
versus 174.9±48.4 mg/dL, P=0.003), mainly in patients 
with low CCDR, as presented in Figure 1.

Primary End Point
The composite of 1-year all-cause mortality and major 
vascular complications occurred in 12 patients (7.3 per 
100 person-years [PY]) with a high CCDR, compared 
with 27 patients with a low CCDR (17.0 per 100 PY, 
P=0.01), as presented in Figure 2 and Table 3. The sig-
nificantly lower rate of the primary end point in high CC 
dissolvers was mainly driven by lower rates of 1-year 
mortality as compared with low CC dissolvers (7.3 ver-
sus 15.1 per 100 PY, P=0.04) (Figure 3). Interestingly, 
noncardiovascular mortality was comparable between 
both groups (5.5 versus 5.0 per 100 PY, P=0.81), 
whereas patients with a high CCDR showed signifi-
cantly lower rates of cardiovascular mortality at 1 year 
(1.8 versus 10.1 per 100 PY, P=0.003), as indicated in 
Figure 4. The rate of major vascular complication was 
numerically higher in patients with a low CCDR but 
did not reach significance (3.8 versus 0.6 per 100 PY, 
P=0.06).

Key Secondary End Points
In the overall cohort, both stroke and myocardial in-
farction occurred in only 2 patients, with no significant 
difference between patients with high and low CCDR 
(P=0.99). Moreover, the incidence of major bleeding 
complications was comparable in both groups (2.4 ver-
sus 2.8 per 100 PY, P=0.87). Acute kidney injury was 
observed in 3 high CC dissolvers and 1 low CC dis-
solver (1.8 versus 0.6 per 100 PY, P=0.30). CT-based 
calcium volume assessment revealed comparable 
total aortic valve calcification between both groups but 
significantly higher noncoronary cusp calcification in 
low CC dissolvers (329 mm3 versus 264 mm3, P=0.04) 
when divided into the corresponding leaflet sectors 
(Table 4). Moreover, significantly higher right as well as 
left iliofemoral calcification was detectable in patients 
with a low CCDR (1280 mm3 versus 1083 mm3, P=0.03; 
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1292 mm3 versus 1043 mm3, P=0.04, respectively), as 
shown in Figure S2. Remarkably, the rate of unplanned 
endovascular intervention for access-related vascular 
injury was significantly higher in patients with a low 
CCDR, as compared with patients with a high CCDR 
(22.6 versus 12.8 per 100 PY, P=0.04). The overall 30-
day all-cause mortality rate was 4.3 per 100 PY and 
did not differ significantly between the groups (P=0.12).

Predictors of Clinical Outcomes
Univariate and multivariate analyses revealed that 
only albumin (hazard ratio [HR], 0.88 [95% CI, 0.81–
0.96], P=0.005) and a low CCDR (HR, 2.21 [95% CI, 
0.99–4.92], P=0.04) were statistically significantly as-
sociated with 1-year all-cause mortality, as shown in 
Table 5. There was no association of patient age (HR, 
1.04 [95% CI, 0.99–1.11], P=0.14), sex (HR, 0.91 [95% 
CI, 0.47–1.78], P=0.80), left ventricular ejection fraction 

(HR, 0.99 [95% CI, 0.96–1.02] P=0.51), or C-reactive 
protein (HR, 1.0 [95% CI, 1.0–1.02], P=0.19) with out-
come in the univariate analyses. Moreover, although 
significant in the univariate analysis, atrial fibrillation 
(HR, 0.69 [95% CI, 0.20–2.37], P=0.56) as well as oral 
anticoagulant therapy (HR, 2.48 [95% CI, 0.70–8.86], 
P=0.16) showed no significant association with the 
outcome in multivariate analyses.

DISCUSSION
Contrary to the long-held assumption of a mainly me-
chanically driven process, the pathophysiology of AS 
is now established as a stress-induced and cellular-
regulated signaling pathway.11 Cardiovascular risk 
factors contribute to chronic inflammation, leading to 
fibro- and osteoblastic activation of valvular interstitial 
cells with subsequent calcification.4,6,24,25 However, 

Table 1.  Baseline Characteristics of the Patients

Overall cohort 
(n=348)

High CCDR 
(n=172)

Low CCDR 
(n=176) P value

Age, y 80.9±6.2 81.0±6.0 80.8±6.5 0.67

Body mass index, kg/m2 26.5±4.7 26.5±4.6 26.6±4.8 0.82

Female sex, % 166 (47.7) 84 (48.8) 82 (46.6) 0.75

EuroSCORE II, % 3.3 (2.0–5.8) 3.3 (2.0–6.0) 3.2 (1.8–5.6) 0.54

Society of Thoracic Surgeons predicted risk of mortality, % 2.9 (2.1–4.6) 3.0 (2.1–5.1) 2.9 (2.1–4.4) 0.34

Left ventricular ejection fraction, % 53.9±11.6 55.0±10.8 52.7±12.4 0.08

Chronic obstructive pulmonary disease, % 50 (14.4) 25 (14.5) 25 (14.2) 1.0

Coronary artery disease, % 201 (57.8) 96 (55.8) 105 (59.7) 0.52

Myocardial infarction, % 37 (10.6) 22 (12.8) 15 (8.5) 0.23

Previous percutaneous coronary intervention, % 134 (38.5) 66 (38.4) 68 (38.6) 1.0

Previous cardiac surgery, % 37 (10.6) 21 (12.2) 16 (9.1) 0.39

Atrial fibrillation, % 167 (48.0) 72 (41.9) 95 (54.0) 0.03

Stroke, % 35 (10.1) 17 (9.9) 18 (10.2) 1.0

Arterial hypertension, % 292 (83.9) 138 (80.2) 154 (87.5) 0.08

Diabetes, % 107 (30.7) 51 (29.7) 56 (31.8) 0.73

Hypercholesterolemia, % 218 (62.6) 106 (61.6) 112 (63.6) 0.74

Peripheral artery disease, % 180 (51.7) 90 (52.3) 90 (51.1) 0.83

Creatinine, mg/dL 1.1 (0.9–1.4) 1.1 (0.9–1.4) 1.1 (0.9–1.4) 0.78

Hemoglobin, g/dL 11.9±1.7 12.1±1.8 11.8±1.6 0.19

Leukocytes, g/L 7.1 (6.0–8.6) 7.0 (6.0–8.5) 7.3 (5.9–8.6) 0.60

Troponin, pg/mL 24.0 (16.7–39.1) 23.6 (6.5–38.5) 25.0 (17.0–39.7) 0.40

Low-density lipoprotein cholesterol, mg/dL 99.8±37.4 101.8±37.3 97.9±37.6 0.35

High-density lipoprotein cholesterol, mg/dL 55.0 (43.0–67.0) 56.0 (44.0–71.0) 54.0 (41.3–64.8) 0.07

Total cholesterol, mg/dL 156.0±42.0 158.1±43.8 154.1±40.2 0.41

Triglyceride, mg/dL 96.0 (69.3–134.8) 90.5 (66.0–133.3) 99.0 (73.8–139.5) 0.18

C-reactive protein, mg/L 2.8 (1.0–6.8) 2.9 (0.9–6.6) 2.7 (1.02–7.0) 0.48

Procalcitonin, μg/L 0.05 (0.03–0.07) 0.05 (0.03–0.07) 0.04 (0.03–0.07) 0.24

Chronic renal failure, % 161 (46.3) 80 (46.5) 81 (46.0) 0.91

Dialysis, % 4 (1.1) 2 (1.2) 2 (1.1) 1.0

CCDR indicates cholesterol crystal dissolution rate.
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modification and medical treatment show limited ef-
ficacy in preventing AS progression.26–28 This may be 
because these risk factors merely reflect individual 
health conditions, rather than providing insights into 
patient’s capability to react to stressors.

In this study, we present a novel assay for mea-
suring the serum capacity to dissolve CCs. As previ-
ously shown, CCs are not only the main components 
of atherosclerotic plaques in vessels but also a main 
constituent of calcific aortic valve cusps and a major 
endogenous danger signal inducing inflammation.12–14 
Accordingly, the capacity to dissolve CCs reflects the 
specific capability of individuals to prevent chronic in-
flammation, even beyond aortic valve replacement. In 
fact, our results show that patients with a low CCDR 

had a 2-fold increased risk of 1-year all-cause mortality 
compared with patients with a high CCDR (P=0.04). 
This association was mainly driven by cardiovascular 
death, which was 5-fold higher in low CC dissolvers 
(P=0.003), whereas noncardiovascular mortality rates 
were similar between both groups (P=0.78). The overall 
30-day mortality was 4.0%, compared with predicted 
30-day mortalities of 3.3% and 2.9% according to 
the EuroSCORE II and Society of Thoracic Surgeons 
predicted risk of mortality, respectively. This finding 
aligns with several studies that have shown that both 
scores underestimate the risk in patients undergoing 
TAVR.29,30 Notably, the predicted mortality was slightly 
overestimated in patients with a high CCDR, whereas 
it was significantly underestimated in patients with a 

Table 2.  Prior Medical Treatment and Procedural Data, %

Overall cohort (n=348) High CCDR (n=172) Low CCDR (n=176) P value

Prior medical treatment

Dual antiplatelet therapy, % 161 (46.3) 93 (54.1) 68 (38.6) 0.005

Oral anticoagulants, % 175 (50.4) 73 (42.2) 102 (58.3) 0.004

Beta blocker, % 216 (65.1) 107 (64.1) 109 (66.1) 0.73

Angiotensin-converting enzyme inhibitor, % 125 (37.7) 65 (38.9) 60 (36.4) 0.65

Angiotensin receptor blocker, % 98 (29.5) 52 (31.1) 46 (27.9) 0.55

Calcium antagonist, % 94 (28.3) 41 (24.6) 53 (32.1) 0.14

Diuretic, % 227 (68.4) 115 (68.9) 112 (67.6) 0.91

Statin, % 277 (79.6) 131 (76.2) 146 (83.0) 0.14

Ezetimibe, % 21 (6.3) 12 (7.2) 9 (5.5) 0.65

Implanted transcatheter heart valves

Balloon-expandable heart valves, % 184 (52.9) 84 (48.8) 100 (56.8) 0.16

Self-expanding heart valves, % 164 (47.1) 88 (51.2) 76 (43.2) 0.16

Procedural results

Moderate or severe paravalvular leak, % 3 (0.9) 1 (0.6) 2 (1.1) 1.0

Moderate PPM (iEOA ≤0.85 cm2/m2) 9 (2.6) 4 (2.3) 5 (2.8) 1.0

Severe PPM (iEOA ≤0.65 cm2/m2) 0 (0) 0 (0) 0 (0) 1.0

CCDR indicates cholesterol crystal dissolution rate; iEOA, indexed effective orifice area; and PPM, prosthesis–patient mismatch.

Figure 1.  LDL and total cholesterol levels according to CCDR.
A statin treatment was associated with significantly reduced LDL cholesterol (A) and total cholesterol (B) levels only in patients with a 
low CCDR. CCDR indicates cholesterol crystal dissolution rate; and LDL, low-density lipoprotein.
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low CCDR. This discrepancy, especially in patients 
with a low CCDR, supports our hypothesis that CCDR 
may provide additional prognostic information beyond 

classic risk assessment. Regarding procedure-specific 
complication, major vascular complications were nu-
merically 5 times more frequent in patients with low 

Figure 2.  Clinical outcomes according to CCDR.
The primary end point, a composite of 1-year all-cause mortality and major vascular complication, was significantly less frequent in 
patients with a high CCDR, mainly driven by lower rates of mortality. The need for unplanned endovascular interventions was more 
frequent in patients with a low CCDR, whereas there was no significant difference in the occurrence of stroke or myocardial infarction. 
CCDR indicates cholesterol crystal dissolution rate.

Table 3.  Clinical End Points

Overall cohort (n=348) High CCDR (n=172) Low CCDR (n=176)

P valuen (%) IR/100 PY n (%) IR/100 PY n (%) IR/100 PY

Primary end point 39 (11.2) 12.0 12 (7.0) 7.3 27 (15.3) 17.0 0.01*

1-year all-cause mortality 36 (10.3) 11.1 12 (7.0) 7.3 24 (13.6) 15.1 0.04*

Cardiovascular mortality 19 (5.5) 5.9 3 (1.7) 1.8 16 (9.1) 10.1 0.003*

Noncardiovascular mortality 17 (4.9) 5.3 9 (5.2) 5.5 8 (4.5) 5.0 0.78

Major vascular complication 7 (2.0) 2.2 1 (0.6) 0.6 6 (3.4) 3.8 0.06

Key secondary end points

Major bleeding 9 (2.6) 2.8 4 (2.3) 2.4 5 (2.8) 3.1 0.87

Minor vascular complication 53 (15.2) 16.4 26 (15.1) 15.8 27 (15.3) 17.0 0.95

Stroke 2 (0.6) 0.6 1 (0.6) 0.6 1 (0.6) 0.6 0.99

Myocardial infarction 2 (0.6) 0.6 1 (0.6) 0.6 1 (0.6) 0.6 0.99

Acute kidney injury 4 (1.1) 1.2 3 (1.7) 1.8 1 (0.6) 0.6 0.30

Unplanned endovascular 
interventions

57 (16.4) 17.6 21 (12.2) 12.8 36 (20.5) 22.6 0.04*

New permanent pacemaker 25 (7.2) 7.7 14 (8.1) 8.5 11 (6.3) 6.9 0.51

30-d all-cause mortality 14 (4.0) 4.3 4 (2.3) 2.4 10 (5.7) 6.3 0.12

CCDR indicates cholesterol crystal dissolution rate; IR, incidence rate; and PY, person-years.
*A 2-tailed probability value P ≤ 0.05 was considered statistically significant.
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CCDR, although not reaching significance (P=0.06). 
Contrast-enhanced CT scans revealed a significant 
≈20% increase in bilateral iliofemoral calcification in 
the low CCDR group (P≤0.04). Accordingly, the need 
for unplanned endovascular interventions for access-
related vascular injury was 68% higher in patients with 
a low as compared with a high CCDR (P=0.04). This 
may indicate an increased atherosclerotic burden in 
these patients, even if this is not reflected in classic clin-
ical parameters such as coronary or peripheral artery 
disease. In regard to other procedure-related factors 
that may affect late outcomes in patients undergoing 
TAVR, such as paravalvular leaks, prosthesis-patient 
mismatch, and permanent pacemaker implantation, 
no differences were observed between high and low 
CC dissolvers (P≥0.54).22,31,32

In general, lipid-lowering strategies using β-hydroxy 
β-methylglutaryl-CoA reductase and proprotein con-
vertase subtilisin/kexin type 9 inhibitors to reduce LDL 
cholesterol levels are among the most effective inter-
ventions to modify the cardiovascular risk profile.33,34 
According to the current guidelines of the European 

Society of Cardiology for the management of dyslip-
idemias, the greatest possible reduction of LDL levels 
is recommended to prevent cardiovascular diseases, 
especially in high-risk and very high-risk patients.35 
However, in patients with mild-to-moderate AS, several 
randomized trials have failed to show a beneficial effect 
of a lipid-lowering therapy in slowing the progression 
of the stenosis.28,36,37 This might be explained by the 
fact that new biomarkers of the cholesterol metabo-
lism, such as the cholesterol efflux capacity, are more 
sensitive in predicting cardiovascular events and may 
be more promising targets for AS treatment.38,39 In our 
study, LDL-cholesterol levels were similar in both low 
and high CCDR patients (P=0.35). Interestingly, a sta-
tin treatment was associated with significantly reduced 
LDL- and total cholesterol levels only in the low CCDR 
group (P=0.003).

Although we were able to demonstrate a clear as-
sociation between CCDR and clinical outcomes in pa-
tients with AS undergoing TAVR, a causality cannot 
be unequivocally assumed based on these results, 
as the pathophysiological mechanisms underlying 

Figure 3.  Kaplan–Meier survival analysis for one-year mortality according to CCDR.
Kaplan–Meier survival analyses showed that a low CCDR was associated with significantly higher 1-year mortality rates. The red line 
represents patients with a low CCDR, the blue line is for patients with high CCDR. CCDR indicates cholesterol crystal dissolution rate.
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CCDR have not yet been elucidated. In previous stud-
ies using size-exclusion filters, our research group lo-
cated the main constituents of the CCDR at around 
300 kilodaltons. We assume that these factors bind 
and degrade CC, as repetitive addition and incuba-
tion of CC depletes the serum and reduces its dis-
solving capacity.40,41 Further investigation in this 
area to elucidate the mechanisms and contributing 
factors of CCDR may lead to the identification of 
novel anti-inflammatory pathways that can improve 
patient outcome both in identifying vulnerable pa-
tients and enabling targeted therapeutic intervention. 
Remarkably, we have previously demonstrated that 
pharmaceutical interventions with ursodeoxycholic 
acid and 2-hydroxypropyl-β-cyclodextrin to increase 
the solubility of cholesterol and thereby decreasing 

accumulation and deposition of CC can prevent and 
reverse murine atherosclerosis.40,41 Moreover, in pre-
liminary experiments, we have shown that pharma-
cologically increasing the solubility of cholesterol with 
2-hydroxypropyl-β-cyclodextrin reduces the develop-
ment of AS in mice.42 2-hydroxypropyl-β-cyclodextrin 
is a substance approved by the Food and Drug 
Administration and the European Medicines Agency to 
solubilize and entrap lipophilic pharmaceutical agents 
for therapeutic delivery in humans.43,44 Given its wide-
spread use and established safety profile in humans, 
2-hydroxypropyl-β-cyclodextrin can easily be tested as 
a potential therapeutic option in clinical trials. In such 
a case, the CCDR could be used to monitor the ther-
apeutic efficacy of the tested substances in increas-
ing cholesterol solubility and consequently reducing 

Figure 4.  Cholesterol crystal dissolution rate of serum in patients with severe aortic stenosis.
Quantification of the serum rate to dissolve cholesterol crystals predicts outcome in patients with aortic stenosis undergoing TAVR. 
CC indicates cholesterol crystals; CCDR, cholesterol crystal dissolution rate; TAVR, transcatheter aortic valve replacement; and THV, 
transcatheter heart valves.

Table 4.  Computed Tomography Assessed Calcium Volume (mm3)

Overall cohort (n=348) High CCDR (n=172) Low CCDR (n=176) P value

Right iliofemoral calcification 1213 (571–2204) 1083 (562–1901) 1280 (656–2809) 0.03

Left iliofemoral calcification 1167 (526–2012) 1043 (489–1785) 1292 (569–2183) 0.04

Total aortic valve calcification 673 (409–990) 636 (403–982) 732 (421–1013) 0.24

Noncoronary cusp calcification 287 (160–446) 264 (140–400) 329 (171–472) 0.04

Left coronary cusp calcification 164 (78–314) 184 (79–308) 161 (77–316) 0.44

Right coronary cusp calcification 178 (73–347) 173 (68–323) 192 (85–367) 0.99

CCDR indicates cholesterol crystal dissolution rate.
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lesion development in calcific valves and vessels. The 
identification of “druggable” pathobiological pathways 
driving inflammation and stenosis development would 
have a significant impact, especially in patients with 
AS, as surgical valve replacement and TAVR are cur-
rently the only available therapeutic options.45

In the present study, we have quantified the CCDR 
once per patient before the TAVR procedure. Whether 
the CCDR changes over time or is influenced by 
pharmaceutical interventions such as β-hydroxy β-
methylglutaryl-CoA reductase and proprotein conver-
tase subtilisin/kexin type 9 inhibitors remains unclear. 
Furthermore, the effects of CCDR on CCs in lesions 
of calcific aortic valve cusps are beyond the scope of 
our work, as we investigated patients with preexisting 
severe AS undergoing TAVR. However, several case 
series have reported CC embolization caused by CC 
showers after TAVR that affects different organ sys-
tems, including the peripheral vasculature, kidneys, 
and brain.16–18 We assume that a high CCDR may 
protect patients from CC embolization and the asso-
ciated long-term damage to organ systems. Moreover, 
a high CCDR may increase the preventative capability 
of individuals to react to inflammatory stress, leading 
to a better long-term outcome. In this context, CCDR 
may also have potential as a clinical marker for worse 
cardiovascular outcomes in other patient populations, 
such as patients with coronary heart disease.

Limitations
Limitations of the current assay include the large sam-
ple volume of 150 μL needed per replicate. Moreover, 
it is critical to prepare and use homogenous CCs and 

to strictly observe the incubation times to avoid falsified 
CCDR results. Despite the comprehensive clinical data 
collection of patients, some factors such as left ventric-
ular outflow tract calcification, which may affect later 
outcomes, were not incorporated into our study.46 The 
clinical results are limited by the observational charac-
ter of our single-center experience. Further validation 
of the CCDR assay in larger and independent collec-
tives and elucidation of the mechanisms and contribut-
ing factors of CCDR is warranted.

CONCLUSIONS
This is the first study to examine the cholesterol crys-
tal dissolution rate of serum in patients with AS under-
going TAVR. We have demonstrated that low CCDR 
is associated with increased calcification and 1-year 
mortality following TAVR using a simple and quick test 
that is highly reproducible and requires only minimal 
equipment.
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Table 5.  Predictors of 1-Year Mortality

Univariable analysis Multivariable analysis

P value HR 95% CI P value HR 95% CI

Age 0.14 1.04 0.99–1.11

Female sex 0.80 0.91 0.47–1.78

EuroSCORE II 0.03 1.09 1.0–1.19 0.73 1.02 0.90–1.15

Society of Thoracic Surgeons predicted risk of mortality 0.05 1.67 1.0–2.76 0.15 1.59 0.85–2.98

Left ventricular ejection fraction 0.51 0.99 0.96–1.02

Troponin 0.34 1.0 1.0–1.01

C-reactive protein 0.19 1.0 1.0–1.02

Low-density lipoprotein cholesterol 0.26 0.99 0.98–1.0

High-density lipoprotein cholesterol 0.03 0.98 0.95–1.0 0.29 0.99 0.96–1.01

Dyslipidemia 0.08 0.56 0.29–1.08 0.44 0.74 0.35–1.57

Atrial fibrillation 0.04 2.06 1.04–4.01 0.56 0.69 0.20–2.37

Oral anticoagulants 0.05 2.00 0.99–4.05 0.16 2.48 0.70–8.86

Dual antiplatelet therapy 0.04 0.48 0.23–0.97 0.91 1.12 0.18–7.06

Albumin 0.001 0.88 0.81–0.95 0.005 0.88 0.81–0.96

Low CCDR 0.04 2.04 1.02–4.07 0.04 2.21 0.99–4.92

CCDR indicates cholesterol crystal dissolution rate.
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