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Abstract: Objective: To identify the risk factors associated with moderate to severe perivalvular leakage (PVL) af-
ter transcatheter aortic valve replacement (TAVR) and to construct a prediction model for this risk. Methods: A 
retrospective analysis was conducted on 128 patients with severe aortic stenosis who had received TAVR in The 
Second Hospital of Hebei Medical University from January 2019 to January 2024. The length of the aortic regurgi-
tation bundle and annular circumference ratio were measured by transesophageal echocardiography immediately 
after the valve implantation. Patients with moderate to severe PVL were included in observation group, while the 
remaining comprised the control group. Clinical data of the patients were recorded, and univariate and multivari-
ate Logistic regression analyses were performed on factors potentially influencing the development of moderate to 
severe PVL after surgery. A risk prediction model was constructed correspondingly. Results: Of the 128 patients, 51 
with moderate or severe PVL served as the observation group and the remaining 77 served as the control group. The 
results of univariate and multivariate analyses identified LVOT coverage index, depth of valve implantation, LVEDd, 
aortic angulation, LVESD, and calcification volume entered as independent risk factors associated with moderate to 
severe PVL following TAVR (P<0.05). A predictive model for post-TAVR PVL was constructed by incorporating these 
significant factors. ROC curve analysis of the prediction model for moderate to severe PVL showed an area under the 
curve of 0.911. Conclusion: LVOT coverage index, depth of valve implantation, LVEDd, aortic angulation, LVESD, and 
calcification volume are independent risk factors for moderate to severe PVL in patients with severe aortic stenosis 
after TAVR. Risk prediction model constructed based on the risk factors are valuable tool for identifying patients at 
high risk of developing moderate or greater PVL post-surgery. 
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Introduction

With the aging of the population intensifying, 
degenerative aortic stenosis has become a 
common disease affecting the elderly, with inci-
dence rising annually. The prevalence of degen-
erative aortic stenosis in people over 75 in 
Europe and the United States is about 4.6% [1, 
2]. Surgical aortic valve replacement (SAVR) is 
currently an effective treatment modality for 
severe aortic stenosis. However, approximately 
30% to 50% of patients are not suitable for 
SAVR due to their advanced age, poor left ven-
tricular basic function or severe comorbidities 
[3-5]. Transcatheter aortic valve replacement 

(TAVR) is an emerging minimally invasive inter-
ventional technique that has been developed in 
recent years. In patients with severe aortic ste-
nosis unsuitable for surgical intervention, TAVR 
is superior to conventional standard therapy 
(e.g., balloon dilatation angioplasty) and com-
parable to SAVR in effectiveness [6-9]. How- 
ever, patients undergoing TAVR are more likely 
to develop postoperative perivalvular leakage 
(PVL) compared to those undergoing SAVR. 
Related research studies have demonstrated 
that over 70% of post-TAVR patients experience 
varying degrees of PVL [10, 11]. At the same 
time, the development of PVL after TAVR is rec-
ognized as an independent risk factor for both 
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short- and long-term mortality, and even mild 
periaortic regurgitation may significantly im- 
pact patients’ postoperative survival [12, 13]. 
Therefore, early prediction of patients at high 
risk for postoperative moderate to severe PVL, 
along with proactive preventative measures, is 
crucial for improving both short- and long-term 
outcomes of patients [14]. To date, no predic-
tion model has been established for postopera-
tive PVL following TAVR. To address this, this 
study aimed to identify risk factors for moder-
ate and severe PVL after TAVR and to construct 
a risk prediction model. 

Data and methods

Clinical data

A retrospective analysis was conducted on 128 
patients with severe aortic stenosis who had 
received TAVR at The Second Hospital of Hebei 
Medical University from January 2019 to 
January 2024. The study was approved the 
Ethics Committee of The Second Hospital of 
Hebei Medical University. Specific data are 
shown in Supplementary Table 1.

Inclusion and exclusion criteria

Inclusion criteria: (1) Patients with severe aortic 
stenosis who completed TAVR [15]; (2) Patients 
with preoperative multi-slice spiral CT (MSCT) 
and transthoracic echocardiography (TTE); (3) 
Patients with contraindications to surgery; (4) 
Patients with an expected survival time of over 
12 months after TAVR; (5) Patients with a New 
York Heart Association (NYHA) cardiac function 
classification of class II or higher.

Exclusion criteria: (1) Patients with acute myo-
cardial infarction; (2) Patients with fresh throm-
bus in left ventricle; (3) Patients with severe 
obstruction of the left ventricular outflow tract; 
(4) Patients with a prognostic postoperative 
survival time of less than 12 months.

Methods

Pre-operative MSCT: Patients underwent pre-
operative conventional coronary CT angiogra-
phy (CTA) and thoracic-abdominal aortic CTA. 
Using 3mensio Structural Heare software, the 
long and short diameters and circumferences 
of the annulus, aortic angle, and short diame-
ters of the aorta and left ventricular outflow 
tract (LVOT), as well as the long diameter of the 
LVOT, were measured. Meanwhile, the calcified 
volume of the aortic valve was determined to 

classify leaflet type according to Sievers’ typing 
criteria. The LVOT or annular ellipticity was cal-
culated as: Ellipticity = (1 - short annular diam-
eter/long annular diameter) × 100%; The LOVT 
coverage index = (1 - perimeter of the prosthet-
ic valve/perimeter of LVOT as measured by CT) 
× 100%.

Pre-operative TTE: Preoperative echocardiog-
raphy was conducted to record the following 
parameters: posterior wall thickness (PWT), left 
ventricular end-diastolic diameter (LVEDd), left 
ventricular end systolic diameter (LVESD), left 
ventricular ejection fraction (LVEF), left atrial 
diameter (LAD), and interventricular septal 
thickness (IVST). Additionally, relative ventricu-
lar wall thickness (RWT), left ventricular mass 
(LVM), and left ventricular mass index (LVMI) 
were also calculated: RWT = PWT × 2/LVEDd.

TAVR surgical approach: Patients received gen-
eral anesthesia via transcarotid or femoral 
route. Following routine sterilization and drap-
ping, the right internal jugular vein was punc-
tured, and a 5F sheath was implanted to deliver 
temporary pacing electrode to the right ventric-
ular apex. Transesophageal ultrasound was 
applied throughout the procedure, while fluo-
roscopy and contrast aided in puncturing the 
auxiliary and main access arteries and placing 
arterial sheaths. Two Proglide sutures were pre-
positioned in the main access femoral artery, 
and an 18-20F femoral artery sheath was deliv-
ered under the guidance of a Lunderquist ultra-
rigid guidewire. Heparin (80-100 U/kg) was 
administered and monitored every 30 minutes. 
A 6F pigtail catheter was inserted into the coro-
nary sinus or ascending aortic sinus via the lat-
eral femoral sheath of the auxiliary access 
route, and aortic root angiography was per-
formed accordingly. A straight-throw guidewire 
was selected for transvalvular delivery into the 
left ventricle, followed by a 6F pigtail catheter 
delivered to measure transvalvular differential 
pressure. The tip of the Lunderquist guidewire 
was pre-shaped and exchanged for delivery to 
the left ventricle apex, and the Numed balloon 
was over it to the aortic valve. Rapid pacing at 
180 beats/min was induced in the right ventri-
cle, and rapid dilatation was performed 1-2 
times when systolic blood pressure (SBP) fell 
below 60 mmHg. The appropriate Venus-A 
prosthetic aortic valve was selected based on 
balloon inflation and preoperative CT measure-
ments. The artificial aortic valve was positioned 
at the aortic annulus along Lunderquist guide 
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wire, using the lowest point of the pigtail cath-
eter as a reference for depth adjustment (0-6 
mm). The valve was released in stages: the first 
third of the valve was slowly released, the mid-
dle third was quickly released under the right 
ventricular pacing of 140-160 times/min, and 
finally, the artificial valve was slowly and com-
pletely released. Transesophageal echocar-
diography and aortic root angiography were 
performed immediately after valve placement 
to assess patient’s PVL status. Decisions for 
retroballoon dilation or second valve place-
ment were based on PVL, valve shape, cross-
valve pressure difference, and the opening 
height of coronary artery. At the end of the 
operation, the puncture point of the femoral 
artery was sutured with the pre-positioned 
Proglige sutures, and the patient was sent to 
the intensive care unit (ICU) with the temporary 
pacing electrodes retained for 24-48 h postop-
eratively. For patients without anticoagulant 
indications, dual antiplatelet therapy with aspi-
rin (100 mg) and clopidogrel (75 mg) was given 
for 3 to 6 months, followed by long-term single 
antiplatelet therapy. Patients requiring antico-
agulation were treated with long-term Warfarin 
postoperatively.

Assessment and grouping of PVL: Semi-
quantitative assessment of PVL was performed 
using TEE after artificial valve implantation. 
Patients were graded for PVL according to the 
VARC-3 criteria published by the International 
Valve Society Research Consortium (VARC), 
which evaluates the length of the regurgitant 
bundle of the aortic valve and the ratio of the 
annular circumference to determine PVL sever-
ity. PVL was categorized into 4 grades: none/
trivial, mild (<10%), moderate (10-30%), and 
severe (≥30%). In this study, patients with mod-
erate to severe PVL were included in the obser-
vation group and the rest were placed in the 
control group.

Statistical analysis

SPSS 27.0 was used for statistical analysis. 
The sample size was determined according to 
the formula n = z2σ2/d2, adjusted to the practi-
cal context of our hospital. Quantitative data 
were compared using t-test, and ranked data 
were analyzed with the Rank-sum test. 
Univariate and multivariate logistic regression 
analyses were performed to identify factors 
influencing the occurrence of moderate to 
severe PVL in patients. Receiver Operating 

Characteristic (ROC) curve was used to deter-
mine the cutoff values for statistically signifi-
cant continuous variables in one-way compari-
sons and to analyze the predictive value of the 
model for moderate and severe PVL. The differ-
ence was statistically significant when P<0.05.

Results

Comparison of baseline information and surgi-
cal conditions

Of the 128 patients, 51 with moderate or 
severe PVL served as the observation group 
and the remaining 77 formed the control group. 
The difference in the depth of valve implanta-
tion between the two groups was statistically 
significant (P<0.05), and the rest of the base-
line data or surgery-related conditions were not 
statistically significant (all P>0.05) (Table 1 and 
Supplementary Table 1). Typical cases are 
shown in Figure 1.

Comparison of preoperative echocardiogram 
parameters

In terms of preoperative echocardiographic 
indices, the differences in LVED and LVESD 
were statistically significant between the two 
groups (all P<0.05). However, the differences in 
PWT, LVEF, LAD and RWT were not statistically 
significant between the two groups (all P>0.05) 
(Table 2).

Comparison of MSCT scanning parameters

The differences in the annular short diameter, 
annular long diameter, LVOT short diameter, 
LVOT long diameter, LVOT coverage index,  
aortic angulation, and calcification volume 
between the two groups were statistically sig-
nificant (all P<0.05) (Table 3).

Determination of cutoff values of various risk 
factors

ROC curve was used to determine the cutoff 
values for statistically significant factors in the 
above one-way analysis, setting optimal thresh-
olds for each variable. These thresholds were 
assigned to each indicator, as shown in Figure 
2 and Tables 4, 5.

Multifactor logistic regression analysis

Multivariate logistic regression analysis of sig-
nificant factors from the univariate analysis 
revealed that the LVOT coverage index, valve 
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implantation depth, LVEDd, aortic angulation, 
LVESD, and the calcification volume were sta-
tistically significant in the regression mode (all 
P<0.05) (Table 6). 

Construction of predictive model

Based on the results of multivariate logistic 
regression analysis, a risk prediction model 
was constructed as follows: P = -2.978 - 2.085 
× LVOT coverage index + 2.184 × valve implan-
tation depth + 1.752 × LVEDd + 1.683 × aortic 
angle of formation + 1.439 × LVESD + 1.298 × 
calcification volume.

Predictive value of the models for moderate 
and severe PVL

ROC curve was used to analyze the predictive 
value of the model for moderate and severe 
PVL, and the results showed an area under the 
curve of 0.911, indicating high predictive accu-
racy (Figure 3).

Discussion

For patients with aortic valve disease who can-
not tolerate surgery or are at high surgical risk, 
transcatheter aortic valve replacement (TVAR) 
has become the primary treatment option. 
Increasingly, patients with severe valve steno-

sis are opting for this minimally invasive and 
safe treatment mode; however, the occurrence 
of perivalvular leakage (PVL) after surgery can 
diminish the benefits of TVAR, adversely affect-
ing both short- and long-term prognosis [16-
18]. This study analyzed the risk factors for 
moderate or severe PVL after TAVR, aiming to 
identify high-risk patients and implement effec-
tive preventive measures to reduce the inci-
dence of PVL. 

The study showed that 51 of 128 patients 
(39.84%) experienced moderate to severe PVL, 
consistent with findings from similar studies 
[19, 20], highlighting the high incidence of PVL 
after TAVR in patients with severe valvular ste-
nosis, which warrants clinical attention. To fur-
ther analyze the risk factors for post-operative 
PVL in patients undergoing TAVR, we identified 
that LVOT coverage index, valve implantation 
depth, LVEDd, aortic angulation, LVESD, and 
calcification volume were significant factors. 
While previous studies have focused on LOVT in 
terms of its size, elliptic index, and LOVT-to-
annular ratio, the present study introduced the 
“coverage index” for LOVT and found it to be an 
independent risk factor for the moderate to 
severe PVL after TAVR [21-23]. Excessive valve 
implantation depth emerged as an indepen-
dent risk factor for significant PVL. In this group 

Table 1. Comparison of baseline data and surgical conditions between the two groups

Parameters Observation group 
(n=51)

Control group 
(n=77) t/χ2/Z P

Gender
    Male 31 45 0.070 0.792
    Female 20 32
Age (years, 

_
x±sd) 71.29±6.42 71.64±7.03 0.285 0.776

BMI (kg/m2, 
_
x±sd) 23.08±2.37 22.97±2.41 0.255 0.800

Classification of cardiac function by NYHA
    II 6 9 0.109 0.913
    III 37 54
    IV 10 14
Hypertension (n, %) 23 (45.10) 34 (44.16) 0.011 0.917
Diabetes mellitus 8 (15.69) 14 (18.18) 0.134 0.714
Implantation of permanent pacemaker (n, %) 4 (7.84) 7 (9.10) 0.006 0.940
Valve Size
    ≤26 mm 34 (66.67) 48 (62.34) 0.250 0.617
    >26 mm 17 (33.34) 29 (37.66)
Number of in-hospital deaths 2 (3.92) 1 (12.99) 0.132 0.716
Depth of valve placement (mm, 

_
x±sd) 14.05±3.97 10.25±3.10 6.063 <0.001

Notes: BMI: body mass index; NYHA Functional Classification: New York Heart Association Functional Classification.
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Figure 1. Echocardiography of a typical case. Male, 66 years old, 
echocardiogram shows: aortic valve lesion - severe stenosis, mild 
insufficiency; dilated ascending aorta; mild tricuspid and mitral in-
sufficiency. A: Long-axis image of the left ventricle, with an artificial 
biological valve stent fixed to the aorta, with moderate circumferen-
tial regurgitation visible but without a corona. B: Apical four-chamber 
views showing moderate paravalvular leakage on the left side of the 
aortic artificial biological valve, with moderate reflux around the left 
coronary sinus. C: Apical three-chamber cutaway view demonstrating 
moderate paravalvular leakage on both sides of the aortic artificial 
biological valve, with moderate regurgitation seen around the margins 
of the left coronary and non-coronary cusps.
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of patients valve placement was generally 
deep, and excessive depth increased the 
uncovered portion of the valvular stent along 
the LVOT or left ventricle, raising the likelihood 
of moderate or greater PVL postoperatively [24-
26]. The pathophysiology of aortic stenosis is 
characterized by progressive narrowing of the 
valve opening. Aortic valve stenosis can cause 
excessive pressure load on the left ventricle of 
patients, leading to myocardial thickening or 
changes in the geometry of the left ventricle.  
As a compensatory mechanism, the patient 
decreases ventricular wall stress and main-
tains cardiac output, leading to decreased exer-
cise capacity, inadequate cardiac output, heart 
failure, and ultimately cardiac death [27-29]. In 
this study, LVEDd and LVEDSD were identified 
as independent risk factors for the occurrence 
of moderate to severe PVL after surgery, indi-
cating that myocardial hypertrophy degree and 
cardiac remodeling play crucial roles in PVL 

development. Aortic angulation was also found 
to be an independent risk factor for moderate 
to severe PVL, aligning with existing research 
findings [30, 31]. This may be due to the techni-
cal difficulties associated with aortic angle and 
deep valve implantation. In addition, severe 
calcification of the aortic valve annulus was sig-
nificantly associated with the degree of aortic 
regurgitation following TAVR, as severe calcifi-
cation can hinder proper fixation and sufficient 
expansion of the artificial valve, thereby pre-
venting it from fitting adequately with its own 
annulus and leading to the development of PVL 
[32-34].

Additionally, we constructed a prediction model 
for moderate to severe PVL in patients follow-
ing TAVR surgery by incorporating the signifi-
cant factors from multivariate logistic regres-
sion analysis. The model demonstrated a 
strong predictive value, with an area under  

Table 2. Comparison of preoperative echocardiographic indices between the two groups
Echocardiography parameters Observation group (n=51) Control group (n=77) t P
PWT (mm, 

_
x±sd) 12.02±2.81 11.97±2.15 0.114 0.910

LVEDd (mm, 
_
x±sd) 55.64±7.22 49.21±5.48 5.718 <0.001

LVESD (mm, 
_
x±sd) 41.28±8.56 34.79±6.45 4.884 <0.001

LVEF (%, 
_
x±sd) 52.33±10.42 54.35±9.66 1.122 0.264

LAD (mm, 
_
x±sd) 44.57±6.75 43.26±6.93 1.058 0.292

RWT (
_
x±sd) 0.51±0.12 0.50±0.14 0.418 0.677

Notes: PWT: posterior wall thickness; LVEDd: left ventricular end-diastolic diameter; LVESD: left ventricular end systolic diam-
eter; LVEF: left ventricular ejection fraction; LAD: left atrial diameter; RWT: relative ventricular wall thickness.

Table 3. Comparison of preoperative MSCT scanning parameters between the two groups (
_
x±sd)

MSCT scanning parameters Observation group 
(n=51)

Control group 
(n=77) t P

Aortic annular short diameter (mm, 
_
x±sd) 23.18±2.12 20.75±2.43 5.822 <0.001

Aortic annular long diameter (mm, 
_
x±sd) 29.44±3.17 26.04±2.98 6.161 <0.001

Oversize rate of implanted valves (%, 
_
x±sd) 7.40±2.58 8.01±2.73 1.265 0.208

Elliptic index of the aortic annulus (%, 
_
x±sd) 21.83±6.41 21.64±5.32 0.182 0.856

LVOT short diameter (mm, 
_
x±sd) 24.03±3.64 20.76±2.18 6.355 <0.001

LVOT long diameter (mm, 
_
x±sd) 32.12±3.67 28.96±3.33 5.046 <0.001

LVOT coverage index (
_
x±sd) 3.45±1.21 5.69±1.04 11.172 <0.001

LVOT elliptic exponent (%, 
_
x±sd) 25.67±8.01 27.23±8.30 1.056 0.293

Short diameter of sinotubular junction (mm, 
_
x±sd) 32.01±6.72 31.22±7.58 0.604 0.547

Long diameter of sinotubular junction (mm, 
_
x±sd) 35.40±7.85 34.20±8.41 0.811 0.419

Aortic angulation (°, 
_
x±sd) 59.01±7.94 51.22±6.31 6.162 <0.001

Calcifications volume (mm3, 
_
x±sd) 739.48±215.20 569.28±150.59 5.265 <0.001

Notes: LVEDd: left ventricular end-diastolic diameter; LVESD: left ventricular end systolic diameter; LVOT: left ventricular outflow 
tract; MSCT: multi-slice spiral CT.



Risk factors for perivalvular leakage after TAVR

7569 Am J Transl Res 2024;16(12):7563-7572

Figure 2. ROC curve analysis for significant factors in predicting moderate to severe PVL in patients undergoing 
TAVR. Notes: ROC: receiver operating characteristic; PVL: perivalvular leakage; TAVR: transcatheter aortic valve re-
placement.

Table 4. Cutoff values for various significant variables determined by ROC

Indicators Area under 
the curve

Truncation 
value

(Level of) 
sensitivity Specificity P 95% CI

Depth of valve implantation 0.776 13.01 mm 68.60% 83.10% <0.001 0.689-0.863
LVEDd 0.751 54.17 mm 54.90% 84.40% <0.001 0.663-0.839
LVESD 0.738 39.0 mm 70.60% 90.90% <0.001 0.637-0.838
Aortic annular short diameter 0.772 22.10 mm 86.30% 59.70% <0.001 0.690-0.853
Aortic annular long diameter 0.770 27.31 mm 49.00% 90.90% <0.001 0.687-0.853
LVOT short diameter 0.760 22.73 mm 60.80% 100% <0.001 0.665-0.855
LVOT long diameter 0.761 30.98 mm 74.50% 74.00% <0.001 0.672-0.849
LVOT coverage index 0.080 4.22 86.30% 85.70% <0.001 0.033-0.126
Aortic angulation 0.771 56.40° 64.70% 85.70% <0.001 0.685-0.857
Calcification volume 0.748 681.29 mm3 74.50% 70.10% <0.001 0.655-0.840
Notes: LVEDd: left ventricular end-diastolic diameter; LVESD: left ventricular end systolic diameter; LVOT: left ventricular outflow 
tract.

the ROC curve of 0.911, indicating its 
effectiveness.

Conclusion

In summary, the LVOT coverage index, valve 
implantation depth, LVEDd, aortic angulation, 
LVESD, and calcification volume are indepen-
dent risk factors for moderate to severe PVL in 
patients with severe aortic stenosis undergoing 
TAVR. The risk prediction model, based on 

these risk factors, is highly valuable for predict-
ing moderate to severe PVL, providing clinicians 
with an important tool for patient assessment 
and care planning post-TAVR.
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