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Abstract
Introduction - The impact of manufacturer labelled prosthesis size and predicted effective orifice area (EOA) on long term survival after aortic valve replacement is not clear although indexed effective orifice area (iEOA) has been associated with worse survival.  

Methods - Data was retrospectively collected from Jan 2000 – Dec 2019 for prosthesis type, model and size for isolated aortic valve replacements. Stratified survival was compared between groups and subgroups for labelled valve size, EOA and predicted PPM.
Results – Total of 3444 patients were included. Moderate and severe PPM was 15.6% and 1.6% respectively. Cumulative life time hazard was worse for biological valves (mortality: biological 77.7% vs mechanical 64.8%, p=0.001). Mean survival was 132.7 months for biological versus 191.3 months for mechanical valves (p=0.001). Moderate prosthetic AS (EOA = 1-1.5 cm2) was12.1% and severe prosthetic AS (EOA≤1 cm2) was 0.8% respectively. Worse survival in the presence of moderate-severe prosthetic AS was seen in biological valves (115.2 months versus 133.7 months, p=0.001 for EOA≤1.5cm2 and >1.5cm2 respectively). There was a statistically significant correlation between survival and iEOA (Spearman’s rho=0.084, p=0.001, BCa bootstrap 95% CI;0.050, 0.120). Moderate to severe PPM (iEOA≤0.85cm2/m2) was a predictor of worse long term survival (HR 3.56; 95% CI: 1.37 - 9.25; p=0.009).
Conclusion - Predicted prosthetic moderate to severe AS and moderate to severe PPM adversely affect long term survival. Smaller valves are associated with reduced survival in all groups.
Impact of labelled valve size, effective orifice area (EOA) and predicted indexed effective orifice (iEOA) area on long term survival after aortic valve replacement. 
Introduction 

Patient prosthesis mismatch (PPM) was proposed by Rahimtoola and defined as indexed effective aortic valve orifice area ≤ 0.85cm2/m2 – the cut off beyond which there is an exponential increase in transvalvular flow velocities and gradients across the prosthesis(1-3). The overall incidence of moderate PPM is 15 – 60% and severe PPM is 1-10% after surgical aortic valve replacement (SAVR). 
The aortic root is a complex, three dimensional, compliant and dynamic system (4). A stented prosthesis sutured onto the aortic annulus makes it rigid and reduces the compliance of the components of the aortic root thereby reducing the function flow area. There are significant differences in the way manufacturer’s measure and report the valve size and EOA (5,6). Indexed EOA (iEOA) has been correlated with patient prosthesis mismatch (PPM), postoperative gradients, LV mass regression and long term survival. Manufacturers' labelling of valves may lead to erroneous comparisons and conclusions of hemodynamic differences between valves and PPM (7). 
The aim of this study was to find the impact of manufacturer labelled prosthesis size, predicted EOA and iEOA on long term survival after aortic valve replacement. Materials and methods

Data was retrospectively collected for all isolated SAVRs from Jan 2000 – Dec 2019 from the hospital database, PAS (Patient Administration System, e-CAMIS, Yeadon, Leeds, UK). Approval was obtained from the hospital review committee for use of data and compliance with local data protection policies. Individual consent for data use was waived off due to the nature of the study and prior approvals obtained at the time of consent for surgery. Long term survival was obtained from PAS (e-CAMIS) and additionally the National Healthcare Service Spine Portal Summary Care Records (SCR) which is an electronic database of GP medical records. SAVRs with other concomitant procedures, infective endocarditis, re-sternotomies and those with sutureless valves, homografts, autografts and aortic root enlargements were excluded. Preoperative data was collected for 20 preoperative variables as previously defined by Roques et al for EuroSCORE (European System for Cardiac Operative Risk Evaluation). Data was also collected for type, model and size of the implanted prosthesis.
EOA for the implanted valve sizes were collected from the manufacturers and these were used to calculate indexed EOA (iEOA) (Table 1). Prosthetic aortic stenosis was defined as none (>1.8 cm2) to mild (1.5-1.8 cm2), moderate (1-1.5cm2) and severe (<1cm2). Cases were divided according to PPM based on the calculated iEOA. The criteria used for PPM was as earlier described by Pibarot and Dumesnil (severe PPM; iEOA ≤ 0.65 cm2/m2, moderate PPM; 0.66–0.85 cm2/m2, normal; >0.85 cm2/m2) (8).
Baseline characteristics were reported as means with standard deviations (continuous variables) and proportions (categorical variables). Continuous variables

were compared using the Mann–Whitney test, and categorical variables were compared using the chi squared test. Correlation coefficients for survival were calculated with valve size, EOA and iEOA. A bias corrected accelerated (BCa) bootstrap resampling by independently sampling with replacement was done and bootstrap 95% confidence intervals were obtained. 
Kaplan Meir survival curves were generated and stratified long term survival at various time points was compared for groups based on labelled valve size, EOA and predicted severity of PPM using log rank (Mantel Cox) test. Cox proportional hazards model was used to identify predictors of long term survival. All statistical analyses were done using SPSS v22.0 (IBM Corp, Armank, NY). A p value <0.05 was considered statistically significant.
Results

Total of 3444 patients were included (Table 1). The EOA and the iEOA for the valve types varied considerably for the labelled valve sizes (Figure 1). The incidence of moderate PPM (EOA=1-1.5cm2) and severe PPM (EOA<1cm2) was 15.6% and 1.6% respectively. The incidence of severe PPM was 2.8% versus 0.7% in males and females respectively. 6.1% had ≤ 19mm valve (males; 0.2% vs females; 13.6%).
Valve types 

Cumulative life time hazard varied significantly between different valve types (Figure 2). Cumulative hazard was significantly worse for biological valves (overall mortality, biological; 77.7% vs mechanical; 64.8%, p=0.001). Mean survival was biological;132.7 months vs mechanical;191.3 months, p=0.001.
Labelled valve size and EOA
The overall incidence of moderate prosthetic AS (EOA = 1-1.5 cm2) was 12.1% and severe prosthetic AS (EOA≤1 cm2) was 0.8% respectively. Smaller valves were more likely to be implanted in women, >70 yrs age, good ventricular function and those with significant co-morbidities. 
EOA had a statistically significant correlation with survival (EOA; Spearman’s rho= 0.151, p=0.001, BCa bootstrap 95% CI;0.119, 0.184). The cumulative life time hazard increased with decreasing labelled valve size and EOA (Figure 3). Overall survival was 124.8 months versus 150.7 months, p=0.001 for moderate to severe prosthetic AS (EOA≤1.5cm2) and mild to no prosthetic AS (EOA>1.5cm2), respectively. Worse survival in the presence of moderate-severe prosthetic AS was seen with biological valves (115.2 months versus 133.7 months, p=0.001 for EOA≤1.5cm2 and >1.5cm2 respectively) and not in mechanical valves (182.7 months versus 189.4 months, p=0.464 for EOA≤1.5cm2 and >1.5cm2 respectively)(Figure 4).

Overall, implanted valve sizes of ≥21mm in females were associated with better long term survival (OR; 0.76, 95% CI; 0.598, 0.971, p=0.028) however there was no significant difference with further increase in the size of the implanted valve beyond 23mm (Table 2). In males, all larger valves were associated with significant improvement in odds of survival (Table 2, Figure 5). 

Valve types and PPM

There was a statistically significant correlation between survival and iEOA (Spearman’s rho=0.084, p=0.001, BCa bootstrap 95% CI;0.050, 0.120). Cumulative survival was No/mild PPM (iEOA > 0.85 cm2/m2); 152.1 months vs moderate PPM (iEOA 0.66-0.85 cm2/m2); 135.5 months vs severe PPM (iEOA ≤ 0.65 cm2/m2); 100.3 months, p=0.001 (Figure 6). Moderate to severe PPM (iEOA≤0.85cm2/m2) was a predictor of worse long term survival (HR; 3.56, 95% CI; 1.37, 9.25, p=0.009). Other significant predictors of long term survival were age and extracardiac arteriopathy (Table 3). Significant predictors of PPM were female gender, hypertension, BMI <30 and valve size < 21mm (Table 4).      
The survival was No/mild prosthetic AS;158.7 months vs moderate AS;129.2 months, p=0.001 in males and No/mild prosthetic AS;156.4 months versus moderate AS; 119.8 months, p=0.001 in females (Figure 5). 
Discussion
Many studies have corroborated the in vivo effect of severe PPM on short term mortality, LV mass regression, persistence of breathlessness, late cardiac events, congestive heart failure and long term survival (9-11). In a meta-analysis of 34 studies by Head et al, the incidence of moderate and severe PPM was 34.2% and 9.8% respectively. PPM was associated with a statistically significant increase in all-cause mortality (HR; 1.34, 95% CI: 1.18–1.51), and cardiac-related mortality (HR; 1.51, 95% CI: 0.88–2.60) (12). Various other reports after adjustment for co-morbidities have failed to establish this association with adverse long term outcomes (13-16). 
The present study used manufacturer labelled sizes and EOA to study the impact on long term survival. The EOA from pulse duplicator systems used for valve testing may be slightly exaggerated due to ideal conditions with fixed parameters, lower viscosity of the testing fluids used compared to blood and higher fidelity of the mechanical test systems. The in vitro test systems also do not consider effects of physiological responses related to changes in chronotropy, inotropy, lusitropy, preload and afterload of the heart. In the absence of oversight and standard definitions, manufacturers may choose the best gradients from either in-vitro, animal or in-vivo studies for marketing. Bleiziffer reported sensitivity and specificity of 80% and 53% (mainly charts based on echo data) and 71% and 67% using reference data derived from echocardiographic examinations. The sensitivity of charts and indexed GOA based on in vitro data was 0–17% (17,18). iEOA from manufacturer charts for Perimount Magna when compared to in vivo clinical data with postoperative echocardiograms were found to only 35%,accuracy of predictive postoperative PPM and a negative predictive valve of only 53% (19). 
Unlike Transcatheter aortic valve implantation (TAVI) where valve sizing is based on objective CT calculated AV areas, surgeons comprehend and base their decisions for implant size during surgery on labelled valve sizes (diameters) rather than EOA. The manufacturer provided charts and tables for predictive PPM are based on these labelled valve sizes. These have the advantage of predictive foresight in the selection of valves during surgery and guide decisions about aortic root enlargement. The postoperative echocardiographic data cannot provide for this ‘predict and prevent’ advantage at the time of implantation. Unlike TAVI, valve sizing during SAVR is subjective based on the surgeon’s assessment of not only the annular diameter but also the surgical risk, tissue fragility, co-morbidities, additional procedures required and the perceived hazard of a root enlargement. 
Direct intraoperative valve sizing results in smaller aortic annular diameters compared with sizing based on systolic-phase multi-detector computerized tomographic imaging used for transcatheter valves (20). Implanted valves had a potential difference in geometric orifice area (GOA) of 25-40.6% when compared to predicted size on CT imaging. Implanted valves were smaller relative to MDCT-based sizing in 41% of patients. In the Cleveland Clinic experience, twenty-five percent of patients had indexed internal orifice areas of less than 1.5 cm2/m2 and more than 2 SDs (Z-value) below predicted normal aortic valve size (21). Nitinol stent frame expansion (balloon and self inflating TAVI valves) might be another reason that moderate to severe PPM is seen less often after TAVI. In SAVR, the annulus might actually be reduced to a ‘mis-sized’ prosthetic sewing ring external diameter. In a pooled analysis of 30 studies, incidences of overall, moderate and severe PPM following TAVI were 33.0%, 25.0% and 11.0% respectively (22). There was no impact on short and mid-term mortality (30 day: OR: 1.1, 95% CI, 0.70 to 1.73 and 2 year: OR: 1.01, 95% CI, 0.74 to 1.38) between patients with PPM and those without PPM. 
We investigated both the concepts of operator dependent ‘mis-size’ and patient dependent ‘mis-match’. Mis-size refers to a smaller internal geometric area relative to the native annulus with resultant moderate to severe prosthetic AS (EOA<1.5cm2) as opposed to ‘mis-match’ which is a hemodynamic phenomenon related to increased gradients and less than adequate functional iEOA. The internal geometric areas and labelled valve sizes have not been used to identify PPM in clinical studies and mis-size with small valves has not been associated with increased mortality and adverse clinical outcomes. Smaller valves in this study had a deleterious effect on long term survival which seem to be independent of the effect of iEOA. Possibly alteration in the dynamics of the aortic annulus and root with a small size valve inhibits the normal root expansion during systole to allow a greater EOA. This effect is probably less marked for bigger valves. Analysis based on labelled EOA also showed this effect. The absence of significant rest gradients in smaller valves can be misleading. In low gradient AS patients with PPM, rates of congestive heart failure (HR, 3.6±2.2; P=0.039), impaired LV mass regression (P=0.037), and increased late mortality (HR, 3.0±1.9; P=0.084) were much higher than those with higher gradients (23). 
Moderate prosthetic aortic valve stenosis may not be a benign disease with a fixed aortic orifice in stented valves (24, 25). In a natural history study of 305 patients with moderate AS and impaired LV, the primary composite endpoint of all-cause death, AVR, and hospitalization for heart failure was seen in 61% of the patients at 4 years. Even with moderate AS, rate of all-cause death was 36%, and rate of hospitalization for heart failure was 27%patients. AVR occurred in 24% of patients.  Data from the National Echocardiography Database, Australia, with 241,303 patients linked with Australia's National Death Index, showed that increasing severity of AS was associated with poorer 1-year and 5-year mortality (26). The 5-year mortality from moderate AS (56%; odds ratio [OR] 2.6; 95% confidence interval [CI], 2.31-2.92) was significant and very similar to the 5-year mortality from severe AS (67%; OR 3.05; 95% CI, 2.79-3.33). Even after adjusting for age and gender, moderate AS (HR 1.19; 95% CI, 1.12 -1.26; p < 0.001) was similar to severe AS (HR 1.22; 95% CI, 1.13-1.31; p < 0.001). Increased mortality risk was evident at a mean aortic valve gradient of 20 mmHg and peak aortic valve velocity of 3 m/s. Similarly Delesalle reported lower than normal 6 year survival with moderate AS (53±2% versus 65%). 

In vivo studies are done under rest conditions without the effect of increased physical activity and exercise on gradients through fixed stented orifices. During exercise, the mean transprosthetic gradient and the square of transprosthetic flow rate are strongly correlated (r = 0.65, p< .001 and r = 0.84 p< .001 for aortic valve replacement and MVR, respectively), conforming to fundamental hydraulic principles for fixed orifices (27). The effective orifice area increases with exercise. The absence of significant rest gradients across the mis-sized valves can be misleading especially in the young patients who are physically active, have higher metabolic rates and cardiac indices. The inability to increase EOA in stented valves with varying demands of physical activity is more likely to be deleterious in this group. Due to greater life expectancy and prolonged PPM, the deleterious effects may be more pronounced. Faster degeneration of biological valves with even mild to moderate degrees of PPM in the young may also contribute to the overall life time hazard (28).

Both mis-size and mismatch should be avoided by changes in surgical technique. Intra-annular stitching of the prosthetic ring, everting annular mattress suture and use of pledegeted mattress stitches rather than semi-continuous or figure of 8 can potentially downsize the annulus. Intra annular placement of valves that are marketed as ‘supra-annular’ can potentially downsize the annulus. Supra annular placement of valves can potentially upsize and increase EOA. There should be a reasonably low threshold for root enlargement for any potential predicted PPM for a given size of the valve.  
Conclusions 

This study suggests that there is a great variability in predicted EOA and PPM for any given size for different valve types. Predicted prosthetic moderate to severe AS and moderate to severe PPM adversely affect long term survival. Smaller valves have reduced survival in all age groups and both males and females. 
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Tables 
Table 1   Baseline characteristics of the study cohorts
	
	Overall 

(N=3444)
	None – mild PPM
	Mod –sev PPM
	

	
	
	iEOA > 0.85 cm2/m2

(N=2852)
	iEOA ≤ 0.85 cm2/m2

(N=592)
	p value

	
	N or mean 
	% of N or SD
	N or mean
	% of N or SD
	N or mean
	% of N or SD
	

	Age
	70.3
	12.7
	69.9
	12.8
	71.9
	11.7
	0.001

	Female
	1520
	44.1%
	1210
	42.4%
	310
	52.4%
	0.001

	Angina class ¾
	229
	6.6%
	192
	6.7%
	37
	6.3%
	0.374

	Dysnea class ¾
	1271
	36.9%
	1024
	35.9%
	247
	41.7%
	0.005

	Diabetes (insulin)
	97
	2.8%
	71
	2.5%
	26
	4.4%
	0.011

	Hypertension
	1925
	55.9%
	1531
	53.7%
	394
	66.6%
	0.001

	Smoker (current)
	247
	7.2%
	213
	7.5%
	34
	5.8%
	0.079

	Extracardiac arteriopathy
	152
	4.4%
	124
	4.3%
	28
	4.7%
	0.390

	Pulmonary Disease
	516
	15.0%
	411
	14.4%
	105
	17.7%
	0.050

	Neurological Disease
	274
	8.0%
	220
	7.8%
	54
	9.2%
	0.144

	Renal impairment
	54
	1.6%
	49
	1.7%
	5
	0.8%
	0.078

	Non Sinus rhythm
	76
	2.2%
	59
	2.1%
	17
	2.9%
	0.146

	LVEF (mod – severe)
	707
	20.5%
	594
	20.8%
	113
	19.1%
	0.185

	Emergency/salvage
	124
	3.6%
	108
	3.8%
	16
	2.7%
	0.118

	BSA (m2)
	1.887
	.2282
	1.869
	.2179
	1.977
	.2541
	0.001

	logEuroSCORE
	2.38
	3.28
	2.49
	3.46
	1.63
	1.20
	0.029

	Biological valve
	2825
	82.0%
	2329
	81.7%
	496
	83.8%
	0.121

	Age < 65 yrs
	982
	28.5%
	836
	29.3%
	146
	24.7%
	0.012

	BMI >30 kg/m2
	1100
	32.5%
	784
	28.0%
	316
	53.9%
	0.001

	Labelled valve size 
	23.032
	2.2725
	23.263
	2.2646
	21.919
	1.9616
	0.001

	≤ 21mm valve
	1177
	34.2%
	864
	30.3%
	313
	52.9%
	0.001

	EOA (cm2)
	1.88
	0.49
	1.96
	0.49
	1.49
	0.26
	0.001

	Mod-sev prosthetic AS
	446
	13.0%
	98
	3.4%
	348
	58.8%
	0.001

	iEOA (cm2/m2)
	1.00
	0.26
	1.05
	0.26
	0.75
	0.75
	0.001

	
	
	
	
	
	
	
	

	LVEF – left ventricular ejection fraction, BSA – Body Surface Area, BMI – Body Mass Index, EOA – Effective Orifice area, iEOA – indexed Effective Orifice Area 

	
	
	
	
	
	
	
	


Table 2 – Cox proportional hazards  analysis for predictors of adverse survival after aortic valve replacement.
	
	Hazard  ratio
	P value
	95.0% CI

	
	
	
	Lower
	Upper

	Age
	1.068
	.012
	1.015
	1.123

	Gender
	.655
	.347
	.271
	1.583

	Dyspnoea, NYHA Cl 3-4
	.942
	.901
	.368
	2.414

	Angina, CCS Cl 3-4
	.000
	.976
	-.
	-

	Hypertension
	1.380
	.447
	.601
	3.171

	Diabetes (insulin)
	1.206
	.861
	.149
	9.781

	Smoker (current)
	.940
	.937
	.207
	4.273

	Preop renal failure
	2.845
	.329
	.348
	23.237

	Pulmonary disease
	1.527
	.543
	.391
	5.973

	Neurological disease
	1.089
	.912
	.237
	5.007

	Extracardiac arteriopathy
	.242
	.039
	.063
	.933

	LVEF <45%
	1.039
	.885
	.618
	1.749

	Emergency/salvage
	3.479
	.319
	.300
	40.405

	Previous surgery
	1.466
	.753
	.135
	15.891

	Biological valve
	.900
	.928
	.092
	8.790

	Euroscore II
	1.003
	.953
	.895
	1.126

	Mod-sev PPM (iEOA<0.85)
	3.555
	.009
	1.366
	9.250

	Size 21mm or less
	.870
	.859
	.188
	4.037

	NYHA -  New York Heart Association, CCS -  Canadian Cardiovascular Society, LVEF – Left ventricular ejection fraction, iEOA – indexed Effective Orifice Area. p≤0.05 was considered significant



Table 3 - Logistic regression for long term survival based on labelled valve sizes for males and females. The number of 19mm valves for males and ≥25mm valves for females were too small.   
	
	
	Odds ratio
	P value
	95% confidence intervals

	
	
	
	
	Lower
	Upper

	Male
	size19 or less
	4.000
	.234
	.408
	39.220

	
	size21 or less
	1.773
	.000
	1.286
	2.445

	
	size23 or less
	1.419
	.013
	1.076
	1.871

	
	size25 or less
	1.534
	.002
	1.167
	2.015

	
	size27 or less
	2.410
	.006
	1.292
	4.494

	Female
	size19 or less
	1.817
	.000
	1.327
	2.487

	
	size21 or less
	1.313
	.028
	1.030
	1.673

	
	size23 or less
	3.590
	.227
	.451
	28.590

	
	size25 or less
	4.703
	.142
	.594
	37.223

	
	size27 or less
	1.038
	.976
	.094
	11.471


Table 4 - Predictors of moderate to severe patient prosthesis mismatch (PPM)
	
	Univariate
	Multivariate

	
	
	95% confidence interval
	
	
	95% confidence interval
	

	
	OR
	lower
	upper
	P value
	OR
	lower
	upper
	P value

	Age > 65
	.932
	.707
	1.228
	.616
	1.149
	.919
	.736
	.459

	Female gender 
	1.685
	1.313
	2.162
	.000
	2.107
	1.648
	1.290
	.000

	Angina class 3/4
	1.307
	.866
	1.971
	.202
	
	
	
	

	Dyspnoea class 3/4
	.920
	.752
	1.125
	.414
	
	
	
	

	Hypertension
	.738
	.602
	.905
	.004
	.877
	.717
	.587
	.001

	Diabetes (insulin)
	.912
	.556
	1.496
	.716
	
	
	
	

	Smoker
	1.068
	.714
	1.598
	.749
	
	
	
	

	Preop renal failure
	2.080
	.794
	5.449
	.136
	
	
	
	

	Pulmonary disease
	.911
	.705
	1.178
	.479
	
	
	
	

	Neurological disease
	1.179
	.842
	1.652
	.337
	
	
	
	

	Extracardiac arteriopathy
	2.260
	.900
	5.675
	.083
	3.784
	1.637
	.708
	.249

	Non sinus rhythm 
	.621
	.339
	1.136
	.122
	1.169
	.648
	.359
	.149

	Mod – sev LV
	.984
	.769
	1.259
	.899
	
	
	
	

	BMI > 30 Kg/m2
	.302
	.248
	.369
	.000
	.371
	.306
	.252
	.000

	Biological valve
	1.068
	.782
	1.460
	.678
	
	
	
	

	 Valve size ≤ 21mm
	3.620
	2.821
	4.647
	.000
	4.643
	3.631
	2.840
	.000

	P value ≤ 0.05 is significant


Figure legends 

Figure 1

Distribution of the labelled A) Effective Orifice Areas (EOA) and B) indexed Effective Orifice Areas (iEOA) for different valves. The red triangles on the x axis show the upper cut off echocardiographic values for moderate AS (EOA<1.5cm2) and patient prosthesis mismatch (iEOA<0.85 cm2/m2)                   
Figure 2 
Cumulative life time hazard based on labelled valve size (A) and severity of prosthetic aortic stenosis (EOA) (B). 

Figure 3

Cumulative life time hazards of the various types of prosthesis.  A – for each valve type by manufacturer

Figure 4

Survival by manufacturer labelled valve size and EOA. A. All valves, B. mechanical valves, C. Biological valves 
Figure 5 – Survival differences by valve size among different genders. The number of ≥25mm valves in females and ≤19mm valves in males was too small so survival for these sizes was not charted.
Figure 6 – Cumulative hazard based on calculated patient prosthesis mismatch (PPM). Mild/none PPM; iEOA > 0.85 cm2/m2, moderate PPM; iEOA 0.66 – 0.85 cm2/m2, severe PPM; iEOA ≤0.85 cm2/m2. 

