
SUPPLEMENTAL MATERIAL 
Calcification and extracellular matrix dysregulation in human postmortem and surgical aortic 

valves (Gomez-Stallons, et al.) 
 

METHODS 
 
Human Aortic Valve Tissue Collection and Histological Preparation 

Whole human hearts were procured postmortem from the National Disease Research 
Interchange (NDRI) and categorized based on demographic and medical history information 
provided by NDRI. Samples were initially grouped into Non-diseased (n=9) and Diseased (n=11) 
groups based on provided cardiovascular disease medical history. Donors classified as “Non-
diseased” did not have any reported cardiovascular medical conditions. Donors classified as 
“Diseased” had at least one of the following conditions: chronic kidney disease (CKD), 
hypertension, coronary artery disease, aortopathy, stroke, valve disease or bicuspid aortic valve 
(BAV). There were no restrictions on age, sex, or race. Limited demographic data and medical 
history were provided by NDRI. Additional whole human hearts were purchased from Restore 
Life USA (Elizabethton, TN). These hearts (n=3) were donor hearts rejected for transplant, with 
no history of heart disease, therefore they were treated as “Non-diseased”. Whole hearts were 
obtained within 12-hours after death and were kept on ice in Cardioplegia Solution. Limited 
patient demographic data and no medical history information were provided for these hearts. In 
total, the postmortem samples analyzed included: 1) Non-diseased (n=12): average age 50.8 
years (range 21-82), and 2) Diseased (n=11): average age 72.3 years (range 48-91). Importantly, 
whole heart specimens with intact AoV leaflets and supporting structures were examined. 
Notably, these donors had no history of AoV disease diagnosis (with one exception), allowing 
study of the early stages of AoV disease prior to clinical diagnosis. Additional demographic and 
comorbidity information is provided in Online Tables 1-2. 

In addition, surgical AoV specimens (n=29) were obtained from patients diagnosed with 
symptomatic severe AoV stenosis undergoing AoV replacement surgery at Good Samaritan 
Hospital (Cincinnati, OH).  Deidentified demographic information, diagnoses and medical 
histories also were obtained. These AoV specimens were received in pieces, without 
identification of anatomical origins, preventing the analysis by leaflet and leaflet regions in these 
samples. Additional demographic and comorbidity information is provided in Online Table 3. 

After procurement, postmortem AoV leaflets from donors without clinically diagnosed 
AoV disease (“No Clinical AS”) were isolated from intact formalin-fixed hearts. The right 
coronary, non-coronary, and left coronary leaflets (RCL, NCL and LCL respectively) were 
identified and processed separately for individual leaflet examination. AoV specimens from 
subjects with clinically diagnosed AoV stenosis (“Clinical AS”) were obtained after surgery 
precluding identification of leaflet origin or orientation. Whole postmortem AoV leaflets, as well 
as surgical specimens, were fixed in 10% formalin, embedded in paraffin, and tissue sections 
were obtained at 5µm, as previously described (1). All human studies were approved by the 
Institutional Review Boards at Cincinnati Children's Hospital Medical Center, the Christ 
Hospital Health Network, and TriHealth.  

 
Histological Analysis of Human Aortic Valve Calcification 
 Alizarin Red staining and von Kossa (Diagnostic BioSystems) staining were used to 
detect the presence of calcification in aortic valve (AoV) leaflet sections, as previously described 



(2). Similar calcification patterns were observed with Alizarin Red and von Kossa stains. 
However, Alizarin Red staining was more sensitive to the presence of calcium deposits; 
therefore, it was used for all analyses and quantifications. AoV calcification severity was 
analyzed on 6 slides for each of the 3 leaflets per sample, taking every 10th slide starting with 
slide #1. Images were captured using a Nikon SMZ1500 camera with NIS-Elements D 3.2 
software.  
 The right coronary (RCL), non-coronary (NCL) and left coronary (LCL) leaflets were 
analyzed separately, and each leaflet was further subdivided into 3 equal leaflet regions utilizing 
a previously reported method: hinge (closest to aortic wall, including the aortic root, but 
excluding the aortic wall, as detected by Pentachrome images), middle, and tip (3). Analysis of 
the extent of AoV calcification was performed based on a previously published quantification 
system (4, 5). Each AoV leaflet sample was assigned a qualitative calcification grade value per 
leaflet region. The method was modified as follows: 

 
Grade 0 No calcification 
Grade 1 Mildly calcified, small isolated lesions 
Grade 2 Moderately calcified, multiple larger lesions 
Grade 3 Severely calcified, extensive calcification throughout   

 
For each AoV leaflet region (middle, hinge and tip) an average calcification grade value was 
assigned based on the 6 slides analyzed by Alizarin Red staining for each of the 3 leaflets for 
each sample. The aortic root was included as part of the AoV hinge, whereas the aortic wall 
calcification was excluded from analysis. Movat’s pentachrome staining was used to identify 
smooth muscle of the aortic wall, compared to the collagen-rich aortic root. In addition, an 
overall average calcification grade value for each leaflet was calculated (including hinge, middle, 
and tip) per sample, as well as an average calcification grade value for the entire sample, which 
included all 3 leaflets. Calcification scores were assigned based on Alizarin red staining, and 
samples were categorized as Non-calcified (<0.10), Mild (score >0.10 and < 0.75) or Moderate 
(score > 0.75) (Online Table 5).  
 For calcification analysis of surgical samples, Alizarin Red staining was performed on 
sectioned tissue to detect presence of calcium deposits. No calcification grade was calculated for 
these samples. Instead, AoV samples were analyzed in terms of calcification patterns: 1) nodular 
calcification characterized by the presence of calcified nodules in the fibrosa layer often 
expanding through the ECM layers, and 2) intrinsic calcification defined as non-nodular 
calcification within the body of the valve. Each sample was analyzed based on AoV calcification 
pattern and grouped into one of the following groups: None (no calcification), Intrinsic, Nodular, 
or Intrinsic and Nodular. Parallel studies were performed with postmortem AoV leaflets and 
AoV calcification patterns were grouped as noted above. For both postmortem and surgical 
samples, all scoring based on Alizarin red staining was performed blinded, with no access to 
sample and/or patient information. 
 
Histological Analysis of Aortic Valve Thickening and Extracellular Matrix (ECM) 
Composition  
 Movat’s pentachrome staining (American MasterTech) of human aortic valve leaflets was 
used to determine ECM composition relative to aortic valve thickening and calcification. Similar 
to the calcification analysis, an average thickening value was obtained for each AoV leaflet 



region (middle, hinge and tip). The leaflet thickness was measured at the widest aspect of the 
hinge, middle, and tip of the valves, as previously reported (3). In addition, an overall average 
thickness value for each leaflet was calculated (including hinge, middle, and tip) per sample, as 
well as an average thickening value for the entire sample (including all 3 leaflets).  
 Pentachrome images were used to localize nodular calcification relative to valve ECM 
layers. Nodule localization was evident through analysis of nodule boundaries within the 
collagen-rich fibrosa, extension through the fibrosa and into the glycosaminoglycan-rich 
spongiosa, or extending into the elastin fibers of the ventricularis layer. The number of valves 
containing nodules in each layer was recorded. In addition, Pentachrome images were used to 
evaluate the integrity of valve elastin fibers. The number of samples containing fragmented 
elastin fibers within the ventricularis layer, evident by visual breaks in stratified elastin fibers 
was determined. The proportion of samples with the presence of supraelastin (SE), ectopic 
elastin (EE), or both layers (SE + EE) was also evaluated. The SE layer, composed mainly of 
collagens and proteoglycans, was found adjacent to the ventricular surface of the existing elastin 
layer. EE was identified by the presence of elastin fibers within the fibrosa layer of the valve. All 
of these analyses were performed for both postmortem and surgical AoV samples. For both 
postmortem and surgical samples, all scoring based on Pentachrome staining was performed by 
investigators blinded to sample and/or patient information. 
 
Computed tomographic (CT) angiography acquisition protocol and assessment of aortic 
valve calcification 
 Prior to TAVR, all patients underwent electrocardiographically-gated (without dose 
modulation) cardiac CT angiography using a Philips Brilliance iCT 256-slice CT scanner with 
80-120 mL of total contrast. These images were reconstructed at 35%, 40%, 45%, and 75% of 
the R-R interval with a slice thickness of 0.9 mm and 0.45 mm spacing. The tube voltage was 
120 kV, and automatic current modulation was used. All post processing was performed on the 
Vitrea workstation. 
 The pattern and distribution of AoV calcification was subjectively assessed at 40% of the 
R-R interval utilizing the methods of orthogonal multiplanar reformatting. The trileaflet AoV 
was viewed in its short axis to assess whether calcifications involved the leaflets symmetrically, 
or whether the right, left, or non-coronary leaflet(s) was predominately involved. The orthogonal 
long axis plane was additionally used to help determine the distribution of calcification along 
each leaflet (hinge, middle, tip). 
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ONLINE FIGURES 
 
 

 
 
Online Figure 1: Patterns of calcification in postmortem AoV leaflets. 
Quantification of average calcification grade in whole postmortem AoV RCL, NCL and LCL in 
Non-calcified, Mild and Moderate severity groups (A). Quantification of average calcification 
grade in whole postmortem AoV RCL, NCL and LCL in Non-calcified, Mild and Moderate 
severity groups specifically for Hinge (B), Middle (C), and Tip (D) regions of the AoV leaflet. 
Statistical significance was determined by the Mann-Whitney Test (A-D); **p<0.01 
AoV, aortic valve; LCL, left coronary leaflet; NCL, non-coronary leaflet; RCL, right coronary 
leaflet.  
  



 
Online Figure 2: Calcification of post mortem AoV leaflets in individuals >50 years of age. 
Alizarin red staining was used for detection of calcium deposits (A, black arrowheads) in Non-
diseased AoV leaflets from those individuals <50 Yrs (n=5) and >50 Yrs (n=7), and compared to 
Diseased human AoV leaflets (n=11), grouped based on reported medical history obtained from 
NDRI and Restore Life USA (A, only RCL shown, fibrosa layer shown on top). The presence of 
calcium deposits was also detected by positive Von Kossa staining (brown staining in Panels B, 
white arrowheads). Based on positive Alizarin red staining, the average calcification grade was 
calculated for each specimen, including the hinge, middle and tip regions of the RCL, NCL and 
LCL altogether (C). As shown in Panel D, the average age (years) was calculated for each group, 
including both females (circles) and males (squares). Statistical significance was determined by 
the Mann-Whitney Test (C, D); **p<0.01 
AoV, aortic valve; LCL, left coronary leaflet; NCL, non-coronary leaflet; RCL, right coronary 
leaflet; Yrs, years.  



 
 
Online Figure 3:  Analysis of calcified nodules in postmortem AoV leaflets.  
Alizarin Red stained images were used to quantify calcified nodules in Non-calcified, Mild and 
Moderate leaflets (A, only RCL shown). The number of calcified nodules was determined for the 
Hinge, Middle and Tip regions of the AoV leaflet. Quantifications for the number of calcified 
nodules are shown for RCL (B), NCL (C) and LCL (D) in Non-calcified, Mild and Moderate. No 
statistically significant differences were observed as determined by the Mann-Whitney Test. 
 
 
 
 
 
 



ONLINE VIDEO 
 
Video is associated with Figure 8 from the main text. Common patterns of AoV calcification 
demonstrated on 3D contrast-enhanced CT reconstructions in the clinical cohort of patients with 
severe CAVD who subsequently underwent TAVI. 
  



ONLINE TABLES 
 
Online Table 1: Summary of Patient Demographics Based on Heart Disease Diagnosis.  
Data are derived from medical history provided for each donor.  

  No Clinical AS (postmortem AoV leaflets)  

 All Samples Non-diseased 
<50 Yrs 

Non-diseased 
>50 Yrs Diseased p-value 

 n=23 n=5 n=7 n=11  

Heart Disease 
Diagnosis - No No Yes  

Male 
n (%) 13(56.5) 4 (80) 3 (43) 6 (55)  

Age (years) 
Average ± sd 61.0 ± 22.3 25.6 ± 7.2 68.7 ± 10.3 72.3 ± 14.3 0.002* 

BMI (kg/m) 
Average ± sd 28.5 ± 9.0 25.7 ± 6.1 22.8 ± 6.3 32.8 ± 9.6 0.056* 

Hypertension 
n (%) 10 (44) 0 (0) 0 (0) 10 (91) <0.001 

Diabetes 
n (%) 6 (26) 0 (0) 0 (0) 6 (55) 0.023 

Abnormal Lipid 
n (%) 9 (39) 0 (0) 2 (29) 7 (64) 0.046 

COPD  
n (%) 4 (17) 0 (0) 1 (14) 3 (27) 0.783 

CHF 
n (%)  3 (13) 0 (0) 0 (0) 3 (27) 0.783 

Kidney Disease 
n (%) 3 (13) 0 (0) 0 (0) 3 (27) 0.783 

Cancer 
n (%) 2 (9) 0 (0) 2 (29) 0 (0) 0.123 

Alcohol 
n (%) 8 (35) 2 (40) 3 (43) 3 (27) 0.859 

Tobacco 
n (%) 10 (44) 2 (40) 3 (43) 5 (55) 0.999 

CHF, Chronic Heart Failure; COPD, Chronic Obstructive Pulmonary Disease; Sd, standard 
deviation; Yrs, years.  
p-values from Fisher’s exact test, unless otherwise noted.  
*p-value from Kruskal-Wallis test. 



Online Table 2: Summary of Patient Demographics Based on AoV Calcification Severity. 
Data are derived from medical history provided for each donor. Samples were grouped by AoV 
calcification severity. 
 

 No Clinical AS (postmortem AoV leaflets)  

 Non-Calcified Mild Moderate p-value 

 n=4 n=10 n=9  

Heart Disease Diagnosis 0 (0) 5 (50) 6 (66.7) 0.118 

Male 
n (%) 3 (75) 5 (50) 5 (55.6) 0.861 

Age (years) 
Average ± sd 22.5 ± 2.4 62.3 ± 15.6 76.8 ± 8.5 0.002* 

BMI (kg/m) 
Average ± sd 25.8 ± 7.0 30.7 ± 10.9 26.9 ± 7.5 0.629* 

Hypertension 
n (%) 0 (0) 4 (40) 6 (66.7) 0.094 

Diabetes 
n (%) 0 (0) 3 (30) 3 (33.3) 0.679 

Abnormal Lipid 
n (%) 0 (0) 5 (50) 4 (44.4) 0.295 

COPD  
n (%) 0 (0) 2 (20) 2 (22.2) 0.999 

CHF 
n (%)  0 (0) 0 (0) 3 (33.3) 0.114 

Kidney Disease 
n (%) 0 (0) 1 (10) 2 (22.2) 0.771 

Cancer 
n (%) 0 (0) 1 (10) 1 (11.1) 0.999 

Alcohol 
n (%) 2 (50) 3 (30) 3 (33.3) 0.856 

Tobacco 
n (%) 2 (50) 5 (50) 4 (44.4) 0.999 

CHF, Chronic Heart Failure; COPD, Chronic Obstructive Pulmonary Disease; Sd, standard 
deviation. 
P-values from Fisher’s exact test, unless otherwise noted.  
*p-value from Kruskal-Wallis test. 



Online Table 3: Summary of Patient Demographics for Clinical AS Samples.  
Data are derived from patient medical history provided for each clinical AS specimen obtained at 
the time of surgical replacement or for patients with CT images obtained prior to transcatheter 
aortic valve implantation (TAVI).   
 

 Clinical AS 

 BAV  Specimens 
(Surgical) 

TAV Specimens 
(Surgical) 

BAV + TAV 
Specimens 

(Surgical) 

TAVI 
(Transcatheter) 

 n=4 n=25 n=29 n=104 

Male 
n (%) 3 (75) 15 (60) 18 (78) 48 (46) 

Age (years) 
Average ± sd 57.7 ± 5.1 68.2 ± 10.5 66.7 ± 10.5  80.2 ± 8.0 

BMI (kg/m) 
Average ± sd 28.8 ± 2.7 30.1 ± 5.7  29.9 ± 5.3 29.06 ± 6.2 

Hypertension 
n (%) 3 (75) 19 (76) 22 (76) 93 (89) 

Diabetes 
n (%) 1 (25) 9 (36) 10 (34) 35 (34) 

COPD  
n (%) 0 (0) 4 (16) 4 (14) 21 (20) 

Kidney Disease 
n (%) 0 (0) 0 (0) 0 (0) 12 (12) 

COPD, Chronic Obstructive Pulmonary Disease; Sd, standard deviation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Online Table 4: Patterns and Distribution of Calcification in Clinical AS TAVI Cohort.  
 

Primary 
Leaflet(s) 
Involved 

n (%) p-value 

n=104 Symmetric NCL RCL LCL 
NCL 
and 
LCL 

NCL 
and 

RCL 

Symmetric 37 (36) - - - - - - 

NCL 30 (29) 0.373 - - - - - 

RCL 12 (12) <0.001 0.003 - - - - 

LCL 8 (8) <0.001 <0.001 0.481 - - - 

NCL and 
LCL 9 (9) <0.001 <0.001 0.646 >0.999 - - 

NCL and 
RCL 6 (6) <0.001 <0.001 0.217 0.783 0.593 - 

RCL and 
LCL 2 (2) <0.001 <0.001 0.010 0.101 0.059 0.279 

 
 

Calcification Pattern Involved n (%) p-value p-value 

Primarily involving distal mid 
to proximal leaflet tips 85 (82) - - 

Involving entire leaflet(s) – but 
sparing distal tips 19 (18) <0.001* - 

Sparing of Nodules of Arantius 18 (17) <0.001* >0.999# 

 
LCL, left coronary leaflet; NCL, non-coronary leaflet; RCL, right coronary leaflet; TAVI, 
transcatheter aortic valve implantation.  
p-values from pairwise comparison using Fisher’s exact test.  
*p-value compared to “Primarily involving distal mid to proximal leaflet tips”. 
#p-value compared to “Involving entire leaflet(s) – but sparing distal tips”. 
 
 
 
 
 



Online Table 5: Quantification of AoV Calcification Grade by Severity Group. 
Samples were grouped by AoV calcification severity based on histological analysis by Alizarin 
Red staining.  
 

LCL, Left coronary leaflet; NCL, Non-coronary leaflet; RCL, Right coronary leaflet.  

Medical Group Age Gender 
Average Calcification Grade Average 

Calcification 
Grade  

(3 Leaflets) 

Severity 
Group 

RCL NCL LCL 

<50 Non-diseased 21 F 0.00 0.00 0.28 0.09 Non-calcified 

<50 Non-diseased 21 M 0.00 0.00 0.00 0.00 Non-calcified 

<50 Non-diseased 26 M 0.00 0.00 0.00 0.00 Non-calcified 

<50 Non-diseased 22 M - 0.00 0.00 0.00 Non-calcified 

<50 Non-diseased 38 M 0.22 0.00 0.22 0.15 Mild 

>50 Non-diseased 82 F 0.56 0.28 0.44 0.43 Mild 

>50 Non-diseased 71 F 0.73 0.50 0.11 0.45 Mild 

>50 Non-diseased 56 M 0.78 0.33 0.67 0.59 Mild 

>50 Non-diseased 55 F 1.00 0.78 0.14 0.64 Mild 

>50 Non-diseased 66 F 0.56 1.17 0.56 0.76 Moderate 

>50 Non-diseased 75 M 1.00 1.22 0.39 0.87 Moderate 

>50 Non-diseased 76 M 2.30 0.67 0.78 1.25 Moderate 

Diseased 60 F 0.44 0.78 0.22 0.48 Mild 

Diseased 82 F 0.61 0.39 0.44 0.48 Mild 

Diseased 48 M 0.94 0.53 0.00 0.49 Mild 

Diseased 51 M 0.72 0.39 0.39 0.50 Mild 

Diseased 80 M 0.33 0.67 0.61 0.54 Mild 

Diseased 67 M 1.22 0.33 0.78 0.78 Moderate 

Diseased 85 F 0.89 1.22 0.89 1.00 Moderate 

Diseased 77 F 1.33 1.00 0.94 1.09 Moderate 

Diseased 70 F 1.44 1.56 1.00 1.33 Moderate 

Diseased 91 M 1.67 1.61 1.44 1.57 Moderate 

Diseased 84 M 2.17 2.33 2.04 2.18 Moderate 



Online Table 6: Comparison of Patient Demographics for postmortem AoV leaflets with No 
Clinical AS and surgical specimens with Clinical AS.  
 
 

 No Clinical AS Clinical AS  

 Non-calcified Mild Moderate  p-value 

 n=4 n=10 n=9 n=133 (<0.05) 

Age (years) 
Average +/- sd 22.5 (2.4) 62.3 (15.6) 76.8 (8.5) 77.2 (10.2) <0.001* 

BMI (kg/m) 
Average +/- sd 25.8 (7.0) 30.7 (10.9) 26.9 (7.5) 29.2 (6.1) 0.593* 

Hypertension 
n (%) 0 (0) 4 (40) 6 (66.7) 93 (89.4) <0.001 

Male 
n (%) 3 (75) 5 (50) 5 (55.6) 48 (46) 0.871 

Diabetes 
n (%) 0 (0) 3 (30) 3 (33.3) 35 (33.6) 0.683 

COPD  
n (%) 0 (0) 2 (20) 2 (22.2) 21 (20.2) 0.957 

Kidney Disease 
n (%) 0 (0) 1 (10) 2 (22.2) 12 (11.6) 0.467 

 
BMI, body mass index; CAVD, Calcific Aortic Valve Disease, COPD, Chronic Obstructive 
Pulmonary Disease; Sd, standard deviation 
 
p-values from Fisher’s exact test, unless otherwise noted.  
*p-value from Kruskal-Wallis test. 
 
 
  
 
 
 
 
 
 


