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Abstract

Congenital aortic valve stenosis (AS) progresses as an obstructive narrowing of the aortic orifice 

due to deregulated extracellular matrix (ECM) production by aortic valve (AV) leaflets and leads 

to heart failure with no effective therapies. Changes in glycoprotein and proteoglycan distribution 

are a hallmark of AS, yet valvular carbohydrate content remains virtually uncharacterized at the 

molecular level. While almost all glycoproteins clinically linked to stenotic valvular modeling 

contain multiple sites for N-glycosylation, there are very few reports aimed at understanding 

how N-glycosylation contributes to the valve structure in disease. Here, we tested for spatial 

localization of N-glycan structures within pediatric congenital aortic valve stenosis. The study 

was done on valvular tissues 0–17 years of age with de-identified clinical data reporting pre-

operative valve function spanning normal development, aortic valve insufficiency (AVI), and 

pediatric endstage AS. High mass accuracy imaging mass spectrometry (IMS) was used to localize 

N-glycan profiles in the AV structure. RNA-Seq was used to identify regulation of N-glycan 

related enzymes. The N-glycome was found to be spatially localized in the normal aortic valve, 

aligning with fibrosa, spongiosa or ventricularis. In AVI diagnosed tissue, N-glycans localized 

to hypertrophic commissures with increases in pauci-mannose structures. In all valve types, 

sialic acid (N-acetylneuraminic acid) N-glycans were the most abundant N-glycan group. Three 

sialylated N-glycans showed common elevation in AS independent of age. On-tissue chemical 
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methods optimized for valvular tissue determined that aortic valve tissue sialylation shows both 

α2,6 and α2,3 linkages. Specialized enzymatic strategies demonstrated that core fucosylation is 

the primary fucose configuration and localizes to the normal fibrosa with disparate patterning in 

AS. This study identifies that the human aortic valve structure is spatially defined by N-glycomic 

signaling and may generate new research directions for the treatment of human aortic valve 

disease.
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INTRODUCTION

Congenital aortic valve stenosis (AS) occurs at an incident rate of over 13.9 in 1000 

births, yet there are no medicinal treatments for the disease [1, 2]. AS progresses as 

an obstructive narrowing of the aorta due to congenital defects that fuse, enlarge and 

deform the aortic valve (AV) leaflets [3, 4]. Nearly all patients with moderate to severe 

AS develop left ventricular hypertrophy leading to heart failure [5]. AS has two primary 

endpoints that are age-dependent, implicating different disease mechanisms [6, 7]. In 

pediatric endstage AS, excess and disorganized extracellular matrix is deposited within the 

leaflets leading to pediatric heart failure. In adult endstage AS, leaflets are also enlarged by 

ECM expansion, but intervention to prevent heart failure is not required until middle age 

when calcific nodules emerge to restrict heart function [6, 8]. Surgical valve replacement 

is the only treatment for AS, and for pediatric endstage AS, this is especially detrimental. 

Pediatric valve replacement devices are limited by their inability to grow with age [9] and 

increased mortality rates [10]. A major knowledge gap in developing therapies inhibiting 

pediatric AS is that the molecular mechanisms remain poorly defined. In particular, multiple 

glycoproteins associated with progression and endstage AS may have N-linked glycans 

(N-glycan) [11–15], yet these important post-translational modifications remain mostly 

undefined in human heart valve biology.

N-glycosylation is a complex carbohydrate post-translational modification that modulates 

protein signaling during development and disease. The N-glycan structure is composed of 

a series of sugar units created from nucleotidic, metabolic, and translational processing 

[16–19]. N-glycans attach to the glycoprotein structure at asparagine residues within the 

consensus sequence NXS/T>>>C, ≠P[20–22]. All eukaryotic N-glycans have a common 
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core of two N-acetylglucosamine (GlcNAc) and three mannose residues [16]. Further sugar 

units are added through enzymatically driven activities of trimming, branching and capping 

dependent on biological status [16, 23]. Generally, genetic mutations affecting assembly or 

initiation of the N-glycan structure are embryonic lethal, whereas mutations associated with 

trimming, extension, and capping produce variable abnormalities [17]. Disease-mediated 

alteration of N-glycan structures results in inappropriate cell-cell recognition, migration 

and proliferation, and disease-enhancing changes along major signaling pathways such as 

TGFβ1[24–27], JNK[28], ERK[29], EGFR[30], Notch[31].

There are many N-linked glycoproteins that regulate the aortic valve structure and function 

during development and disease. The glycoproteins tenascin C (TNC), tenascin X precursor 

(TNXB), Von Willebrand Factor (VWF), and fibronectin 1 (FN1) are regulated with AS 

progression and all have multiple sites for N-glycosylation [11–15]. Collagens are the 

main proteins of the valve scaffold [13, 32–35] and all contain consensus sites for N-

glycosylation. Numerous studies have reported spatial and cell specific N-glycosylation 

changes associated with cardiac pathologies [36–43]. However, there are few studies 

on N-glycan regulation of the aortic valve structure. During normal aortic valve aging, 

regulation of N-glycosylation was independent of the glycoprotein carriers [44]. This study 

demonstrated that the normal adult AV from 21–51 years of age has sequential increases 

in high mannose structures, sialic acids, tri-antennary branching with decreases in core 

fucosylation. Adult endstage AS has been linked to decreased lumican N-glycosylation with 

multiple sites of N-glycosylation varying in ECM type proteins [45]. Although it is apparent 

that dynamic changes in N-glycosylation are important to AV heath and disease, details on 

N-glycan structure in development or pediatric disease remain unknown.

Spatial regulation of the aortic valve structure is critical for valvular function [35]. 

During early somatic growth, the AV develops a precise trilayer extracellular matrix 

structure that becomes deregulated in disease, and this leads to heart failure [4, 35, 

46]. However, understanding spatial regulation of N-glycan patterns within the valve 

structure is an analytical challenge. Conventional studies on N-glycan regulation use 

liquid chromatography coupled to mass spectrometry [47, 48]. These studies require 

homogenization of the tissue which eliminates spatial investigations. Imaging mass 

spectrometry (IMS) is an approach that allows investigation of the spatial localization of 

molecules within the tissue microenvironment [49–51]. IMS scans across tissue, collecting 

thousands of x, y datapoints or pixels, each of which report up to thousands of analytes. 

Each analyte may be visualized as a heatmap of expression across the tissue referenced to 

tissue features.

Here, we present the first report of N-glycan configuration and regulation involved 

in pediatric congenital aortic valve stenosis. Pediatric normal and AS valvular tissue 

sections were probed for N-glycan profiles using high mass accuracy matrix-assisted laser 

desorption/ionization imaging mass spectrometry (MALDI IMS). N-glycan configuration 

was evaluated using new technological advances that define N-glycan structural 

configuration while maintaining spatial references to tissue features. Specifically, an on-

tissue chemical modification was optimized to report localization of sialic acid linkages 

within valve structures [52]. New enzymatic approaches were optimized to define aortic 
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valve N-glycans with core versus branched fucose structures [52]. Parallel RNA-Seq 

analysis was used to evaluate glycosidase and glycosyltransferase regulation associated 

with N-glycosylation changes. Our results suggest that N-glycosylation is spatially regulated 

within the normal valve structure with a dominant core-fucose phenotype, and that pediatric 

endstage AS involves increases in certain sialylated N-glycans independent of age. This 

study defines role for N-linked glycosylation in human aortic valve development and 

childhood disease which may lead to new research directions for the treatment of human 

heart valve disease.

METHODS

AV Tissue

Tissues were obtained from the Vanderbilt Cardiology Core Laboratory for Translational 

and Clinical Research (CLTCR) and from the National Disease Research Interchange. The 

aortic valve tissues were collected under the Vanderbilt Pediatric Congenital Heart Disease 

Biorepository, written consent was obtained and the project was approved by theVanderbilt 

Institutional Review Board (IRB) and the IRB at the Medical University of South Carolina. 

Aortic valves were obtained from excision of leaflet during reparative or transplant surgery, 

characterized based on de-identified information on AV function, status as bicuspid leaflet 

or trileaflet, left ventricular wall motion, and extracellular matrix organization by Movat’s 

pentachrome stain. AV function was designated as hemodynamically altered if there 

was presence of aortic insufficiency or left ventricular wall motion was noted as being 

significantly altered. Details on tissue preparation are in Supplemental Methods.

Characterization of Collagen, Glycosaminoglycan (GAG) and elastin content

Formalin-fixed, paraffin-embedded (FFPE) tissue was stained with Movat’s Pentachrome 

stain (Polyscientific R&D Corp., Bay Shore, NY, USA). Movat’s Pentachrome differentiates 

ECM components of the leaflets with yellow staining collagens, blue staining 

glycosaminoglycans (GAGs), black/purple staining elastin and black staining nuclei.. 

Stained tissue was scanned at 20X using a Miramax slide scanner (Carl Zeiss, Thornwood, 

NY USA) or an EVOS cell Imaging system (Thermo Fisher Scientific, Waltham, MA). ECM 

content was characterized segmenting images using ImageJ with the Color Deconvolution 

plugin (See Supplemental Methods).

Tissue Preparation for Spatially Profiling N-glycoforms

N-glycans were mapped as previously described [53, 54]. Briefly, tissues were heated, 

dewaxed, antigen retrieved at pH 3 using citraconic anhydride buffer (Thermo Scientific). 

Tissues were sprayed with PNGase F Prime (N-zyme Scientifics) using an M3 TM-

Sprayer (HTX Technologies) with 15 passes at 25 μL/min, 1300 mm/s, 45°C, 3.0 mm 

spacing between passes with 10 psi nitrogen gas and incubated for 2 hours at 37°C and 

≥80% relative humidity. Matrix α-cyano-4-hydroxycinnamic acid (CHCA, Sigma; 50% 

acetonitrile/0.1% trifluoroacetic acid) was sprayed onto the tissues with an M3 TM-Sprayer 

(HTX Technologies) using 10 passes at 100 μL/min, 1200 mm/s, 79°C, 2.5 mm spacing 

between passes and 10 psi nitrogen gas.
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Core Fucosylated N-glycan Profiles

Detection of core fucosylation was done on a subset of tissue prior to PNGase F digestion 

using Endo F3 (a kind gift from the Mehta Lab, MUSC). Endo F3 is specific for the cleaving 

N-glycans with core α−1,6 fucose configuration to the N-acetylglucosamine attached to the 

protein asparagine residue [52, 55]. Tissue for Endo F3 deglycosylation was prepared with 

the same protocols as used for PNGase F. EndoF3 released N-glycans were then detected 

by imaging mass spectrometry as described in the current study with a Δ349.1373 Da loss 

compared to full length N-glycans released by PNGase F. After imaging mass spectrometry, 

Endo F3-released N-glycans were removed using a high pH/low pH wash [56], and PNGase 

F was then sprayed onto tissue as described in preceding paragraphs followed by imaging 

mass spectrometry detection for detection of the full length N-glycan.

On-Tissue Ethyl Esterification of Sialic Acids

On-tissue ethyl esterification of sialic acids was done as described previously [57] with 

a minimal modification to the method. Briefly, tissues were heated for 1 hour at 60°C, 

dewaxed with xylenes and ethanol. Slides with tissue were incubated in 250 mM N-(3-

dimethylaminopropyl)-N-ethylcarbodiimide, 500 mM 1-hydroxybenzotriazol in 200 proof 

ethanol for two hours at 60°C. Tissue were then rinsed again in graded ethanol washes 

(100% ethanol 3 × 3 minutes, 95% ethanol 1 × 1 minute, 70% ethanol 1 × 1 minute, HYPLC 

grade water 2 × 3 minutes) followed by antigen retrieval at pH 3.0. PNGase F was applied to 

detect derivatized N-glycans as previously described.

Lectin Staining

Linkage specific patterns were further visualized by lectins specific to the linkage moiety 

using chromophore conjugated lectins SNA (Sambucus nigra; Siaα2–6Gal/GalNAc) and 

SiaFind™ alpha 2,3 specific engineered lectin (Lectenz, LLC). Polysialic acids were 

detected by anti-polysialic (Abcam ab103036, Abcam, Cambridge, MA). Visualization was 

done using a 3,3’-Diaminobenzidine kit (Abcam, Cambridge, MA) or fluorophore (Vector 

Laboratories, Burlingame, CA). Lectin stained tissues detected by DAB were scanned 

at 20X using a Nanozoomer slide scanner (Hamamatsu Photonics, Bridgewater, NJ). 

Lectins detected by fluorophore were detected using an EVOS™ microscope (Thermofisher 

Scientific, Waltham MS).

Imaging Mass Spectrometry

Tissues were imaged using a matrix-assisted laser desorption ionization (MALDI) source 

coupled to a Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (FT-ICR) 

(7 Tesla solariX™ Legacy, Bruker Scientific, LLC). Transients of 512k megaword were 

acquired in broadband positive ion mode over m/z 500–5,000 with a calculated on-tissue 

mass resolution at full width half maximum of 81,000 at m/z 1400. Lockmass on 

primary sodiated N-glycan peaks A2G2 (m/z 1663.5814), Man9 (1905.6339) and FA2G2A 

(2100.7347) was maintained at 15 ppm during tissue imaging. Data were visualized 

in flexImaging 4.0 and analyzed by SCiLS Lab Pro 2019 (Bruker Scientific, LLC, 

Bremen, Germany). Images were loaded together and normalized to total ion current. 

Image segmentation is reported using the Manhattan metric for segmentation. Sodiated 
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N-glycoforms were identified using databases in GlycoworkBench v 2.0[58] to ± 3 ppm 

mass accuracy. N-glycoform structures are drawn using Glycoworkbench 2.0. Peak areas 

(imaging data). Exported peak intensities are visualized after natural log transformation with 

MultiExperiment Viewer (http://www.tm4.org)[59] or ClusterVis[60].

RNA-Seq Data

Tissue preparation is described in Supplemental Methods. Paired end 250 bp (2×125) 

sequencing was done on a HiSeq2500 sequencer (Illumina, San Diego, CA). Reads 

were mapped to Homo sapiens reference genome with TopHat software [61].Data was 

processed using OnRamp’s advanced Genomics Analysis Engine including data validation 

and quality control, read alignment to the human genome (hg19) using STAR RNA-

seq aligner, generation of gene-level count data with HTSeq [62–64]. Glycosidases and 

glycosyltransferases were manually curated from log normalized RNA-Seq data.

Statistical Analysis

SSPS version 25 or Graphpad version 8.4.3 were used to calculate Mann-Whitney U 

(MWU) exact p-values in pairwise comparisons between designated groups. Type I error 

probability of ≤0.1 was used to evaluate the significance of the result. The p-values of 

≤0.1 are reported as trending to significance and ≤0.05 was used determine significant 

results. Grubb’s test for outliers with alpha set to 0.05 was used to test for outliers. 

Further significance testing was done using one way Kruskal-Wallis ANOVA p-value ≤0.01 

corrected for multiple comparisons using the method of Benjamini and Hochberg [65].

RESULTS

Overview.

A collection of 19 aortic valve tissues was tested for localization and regulation of N-

glycosylation using novel advances in N-glycomic tissue imaging. We describe the novel 

technology for glycomics spatial referencing with the results. Data from each tissue includes 

Movat’s pentachrome staining, imaging mass spectrometry data of N-glycans and additional 

derivatization and endoglycosidase studies accompanied by antibody and lectin staining. 

Results are shown as 2D images ordered by N-glycosylation synthesis, spanning high 

mannose (5–9 mannose residues), hybrid N-glycans (combinations of 4 or more mannose 

residues plus additional sugar residues on branches), and complex N-glycans with variations 

in sugar residue combinations composing on bi-, tri- and tetra-antennary N-glycans. 

Core versus branched fucosylation is defined on a subset of high-quality tissue sections. 

Sialic acid containing N-glycans are presented with chemical derivatization that highlights 

variation in sialic acid linkages within the human aortic valve structure. Categories of 

glycoenzymes explored by RNA-Seq in the study are presented in Table 1 [66].

Organization and growth patterns of extracellular matrix from tissue with pediatric 
congenital aortic valve stenosis are highly individualized.

Movat’s pentachrome staining of the samples demonstrated that pediatric endstage AS 

shows individualized patterns of extracellular matrix (Supplemental Figures 1 & 2). Overall 

age range spanned 0.15 −17 years of age; not including the Ross pulmonic autograft, mean 
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age was 6.67; 95% CI [3.96, 9.36]. All tissues from pediatric endstage aortic valve stenosis 

showed bicuspid leaflets and were identified as having stenosis with AVI (Table 2). A failed 

pulmonic valve with mild stenosis and mixed ECM operating in the aortic position (ROSS) 

was included to understand the potential for pathological variation related to ROSS failure. 

To summarize, the clinical cohort showed typical variation in extracellular matrix patterning 

suitable for characterizing N-glycan expression in pediatric endstage aortic valve stenosis.

N-glycans represent an abundant and complex post-translational modification within the 
human aortic valve.

Tissue imaging glycomics [54, 67, 68] uses the enzyme PNGase F to target and hydrolyze 

the N-glycans from proteins, cleaving between the terminal core N-acetylglucosamine 

(GlcNAc) and the asparagine residue of the protein backbone. The enzymatic approach 

is highly specific to N-glycans, unbiased to N-glycan structure and leaves the N-glycans 

intact and localized to tissue microregions. A total of 123 N-glycans were mapped across 

19 aortic valve tissues (Fig. 1, Supplemental Table 1). Fig. 2A demonstrates the types of N-

glycn structures found by the study. Sialylated N-glycans (N-acetylneuraminic acid, NeuAc) 

represented the largest group of N-glycans detected over all tissues (54 N-glycans, 44% of 

the total N-glycan profile) (Fig. 1B). Tri- and tetra-antennary N-glycans with NeuAc were 

consistently detected in all valvular tissues. Fucosylation without sialylation represented a 

significant group (38 N-glycans, 31% of the total N-glycan profile). Fucosylated and highly 

branched N-glycans represented the second and third largest group detected in human aortic 

valve tissue (16 N-glycans (13% of the total N-glycan profile and 14 N-glycans, 11% of 

the total N-glycan profile, respectively). Spectral comparison of age-matched individuals 

having normal AV or with AS demonstrated that both tissue types have complex N-glycan 

profiles (Fig. 1B). The bi-antennary fucosylated N-glycan at m/z 1809.6393 (m/z 1809) was 

the most abundant peak by intensity in all AV tissue regardless of age and disease status; 

this was characterized as a primary N-glycan signature of the human aortic valve (Fig. 

1C). Overall, the data demonstrated that the N-glycome profile of the human aortic valve is 

significantly comprised of sialylated and fucosylated species.

The thickened free edge shows increases in specific N-glycans.

Image segmentation was done to determine primary patterns of N-glycosylation within 

aortic valve structures. Image segmentation uses hierarchical clustering to group N-glycan 

peaks by intensity and localization within the tissue. Segmentation patterns give a spatial 

reference to unique N-glycomes within the tissue (Fig 2A, Supplemental Figure 3). N-

glycomic patterns generally localized to patterns of ECM observed in the valve structures. 

Analysis of N-glycome clusters localized to the thickened free edge in certain tissues (white 

arrows, Fig. 2A) showed that five specific N-glycans could sensitively and specifically 

differentiate the pathologically thickened free edges compared to the medial portion (or 

belly) of the valve (Fig. 2B, Supplemental Methods). Elevation of the same N-glycome was 

also present in the thickened free edge of the failed pulmonic valve that had been placed 

in the aortic position by Ross procedure. To conclude, N-glycan spatial patterns show that 

N-glycans follow gross ECM patterning across the aortic valve structure with distinctive 

regulation at pathological sites, particularly the thickened free edge.
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Phenotypes of Aortic Valve Insufficiency Show Altered N-glycosylation.

A subset of N-glycans were identified that were altered by AVI (Fig. 3). These included 

paucimannose N-glycans M2, M3 (where M is the number of mannose residues present 

(Figs. 3 A–C, respectively) that were significantly elevated throughout AVI tissues 

compared to normal or AS tissues. However, as complexity of the N-glycans increased, 

certain N-glycans decreased relative to AVI. This included Man4 (Fig. 3D), bi-antennary 

abundant N-glycan 1809 (Fig. 3E), tri-antennary branching (Fig. 3F, G) or tetra-antennary 

structures (Fig 3H, I). These data suggest that valvular mechanics may influence N-

glycosylation and infer transitions in N-glycan regulation relevant to progression of valvular 

dysfunction.

High Mannose N-Glycans Localize Primarily to Collagenous Regions.

To understand initial steps of N-glycosylation, high mannose and hybrid structures were 

analyzed. Spatial analysis showed that in normal valves, mannose structures aligned with 

the fibrosa layer while in AS the expression pattern was intense and diffuse throughout the 

structure (Fig. 4A, Supplementary Table 1). For normal valves, a significant age-related 

decrease was detected in the ratio of Man8 (glycoprotein folding) to Man5 (mannose 

trimming prior to extension) (Spearman’s correlation −0.95, p-value 0.048, Supplemental 

Figure 4), suggesting a progression of N-glycan activity throughout childhood development. 

Ratios of Man8 to Man5 in AS remained constant across pediatric age groups (1.24 ± 

0.55, ANOVA p-value 0.31). Interestingly, a significant increase was detected in AS levels 

of Hex5HexNAc3 +Na, m/z 1460.5020 (m/z 1460) compared to normal valves (Fig. 4B; 

MWU p-value 0.049). This structure represents a transition between trimming and addition 

of GlcNAc for branching[16, 69, 70], suggesting that in AS there may be incomplete 

processing of N-glycan structure. Spatial mapping showed that m/z 1460 had low levels 

of expression in the young normal valve structures (Fig. 4C). In AS, m/z 1460 increased 

throughout the valve structure (Fig. 4D). Overall, these data report that initial steps of 

N-glycan processing are a localized and active phenemona in human aortic valves that 

spatially change with disease patterns.

Core Fucosylation Is a Primary Fucose Configuration of Aortic Valve N-Glycans.

Core α1,6 fucosylation is a critical N-glycan modification that has been reported to drive 

TGFβ pathways and decreases in core fucosylation may attenuate fibrosis [24, 26]. To 

understand the fucose configuration of the human aortic valves, a subset of AV tissues was 

probed to determine fucose status. The strategy used the Endo F3 endoglycosidase, which 

targets the core fucosylation and not branched fucosylation, from tissue [52] (Figure 5A). 

In normal valves, the number of core fucosylated N-glycans was nearly three times higher 

in the fibrosa versus the spongiosa (Figure 5B). Furthermore, principal components analyses 

on spectra from normal fibrosa or spongiosa demonstrated that the spectra generated 

containing core fucosylation separate distinctly based on localization to fibrosa or spongiosa 

within the aortic valve structure (Figure 5C). Multiple core fucosylated N-glycans showed 

precise localization with the fibrosa in normal AV tissue as young as 2 years of age 

(Figure 5D). A single bi-antennary, core-fucosylated sialylated N-glycan m/z 1611.5257 

was localized to the spongiosa and not the fibrosa. The most abundant N-glycan in all AV 
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tissue was Hex5dHex1HexNAc4 + 1Na, m/z 1809.6393 (m/z 1809) and this N-glycan was 

detected as being primarily core-fucosylated in human aortic valve tissue. AS demonstrated 

primarily a core-fucosylated phenotype (Figures 5E–G). In a single patient with an AS 

endpoint at age 2 weeks, the phenotype was reversed with high expression patterns of 

branched fucosylation (Figure 5E SKU 0.04-B-S-AVI). Combined ion mapping highlighted 

potential pathological localization patterns of fucose N-glycans within the AV structure 

(Figure 5H). Here, a double sialylated tri-antennary core fucose aligned with spongiosa in 

the normal AV but showed disparate patterning in AS structure that did not overlap with the 

primary core-fucosylated N-glycan m/z 1809. These findings provide evidence that localized 

regulation of core fucosylation is a primary N-glycan pathway within the human aortic valve 

and may be deregulated in pediatric endstage AS.

NeuAc Containing N-Glycans with Specific Linkage Patterns are Elevated in Pediatric 
Endstage AS.

The sialic acid N-acetylneuraminic acid (NeuAc) is a terminal addition to the N-glycan 

and sialic acid N-glycan regulation in human biology plays a large role in cell-cell and 

cell-ECM interactions, including immune cell interactions [71–73]. Sialylated NeuAc N-

glycans represented the most abundant population of N-glycans in the human aortic valve. 

Quantification of NeuAc N-glycans showed that very specific N-glycans were elevated 

in end stage AS independent of age (Fig 6A–C, Supplemental Figure 5). These included 

the bi-antennary N-glycan 1976.6566 (m/z 1976, Fig. 6A), the fucosylated N-glycan m/z 

2163.7511(m/z 2163 Fig. 6B), and the tri-antennary N-glycan m/z 2341.7998 (m/z 2341, 

Fig. 6C). A common localization motif was the presence of these N-glycans within the older 

valves that had thickened commissures, including the ROSS pulmonic valve operating in the 

aortic valve position. On-tissue chemical derivatization was done to understand α2,3 and 

α2,6 linkage specificity of NeuAc per patient. The m/z 1976 was primarily α2,6 linked (Fig. 

6D) with younger AS ≤ 5 yrs demonstrating a 20% relative abundance of α2,3 linkages. 

The m/z 2163 was also primarily α2,6 linked, yet had suggestive age-related decreases 

of α2,3 linkage (Fig. 6E). However, the m/z 2341 showed high relative ratios of α2,3 

linkage with minimal presence of α2,6 linked NeuAc (Fig. 6F). Localization of specific 

linkages types showed co-localized with primarily with regions that contained mixed elastin 

by Movat’s pentachrome staining (Fig 6G, I). Carbohydrate binding lectins, which bind to 

all N-glycans containing a specific motif and configuration of several sugars, were used to 

to further confirm the existence of differentially localized NeuAc linkages. Lectin staining 

by Sambucus nigra agglutin (high affinity for α2,6 NeuAc-galactose-GlcNAc motif) also 

showed that α2,6 localized to regions of elastin mixing (Fig. 6H). A lectin specific to the 

α2,3 NeuAc--galactose- GlcNAc motif demonstrated similar patterning with more intense 

staining in the elastin rich regions (Fig. 6J). These data are suggestive that regulation of 

certain sialiylated N-glycans with specific linkages may play a pathological role in the 

elastin-collagen deregulation of AS.

The Human Aortic Valve Shows Active Transcriptional Regulation of Sialic Acid 
Glycosidases, Glycosyltransferases and Siglecs.

Since sialic acids were the most abundant N-glycan in the human aortic valve with 

significant AS regulation, the RNA-Seq data was evaluated for transcriptional expression 
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patterns of neurominidases, sialyltransferases, and sialic acid-binding immunoglobin-type 

lectins (Siglecs). In general, the individual valve tissues demonstrated unique patterns of 

transcriptional levels related to sialic acid (Fig 7A, Supplemental Table 2). Generally, 

Sialic acid-binding Ig-like lectins (Siglecs) were found to be increased in AVI (Fig. 

7A). Sialic acid binding Ig-like lectin (SIGLEC12), a controversial adhesion regulator 

suggested to recruit SHP1 and SHP2 through adhesion binding to epithelial cells[74, 75], 

increased in AS (3.9-fold AS/Normal, MWU p-value 0.036). Interestingly, neuraminidases, 

which cleave terminal sialic acids from glycoproteins and glycolipids, showed negligible 

variation in transcript level across all valve tissues (Fig. 7B). Relative abundance levels of 

neuraminidases in both normal and disease valves were Neu1 (46.2 ± 1.8% abundance), 

Neu3 (37.1 ± 1.6%), Neu4(16.7 ± 3.2%). Neu2 transcription levels were not detected in 

human aortic valve. Finally, transcripts related to α2,8 polysialic acid addition were detected 

in all pediatric aortic valves with patient-specific variation in expression levels. This was 

surprising since reports in rat models of heart development show that polysialylation is 

precisely regulated in the outflow tract and decreases post-transitional circulation[76]. 

To further understand localization of polysialylation in AS, valve tissue was stained for 

ST8SIA4 enzyme (Fig. 7D, Supplemental Figure 6). ST8SIA4 was primarily detected in 

the valvular endothelium with ST8SIA4 positive cells in the fibrosa of normal valves and 

in valvular interstitial cells throughout the pediatric AS structure. Regulation of sialylated 

N-glycans remains active at the transcriptional and glycomic level in AS valvular tissue, yet 

may lead to common structural endpoints of disease.

Discussion

N-glycosylation is developmentally regulated and disease altered within the human aortic 

valve structure. Our study found that the trilayer structure of the normal valve is defined 

by very specific N-glycan structures. In AS, N-glycans are not only altered by abundance 

and configuration but also show distinct spatial patterns throughout the valvular structure. 

Spatial patterns may attributable to cellular phenotypes or changes in metabolism as 

part of the underlying congential disease. Glycosylation is an effector of cell-ECM and 

cell-cell interactions that are critical to maintaining the aortic valve structure [17, 77]. 

Various subtypes of valvular interstitial cells (VIC) exist within the valvular structure 

alter the valvular structure-function relationship through abnormal ECM production [78, 

79] and pathological N-glycosylation contributes to abnormal cell-ECM interactions [80, 

81]. Incorrect glycosyation may induce aberrant endothelial mesenchymal transition (EMT) 

[82–84] through inappropriate activation of the hexosamine biosynthetic pathway. Specific 

inborn errors of metabolism influence protein and lipid glycosylation to result in dysplastic 

and bicuspid valve defects [85].

A significant and novel finding was that the young human aortic valve shows (α1,6) core-

fucosylated N-glycans as the primary type of fucosylation. Core fucosylation regulates 

valvular signaling pathways, such as NOTCH, E-cadherin, TGFβ1, EGFR that are 

critical regulators of structure [30, 86–88]. Research on fibrotic disease shows that core 

fucosylation of TGFβ1 activates EMT and leads to overproduction of collagen [24, 87, 

89]. Although core fucosylation regulates EMT in many human cancers mainly through 

TGFβ pathways [90–94], the role of core fucosylation in human valve development and 
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valvular fibrosis is unknown. Attenuation of core-fucosylation has been shown to be a 

viable approach to reduce disease mediated EMT, limit excess collagen production and 

reduce the inflammatory response [26, 95, 96]. As examples, inhibition of core fucosylation 

through FUT8 deletion inhibited TGFβ2 and ALK5 expression to decrease renal fibrosis 

[24]. In calcific vascular smooth muscle cells siRNA inhibition of FUT8 decreased core 

fucosylation and effectively blocked TGFβ1/Smad2/3 signaling activation [43]. Immune cell 

activation and reduce autoinflammatory diseases were reduced by loss of core fucosylation 

[97]. Interestingly, previous research has shown that in the healthy adult AV, fucosylation 

decreases with age [44]. Fucosylation, and particularly core fucosylation, may be a route 

for control and regulation of the aortic valve structure that contributes to deregulation of 

pediatric AS.

The study identified that N-glycans with the sialic acid N-acetylneuraminic acid represented 

the majority of the young human aortic valve N-glycome. Broadly speaking, sialic acid 

expression is very complex, with variation in linkage to the terminal galactose as well as 

additional modifications within the sialic acid structure [73, 98]. A main role for sialic acid 

N-glycans are to control cell-cell and cell-ECM interactions first through the negatively 

charged and hydrophilic sialic acid, then through conformational changes required for 

ligand binding based on linkage type [73, 98]. Linkage variation is dependent on cell 

type and can dramatically alter the recruitment of cells during development or modulate 

immune response during development or disease [73, 99, 100]. In cardiomyocytes, increases 

in sialylation of N-glycoproteins by cardiac hypertrophy has been attributed to increased 

protein synthesis along pathways of wound healing, cell adhesion and inflammatory 

response [37]. Endothelial sialylation turnover is sensitive and rapid, occurring within hours 

of proinflammatory stimulation to increase leukocyte recruitment [101]. Further studies are 

needed to demonstrate a role for sialic acid N-glycans in the pediatric AS immune response.

Regulation of sialylation was found also found at the transcriptional and translational levels 

in young valves. Sialyltransferases have been implicated in cancer with a tissue dependent 

role in invasiveness and metastasis [102, 103], potentially translating to AS problems of 

inappropriate migration and differentiation [4, 104] that could also be hemodynamically 

influenced [105]. ST8SIA4, a sialyltransferase that adds consecutive α2,8 sialic acids 

carried by NCAM, is developmentally down regulated in the outflow tract post-transitional 

circulation [76, 106]. The finding of ST8SIA4 positive endothelial and VIC cells within 

AS tissue up to 17 years of age is a novel observation that could suggest a prolonged 

developmental program or could arise from ongoing poor hemodynamics; it will be critical 

to identify the α2,8 sialic acids glycoprotein carriers. The study also identified Siglecs 

involved in the pediatric valve. Siglecs are primarily expressed by immune cells with a role 

in negative immune modulation through sialic acid binding [107–109]; mutation of the SIA 

binding site may prevent or allow only weak sialic acid binding by Siglec-12 [74, 110]. 

Siglec-12, shown here to be increased in AS, is expressed not only on macrophages but also 

luminal epithelial surfaces in humans and chimpanzees [74, 75].

This study provides evidence that localization of N-glycans may be affected by valvular 

hemodynamics and this may play a role in diagnostic valve function. Localization to 

valvular subanatomy such as the commissure, collagenous fibrosa, glycosaminoglycan-rich 
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spongiosa, and elastic ventricularis suggest that very specific N-glycan distributions are 

required for appropriate valvular function. Contemporary literature shows that N-glycan 

expression in cultured cells is altered by hemodynamics and, in vascular structures, is 

a known effector of adhesion expression changes with a role in modulating immune 

recruitment [101, 111, 112]. In atherogenic endothelial cells, oscillatory shear resulted 

in hyperglycosylation due to increases in high mannose structure, reducing monocyte 

recruitment by restricting further processing of N-glycosylation [113]. Congenital defects 

of N-glycosylation frequently involve cardiovascular defects with a consequence of altered 

hemodynamics [36, 114]. The overall evidence suggests that the valvular hemodynamic 

signaling exchange includes contributions from localized regulation of N-glycosylation. To 

support this concept, additional imaging experiments over an entire rat heart showed that 

the hemodynamically differing regions of the aortic valves and outflow tract have very 

distinctive regulation of N-glycans (Supplemental Figure 7). N-glycan signaling altered 

by hemodynamics may feed forward into cell-cell, cell-immune cell, and cell-matrix 

interactions that further affect the structural integrity and function of the valve [17, 115].

This study had limitations. Normal valve tissue from pediatric ages are challenging to 

obtain as parents may be less likely to donate pediatric tissues to transplant or scientific 

study [116]. Certain normal functioning valve tissues used in the study were from failed 

hearts with an unknown impact on valve biology. In spite of unknowns, the tissue 

classified by normal function, AS or altered hemodynamics appears to group closely by 

N-glycan profiles. The normal AV tissue available to the study spanned the age range of 

post-transitional pediatric growth patterns (age 0–17). Not all of the valvular tissue was 

available for each portion of the study. This led to a limited understanding of certain 

N-glycan configurations and glyco-enzyme regulation that could be linked to disease. The 

study was able to report patient specific regulation in glyco-enzymes and found that certain 

N-glycan configurations may be common endpoints of AS, independent of age. Finally, the 

study blindly selected AS tissue from the available tissue bank and it is possible that the 

pathological variation in ECM from our cohort does not correspond to large populations. 

The selected cohort provided a wide variety of pathological variation within the aortic valve 

that was an asset in detailing the N-glycome in valvular spatial organization and this data is 

driving new hypotheses on N-glycosylation in human aortic valve development and disease.

Conclusion

One of the greatest challenges in understanding heart valve biology is that structure 

regulates function and function feeds back to regulate structure. Molecular regulation 

across the valvular subanatomy is thus critical to integrity of the valve structure and heart 

function. New ‘Omics methods for spatial referencing have been developed within the 

last decade that may be used to test and report molecular regulation in combination with 

hemodynamics in single cells, humans and animal models [49, 67, 117–119]. The current 

study focused on understanding spatial N-glycomics, which spans multiple molecular levels 

of control. N-glycomic expression requires metabolic regulation in synthesis of sugar units, 

transcriptional control of enzymes, post-translational control of protein signaling through 

glycoprotein folding and secretion and post-translational miRNA gene regulation [16, 19, 

115]. Numerous therapeutics exist that can block synthesis of particular N-glycans and 
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consequently signaling [120, 121]. An overall finding of the current study was that AS and 

non-stenotic valve tissue show independent N-glycomic regulation at both transcriptomic 

and glycomic levels. Much detail remains unknown. Currently undefined are the aortic 

valve glycoproteins carrying the reported N-glycan structures, target N-glycoprotein site 

occupancy and impact of N-glycan structure variation at a specific location in the valve 

and how these data change, if at all, during developmental hemodynamics. There is 

a lack of understanding on which cells contribute to N-glycan alteration and how cell-

specific expression patterns intersect with immune pathways and regulation of aortic valve 

maturation. However, the exacting spatial distribution of the N-glycome strongly suggests 

a significant role in regulation of the human aortic valve in development and disease. The 

techniques developed for the study provide the foundational approaches for N-glycomic 

investigation of valvular disease across all mammalian species. This study establishes that 

the N-glycome aligns with the human aortic valve structural features that are necessary for 

appropriate valve function and are subsequently delocalized and deregulated by AS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Funding provided specifically for this work by the American Heart Association (16GRNT31380005) to PMA with 
additional support by the NIH/NIGMS (P20 GM103542) and National Center for Advancing Translational Sciences 
UL1 TR000445, which supported initial studies for the project. PMA is enormously grateful to HSB for early 
career mentoring on valve development and biology. CLC supported by HL007260 (NIH/NHLBI). Support to RRD 
provided NCI/IMAT (1R21CA207779) and by the South Carolina Centers of Economic Excellence SmartState 
program.

Abbreviations:

AS Aortic valve stenosis

AVI aortic valve insufficiency

GAG glycosaminoglycan

HA hemodynamically altered

Ross Ross procedure

ECM extracellular matrix protein

PTM post-translational modification

MALDI IMS matrix assisted laser desorption /ionization imaging mass 

spectrometry

HRAM high resolution accurate mass

Man mannose

GlcNAc N acetylglucosamine

Angel et al. Page 13

J Mol Cell Cardiol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript
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Highlights

• Pediatric endstage congenital aortic valve stenosis involves unknown 

regulation of glycosylation

• N-glycans, metabolic sugar codes, are spatially defined in the young valve 

structure

• Altered N-glycan processing occurs within the disorganized, diseased valve 

structure

• N-glycans contribute to human aortic valve structure and are disease regulated
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Figure 1. The human aortic valves show complex populations of N-glycans spatially distributed 
in the aortic valve structure.
A) Representative examples of expected types of N-glycan structures. Far left is the high 

mannose Man9 N-glycan demonstrating the conserved core (dashed box), common to all N-

glycans. Branched N-glycans may have 2–4 branches extending from the core structure. The 

complex N-glycan structure is a branched structure that may have differing configurations 

of sialic acids (N-acetylneuraminic acid) and fucose. B) N-glycan composition of the human 

aortic valve. Bi = biantennary; Tri- tri-antennary; Tetra= tetra-antennary; FC= fucose; 

NeuAc=N-acetylneuraminic acid. C) Example spectrum from age-matched normal and 

diseased valve. All N-glycan structure types are represented. Arrows point to mannose N-

glycans that are the first structures in N-glycan synthesis. D) Example 2D spatial distribution 

of the most abundant N-glycan found at mass-to-charge (m/z) 1809 within the age-matched 

normal and diseased valve. Abbreviations: AS- pediatric endstage congenital aortic valve 

stenosis.
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Figure 2. The human AV N-glycome is spatially organized throughout the valve structure.
A) Hierarchical clustering by intensity and localization reports spatial patterns of N-glycan 

profiles within the human aortic valve. N-glycome clusters are colorized to show the 

spatial distribution within the valve structure. White arrows highlight unique N-glycomes 

found within the thickened free edges of some valves. B) Comparison of N-glycomes 

clustering to medial (white) or distal (red) regions co-registered with photomicrographs 

of the valve structure. C) Five N-glycans were consistently found increased localized to 

the thickened free edges. Testing used area under the receiver operating curve (AUC) to 

determine sensitive and specific discrimination between medial and distal spectra for each 
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N-glycan structure. Open blue square indicated ambiguity in structure configuration between 

N-acetylglucosamine and N-acetylgalactosamine, which have identical masses.
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Figure 3. N-glycosylation profiles from hemodynamically altered valves (HA) compared to 
normal valves or valves with congenital aortic valve stenosis.
Data is natural log of peak intensity normalized by leaflet area. A-C) Paucimannose are 

elevated in HA valves. D) Man4GlcNAC2 decreases in HA. E-H) a progressive series 

of single fucosylated bi-antennary, triantennary and tetra-antennary that are decreased 

in HA. I) HA decreases in the N-glycan m/z 1891. It is possible this could be a tetra-

antennary branched structure or have N-acetylgalactosamine residues present. Open blue 

square indicates ambiguity in structure configuration between N-acetylglucosamine and 

N-acetylgalactosamine, which have identical masses. * - Mann-Whitney U p-value ≤0.05 

compared between normal valve function and AS. † - MWU p-value ≤0.05 compared 

between AS and HA.
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Figure 4. Aortic valve regulation of high mannose N-glycoforms.
A) Example spatial patterns of high mannose structures. Normal aortic valve demonstrates 

localization to the fibrosa, while AS valves show diffuse expression. Expression extends 

from the valve to the aorta in AA 2 weeks, appearing with increased intensity in the aorta. 

B) Hybrid Man5GlcNAc3 (1460) N-glycoform was elevated in AS valves, Mann-Whitney 

U p-value <0.049. C) Example image patterns of m/z 1460 in normal valves over different 

pediatric ages. D) Spatial patterns of m/z 1460 in AS valve structures.
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Figure 5. Core fucosylation is the primary fucose configuration of the human aortic valve.
The α1,6 core fucose has been implicated in fibrotic disease patterns. A) Graphical 

representation of main forms of core versus branched fucosylation in the study. The α1,6 

core fucosylation occurs on the first GlcNAc attached to the asparagine residue. The α1,3/4 

Branched fucosylation occurs on either of the GlcNAc attached to the core mannose residue. 

B) Three times more core fucosylated N-glycans were detected in the fibrosa compared 

to the spongiosa in normal AV tissue. C) By principal component analysis, fucosylated 

spectra define spongios or fibrosa populations. Component 1 is sample type of Spongiosa or 
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Fibrosa. Component 2 is the magnitude of pixel intensity. D) Patterns of core fucosylation 

within normal trilayer aortic valves maily follow the fibrosa layer. Mass-charge (m/z) image 

is the N-glycan minus the core fucose and GlcNAc (−349 Daltons mass difference). E) 

AS demonstrates a mostly core-fucosylated phenotype. F) Example image patterns of AS 

tissue with branched fucosylated N-glycan m/z 1809, the most abundant N-glycan in the 

aortic valve. G) Example of AS image patterns of core-fucosylated N-glycan m/z 1809, the 

most abundant N-glycan in the aortic valve. H) Very specific core-fucose N-glycans show 

unique localization in the normal and AS human aortic valve. Note that in AS, the N-glycan 

localization profiles do not always follow general ECM staining patterns. Bar = 300 μm.
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Figure 6. On-tissue measurements of specific Neu5Ac containing N-glycans with consistent 
elevation in AS expression levels independent of age.
A) Bi-antennary Neu5Ac m/z 1976 is elevated 2.2 fold in AS tissues. Localization is to 

collagenous regions of the leaflet. B) Putative tri-antennary Neu5Ac m/z 2163 elevated 2.3 

fold in AS. A&B) Yellow arrow points to differential spatial expression in aorta versus 

leaflet, no tused in quantification. C) Tri-antennary Neu5Ac m/z 2341 elevated 2.7 fold in 

AS. D-F) Linkage analysis of target N-glycans by on-tissue chemical derivatization. The 

m/z 1976 and 2163 are primarily α2,6 linked while m/z 2341 is primarily α2,3 linked. 

G) Example image patterns for select α2,6 linked-glycans. H) Lectin staining for the α2,6 
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NeuAc-galactose-GlcNac motif. I) Example image patterns for select α2,3 linked-glycans. 

J) Lectin staining for the α2,3 NeuAc-galactose-GlcNac motif. * Two tailed student’s t-test 

p-value ≤0.05; † p-value ≤0.001. Bar= 300 μm.
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Figure 7. RNA-Seq measurements of sialyltransferases and sialidases.
A) Overall, the human aortic valve shows active regulation of N-glycan sialic acid activity 

that may be dependent on the individual. B) Neuraminidases, that work on de-sialidation, 

and localize to different cellular compartments and cell pheontypes show negligible 

variation among normal or AS valves at the transcriptional level. Neu2 was not detected 

by RNA-Seq data. C-E) Protein expression of ST8SIA4, which is developmentally regulated 

in the outflow tract after post-transitional circulation shows localization to the endothelium 

and fibrosa valvular interstitial cells in normal functioning young valve. In the AS valve 
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structure expression is found in endothelium and throughout the structure in valvular 

interstitial cells. Arrows point to endothelium expression. Star highlights internalized 

expression of ST8SIA4. Bar= 300 μm.
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Table 1.

Glycoenzyme catergories of the study and their target activitybased on [66]. The table reports the 

glycoenzymes involved in N-glycan synthesis, fucosylation, branching and sialic acid regulation that were 

a target results of the study. E.R.- endoplasmic reticulum.

Glycoenzyme Category Activity Primary Location of Enzyme Activity

Mannosyltransferases Transfers mannose groups onto the N-glycan precursor E.R and golgi

Mannosidases Removes mannose groups off N-glycan structures cis to medial golgi

Fucosyltransferases Adds fucose to the N-glycan structure medial to trans golgi

Fucosidases Removes fucose from the N-glycan structure medial to trans golgi

N-acetylglucosaminotransferases Increases branching of the N-glycan structure medial to trans

Sialyltransferase Adds sialic acid to the N-glycan structure trans-golgi

Sialidases (neuraminidases) Removes sialic acid from the structure trans-golgi
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Table 2.

Clinical characteristics of the cohort. Race/ethnicity: C- Caucasian, L-latino, AA-African-American. 

Definition of stenosis by 2D echocardiogram (Mean Gradients):Normal Gradient < 5 mmHg; Mild Stenosis 

5–25 mmHg; Moderate Stenosis 25–50 mmHg; Severe Stenosis >50 mmHg. N/A- not available.

Normal 
(N)

SKU Age 
(Year)

Gend 
er

Race/
Ethnicity

BSA 
(m^2 )

Leaflet 
Morphology Valve Function

Left 
Ventricular 

Function

Primary 
ECM 

Phenotype

DB51 0.66 M C 0.34 Trileaflet Normal Normal Bilayer

NDRI-1 2 M L 0.63 Trileaflet N/A N/A Trilayer

DB085 9 F C 0.95 Trileaflet Normal Normal Trilayer

DB027 17 M C 2.2 Trileaflet Normal Depressed* Trilayer

Congenital Aortic Valve Stenosis (AS)

DB106 0.03 M C 0.21 Bicuspid Severe Stenosis 
with AVI

Depressed GAG

DB040 0.33 M C 0.37 Bicuspid Stenosis Dilated/ severe GAG

DB105 5 M C 0.72 Bicuspid Stenosis with 
AVI

Normal GAG

DB119 5 F - - Bicuspid Moderate 
Stenosis with 

AVI

Normal GAG

DB018 6 F C 0.70 Bicuspid Moderate 
Stenosis with 

AVI

Normal Mixed

DB003 11 F C 1.5 Bicuspid Moderate 
Stenosis with 

AVI

Normal Mixed

DB117 12 M - - Bicuspid Moderate 
Stenosis with 

AVI

Hyper-dynamic Elastin

DB041 14 M C 1.6 Bicuspid Moderate 
Stenosis with 

AVI

Normal Mixed

DB016 17 M C 2.1 Bicuspid Moderate 
Stenosis with 

AVI

Normal Mixed

Hemodynamically Altered (HA)

DB43 0.13 M C 0.24 Trileaflet Moderate 
subvalvular 

stenosis with 
AVI

Markedly 
depressed

Bilayer

DB114 0.13 F - - N/A Trivial AVI Markedly 
depressed

Bilayer

DB17 0.5 M L 0.38 N/A Normal Markedly 
depressed

Trilayer

DB083 10 F AA 1.4 Trileaflet Trivial AVI Hypertrophy Trilayer

DB108 10 F C 1.3 Trileaflet Thickened with 
AVI

Dilated Mixed

Ross Procedure (pulmonary valve operating in aortic valve position
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Normal 
(N)

SKU Age 
(Year)

Gend 
er

Race/
Ethnicity

BSA 
(m^2 )

Leaflet 
Morphology Valve Function

Left 
Ventricular 

Function

Primary 
ECM 

Phenotype

DB0102 34 M C 2.0 Tricuspid Mild Stenosis Normal Mixed

Comparison of Age, BSA, Gender and Race

Normal AS p-value (AS 
compared to 

Normal)

HA p-value (HA 
compared to 

Normal)

Age (Years) 7.18; 95% CI [0.17, 
14.5]

7.86; 95% CI [4.00, 
11.7] 0.969

a 4.16; 95% CI [0.5, 
8.83] 0.389

a

Body surface area 
(BSA)

1.03; 95% CI 
[0.23,1.8)

1.03; 95% CI 
[0.57,1.5] 0.999

a 0.83; 95% CI 
[0.3,1.4] 0.886

a

Gender (Male/Female) (3/1) (6/3) 0.399
b (2/3) 0.524

b

Race/Ethnicity 
(C/AA/L; Not 
Reported)

(3/0/1) (7/0/0; 2NR) 0.185
b (2/2/1; 1NR) 0.999

b

a
– Mann Whitney U exact p-value;

b
– two-sided Fisher’s exact probability test for proportions.
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