
 

 

 

 

 

Physiological Remodelling of Mitral Valve Chordae Tendineae  

In The Maternal Bovine Heart 

 

 

 

by 

 

 

Brandon Paul Scott 

 

 

 

Submitted in partial fulfillment of the requirements  

for the degree of Master of Applied Science 

 

 

at 

 

 

Dalhousie University  

Halifax, Nova Scotia  

July 2016 

 

ã Copyright by Brandon Paul Scott, 2016 



 ii 

TABLE OF CONTENTS 

 

1 	

LIST OF TABLES ............................................................................................................ v	

LIST OF FIGURES ......................................................................................................... vi	

ABSTRACT ..................................................................................................................... xii	

LIST OF ABBREVIATIONS USED ............................................................................ xiii	

ACKNOWLEDGEMENTS .......................................................................................... xiv	

Chapter 1: Introduction ................................................................................................... 1	
1.1	 Overview of Cardiac Physiology ................................................................................. 1	

1.1.1	 The Cardiac Cycle ...................................................................................................... 3	
1.2	 Heart Valves – The Guardians of Unidirectional Flow ............................................ 5	

1.2.1	 Mitral Leaflet Anatomy & Structure .......................................................................... 7	
1.2.2	 Collagen Structure, Remodelling, & Thermal Stability ............................................. 9	
1.2.3	 Chordae Tendineae Internal Structure ..................................................................... 11	
1.2.4	 Chordae Nomenclature ............................................................................................ 12	
1.2.5	 Not All Chordae Are Created Equal ........................................................................ 15	
1.2.6	 Mitral Valve Biomechanics ..................................................................................... 17	

1.3	 Valvular Interstitial Cells, Extracellular Matrix Remodelling, & Disease ........... 20	
1.4	 Cardiovascular Adaptations to Pregnancy .............................................................. 23	
1.5	 Cardiac Remodelling – Pathological vs Physiological (Pregnancy) ....................... 25	
1.6	 Maternal Mitral Valve Remodelling ......................................................................... 27	

Chapter 2: Thesis Rationale, Objectives, & Hypotheses ............................................. 31	
2.1	 Overview ...................................................................................................................... 31	
2.2	 Experiment 1: Chordae Counting ............................................................................. 32	
2.3	 Experiment 2: Collagen Thermal Properties ........................................................... 32	
2.4	 Experiment 3: Collagen Crimp ................................................................................. 33	
2.5	 Experiment 4: General ECM Histology ................................................................... 34	
2.6	 Experiment 5: Immunohistochemistry (α-SMA & Periostin) ................................ 34	

Chapter 3: Materials & Methods .................................................................................. 36	



 iii 

3.1	 Tissue Collection ......................................................................................................... 36	
3.2	 Chordae Counting ...................................................................................................... 36	
3.3	 Differential Scanning Calorimetry (DSC) ................................................................ 37	
3.4	 Histology ...................................................................................................................... 41	

3.4.1	 Picrosirius Red ......................................................................................................... 41	
3.4.2	 Movat Pentachrome ................................................................................................. 42	
3.4.3	 Immunostaining (a-SMA) ....................................................................................... 43	
3.4.4	 Immunostaining (Periostin) ...................................................................................... 44	
3.4.5	 Image Analysis – Movat Pentachrome .................................................................... 44	
3.4.6	 Image Analysis – Collagen Crimp ........................................................................... 45	
3.4.7	 Image Analysis – a-SMA (Cell Phenotype & Density) .......................................... 47	

3.5	 Statistical Analyses ..................................................................................................... 48	

Chapter 4: Results ........................................................................................................... 50	
4.1	 The Number of Chordae Attachments Increases In Pregnancy ............................ 50	
4.2	 Collagen Thermal Properties Remain Largely Unchanged In Pregnancy, But 

Change Significantly With Chordae Type (DSC Results) ................................................... 52	
4.3	 Chordae Collagen Crimp Is Unchanged Between Heifers and Pregnant Cows ... 63	
4.4	 Movat Pentachrome Reveals Unique Bifurcation Composition With High Cell 

Density And Elastin Propagations ......................................................................................... 69	
4.5	 Chordae Bifurcations are VIC Rich and Display Intense Periostin Expression .. 75	

Chapter 5: Discussion ..................................................................................................... 81	
5.1	 Chordae Number ........................................................................................................ 81	
5.2	 Thermal Stability ........................................................................................................ 85	
5.3	 Collagen Crimp ........................................................................................................... 92	
5.4	 Movat Pentachrome ................................................................................................... 97	
5.5	 a-SMA ....................................................................................................................... 102	
5.6	 Periostin ..................................................................................................................... 107	
5.7	 Summary of Mitral Valve Chordae Remodelling in the Maternal Bovine    

             Heart………………………………………………………………………………...108	
5.7.1	 Chordae Counting .................................................................................................. 108	
5.7.2	 DSC ........................................................................................................................ 108	
5.7.3	 Collagen Crimp ...................................................................................................... 109	
5.7.4	 Movat Pentachrome ............................................................................................... 109	



 iv 

5.7.5	 α-SMA .................................................................................................................... 110	
5.7.6	 Periostin ................................................................................................................. 110	

Chapter 6: Conclusion .................................................................................................. 112	
6.1	 Future Research Directions ..................................................................................... 112	

6.1.1	 Post-Partum Chordae Counting & Other Experimental Follow-Ups ..................... 112	
6.1.2	 Tricuspid Valve Chordae Counting ....................................................................... 113	
6.1.3	 Proteinase Expression ............................................................................................ 113	
6.1.4	 Cross-link Profile ................................................................................................... 114	
6.1.5	 Hormones - Relaxin ............................................................................................... 114	
6.1.6	 Fetal Chordae Research ......................................................................................... 115	

6.2	 Concluding Remarks ................................................................................................ 115	

Bibliography .................................................................................................................. 117	
 

 

 

 

  



 v 

LIST	OF	TABLES	

 
TABLE 1.1: TYPES OF CHORDAE TENDINEAE AND THEIR ANATOMICAL DESCRIPTIONS. .................................. 14 
 
TABLE 4.1: SUMMARY OF COLLAGEN CRIMP LENGTH AND PERCENT AREA OCCUPIED BY CRIMP IN ANTERIOR 

MITRAL VALVE STRUT, BASAL, AND MARGINAL CHORDAE FROM NON-PREGNANT HEIFERS AND 
PREGNANT COWS. A TOTAL OF 15 STRUT, 30 BASAL, AND 20 MARGINAL SAMPLES FROM 4 HEIFER 
VALVES, AND 22 STRUT, 52 BASAL, AND 26 MARGINAL SAMPLES FROM 4 MATERNAL VALVES WERE 
USED IN THE ANALYSIS. VALUES ARE EXPRESSED AS MEAN ± SE. THERE WERE NO SIGNIFICANT 
DIFFERENCES IN ANY CRIMP MEASUREMENT BETWEEN HEIFERS AND PREGNANT ANIMALS. CRIMP 
LENGTH WAS SIGNIFICANTLY SHORTER IN MARGINAL CHORDAE IN COMPARISON TO THAT IN STRUT AND 
BASAL (P<0.005). .................................................................................................................................. 64 

 
TABLE 4.2: THE PRESENCE OF ELASTIN AT CHORDAE BIFURCATIONS WAS SEMI-QUANTITATIVELY GROUPED 

ACCORDING TO ONE OF FOUR MORPHOLOGIES: (0) NO ELASTIN PRESENT (FIGURE 4.24 ‘A’); (1) ONLY 
SMALL, FRAGMENTED ELASTIC FIBERS PRESENT WITH NO DEFINED DIRECTIONALITY; (2) ELASTIN ON 
ONE OR BOTH SIDES OF THE BIFURCATION HAD BEGUN EXTENDING LONGITUDINALLY INTO THE 
BIFURCATION TIP (FIGURE 4.24 ‘B’); AND (4) ELASTIN PROPAGATION FROM BOTH SIDES OF THE 
BIFURCATION HAD JOINED BELOW THE BIFURCATION (FIGURE 4.24 ‘C’). CHI-SQUARED TEST REVEALED 
NO SIGNIFICANT DIFFERENCES BETWEEN ELASTIN MORPHOLOGIES IN NON-PREGNANT HEIFERS (N=4 
VALVES) AND PREGNANT COWS (N=4 VALVES) (P>0.9280). ................................................................. 73 

 
TABLE 4.3: SUMMARY TABLE OF CELL DENSITY AND PHENOTYPE AT STRAIGHT SEGMENTS AND 

BIFURCATIONS FOR HEIFERS (N=3 VALVES) AND PREGNANT COWS (N=3 VALVES). VALUES ARE SHOWN 
AS THE MEAN ± SE. THERE WERE NO SIGNIFICANT DIFFERENCES IN ANY CELL DENSITY/PHENOTYPE 
MEASUREMENT BETWEEN HEIFERS AND PREGNANT ANIMALS. TOTAL CELL DENSITY WAS 
SIGNIFICANTLY HIGHER AT BIFURCATIONS IN COMPARISON TO STRAIGHT SEGMENTS (P<0.0001). ...... 76	

 

 

 

 

 

 

 

 

 

 

 
 	



 vi 

LIST	OF	FIGURES	

 
FIGURE 1.1: SCHEMATIC OF HEART ANATOMY. RETRIEVED AND MODIFIED FROM: 

HTTP://WWW.HOWITWORKSDAILY.COM/INSIDE-THE-HUMAN-HEART/3. .................................................. 2 
 
FIGURE 1.2: LEFT VENTRICULAR PRESSURE-VOLUME LOOP. MVC – MITRAL VALVE CLOSURE, AVO – AORTIC 

VALVE OPENING, AVC – AORTIC VALVE CLOSURE, MVO – MITRAL VALVE OPENING. TAKEN FROM 
KATZ (2010)2. ......................................................................................................................................... 4 

 
FIGURE 1.3: SCHEMATIC OF THE UNFOLDED MITRAL VALVE SHOWING LEAFLETS, CHORDAE, AND PAPILLARY 

MUSCLES. TAKEN FROM CARPENTIER (2010)31. ...................................................................................... 8 
 
FIGURE 1.4: THE POLYMER-IN-A-BOX MECHANISM FOR COLLAGEN THERMAL STABILITY47. (A) INCREASED 

LATERAL SPACING BETWEEN COLLAGEN MOLECULES LEAVES THE THERMALLY LABILE DOMAIN 
RELATIVELY UNCONSTRAINED, LEADING TO LOWER DENATURATION TEMPERATURES IN THERMAL 
ANALYSES SUCH AS DIFFERENTIAL SCANNING CALORIMETRY. (B) THERMALLY LABILE DOMAIN 
CONFIGURATIONS ARE RESTRICTED BY NEIGHBOURING MOLECULES WHEN TIGHTLY PACKED, LEADING 
TO MOLECULAR STABILIZATION AND HIGHER DENATURATION TEMPERATURES. .................................. 10 

 
FIGURE 1.5: HISTOLOGICAL COMPOSITION OF THE CHORDAE TENDINEAE. ALTERNATING LIGHT AND DARK 

BANDS IN THE COLLAGEN CORE CORRESPOND TO THE WAVES OF COLLAGEN CRIMP. ............................ 12 
 
FIGURE 1.6: EXCISED BOVINE MITRAL VALVE ANTERIOR LEAFLET SHOWING EXAMPLES OF THE STRUT, BASAL, 

AND MARGINAL CHORDAE TYPES IN RELATION TO THE ROUGH AND CLEAR ZONES (RZ, CZ). .............. 14 
 
FIGURE 1.7: GENERAL NON-LINEAR STRESS-STRAIN CURVE FOR CHORDAE TENDINEAE SHOWING THE 

RELATIONSHIP BETWEEN TISSUE LOADING AND THE CARDIAC CYCLE. AS PRESSURE IN THE VENTRICLE 
RISES DURING SYSTOLE, COLLAGEN CRIMP FIRST COLLAPSES TO PROVIDE EXTENSIBILITY AT LOW 
STRESSES. THE TISSUE MODULUS BEGINS TO INCREASE AS COLLAGEN FIBERS AND FIBRILS BEGIN TO 
ALIGN WITH THE APPLIED TENSION, UNTIL ALL MOLECULES BECOME FULLY ENGAGED AND LOAD-
BEARING. THE TISSUE IS UNLOADED DURING DIASTOLE WHERE COLLAGEN CRIMP IS RESTORED WITH 
THE HELP OF ELASTIN RECOIL. MODIFIED FROM SCHOEN AND LEVY (1999)8. ...................................... 19 

 
FIGURE 1.8: PROPOSED MODEL FOR HEART VALVE REMODELLING BY VICS. ORIGINALLY QUIESCENT VICS 

RESPOND TO MECHANICAL CHANGES IN THEIR ENVIRONMENT BY ACTIVATING THEN REMODELLING THE 
SURROUNDING ECM. UPON RESTORATION OF THE VALVE’S NORMAL STRESS PROFILE, AVICS RETURN 
TO THEIR QUIESCENT STATE UNTIL ANOTHER MECHANICAL STIMULUS IS ENCOUNTERED. MODIFIED 
FROM SCHOEN (2005)112. ...................................................................................................................... 21 

 
FIGURE 1.9: THE MITRAL VALVE ANTERIOR LEAFLET IN A NON- PREGNANT HEIFER (A) AND PREGNANT COW 

(B). A REMARKABLE INCREASE IN LEAFLET AREA AND NUMBER OF CHORDAE TENDINEAE 
ATTACHMENTS CAN BE SEEN IN THE FULL TERM MITRAL VALVE. SCALE BARS = 1 CM. MODIFIED FROM 
WELLS ET AL. (2012) 166. ....................................................................................................................... 28 

 

 



 vii 

FIGURE 1.10: AN OVERVIEW OF CARDIAC REMODELLING IN PREGNANCY AND PATHOLOGY (HEART FAILURE 
AND MITRAL REGURGITATION). PREGNANCY AND PATHOLOGY SHARE A HYPERVOLEMIC STATE THAT 
INITIATES VENTRICULAR AND ANNULAR DILATION. THESE REMODELLING EVENTS ELEVATE THE 
MECHANICAL STRESS EXPERIENCED BY THE MITRAL LEAFLETS AND CHORDAE, TO WHICH PREGNANCY 
AND PATHOLOGY RESPOND UNIQUELY. DYSFUNCTIONAL REMODELLING OCCURS IN PATHOLOGY, 
LEADING TO A BIOCHEMICALLY AND MECHANICALLY COMPROMISED VALVE WITH NO ADDITIONAL 
CHORDAE. ADAPTIVE REMODELLING OCCURS IN PREGNANCY WITH AN INCREASE IN CHORDAE NUMBER 
AND A PRESERVATION OF VALVE INTEGRITY. HEATHY BOVINE MITRAL VALVE IMAGE (IN PREGNANCY) 
TAKEN BY CAITLIN PIERLOT; DISEASED VALVE IMAGE TAKEN FROM: 
HTTP://WWW.SLIDESHARE.NET/IRHEUM/CRYSTAL-ARTHRITIS-AMH. .................................................... 30 

 
FIGURE 3.1: EXCISED BOVINE MITRAL VALVE ANTERIOR LEAFLET SHOWING EXAMPLES OF THE SAMPLING 

LOCATIONS FOR DIFFERENTIAL SCANNING CALORIMETRY AND BIFURCATION DISTANCE 
MEASUREMENTS. SAMPLING LOCATIONS: (1) BIFURCATION, (2) LEAFLET INSERTION SITE, AND (3) 
STRAIGHT SEGMENTS. WHITE ARROWS ORIGINATE AT A SINGLE BIFURCATION SAMPLE AND FOLLOW 
BOTH BRANCHES TOWARDS THEIR LEAFLET ATTACHMENT POINT; THE LONGEST DISTANCE FROM THE 
BIFURCATION WAS USED AS THAT BIFURCATION’S DISTANCE FROM THE LEAFLET. .............................. 38 

 
FIGURE 3.2: DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERM OF A BOVINE CHORDA SHOWING THE FOUR 

PARAMETERS OF INTEREST: THE TEMPERATURE OF ONSET (TONSET), PEAK TEMPERATURE (TPEAK), THE 
FULL WIDTH AT HALF MAXIMUM (FWHM), AND THE SPECIFIC ENTHALPY. .......................................... 39 

 
FIGURE 3.3: SAMPLING PROTOCOL FOR DIFFERENTIAL SCANNING CALORIMETRY. FROM EACH HEIFER AND 

MATERNAL VALVE, 3 TYPES OF CHORDAE WERE COLLECTED: ............................................................... 40 
 
FIGURE 3.4: MOVAT PENTACHROME-STAINED LONGITUDINAL SECTION SHOWING EXAMPLES OF 

CHARACTERISTIC ELASTIN MORPHOLOGIES AT CHORDAE BIFURCATIONS AND THEIR CORRESPONDING 
SEMI-QUANTITATIVE NUMERICAL SCORES. LETTERS A, B, C, AND D CORRESPOND TO NUMERICAL 
SCORES OF 0, 1, 2, AND 3 RESPECTIVELY. YELLOW=COLLAGEN, BLUE/GREEN=GAGS, BLACK 
LINES=ELASTIN FIBERS, PURPLE ELONGATIONS/CIRCLES=CELL NUCLEI ............................................... 46 

 
FIGURE 3.5: Α-SMA IMMUNOSTAINED LONGITUDINAL SECTION OF A BOVINE CHORDA SHOWING VALVULAR 

INTERSTITIAL CELL NUCLEI STAINED BROWN WITH DAB (Α-SMA POSITIVE), AND Α-SMA NEGATIVE 
CELLS COUNTERSTAINED BLUE/PURPLE WITH HEMATOXYLIN. TWO COUNTER TYPES WERE USED TO 
COUNT AND CLASSIFY CELL NUC1EI FOR CELL DENSITY AND PHENOTYPE MEASUREMENTS: TYPE I 
COUNTER WAS USED TO COUNT ALL NUCLEI IN THE IMAGE AND TYPE 2 COUNTER WAS USED TO 
EXCLUSIVELY COUNT Α-SMA POSITIVE CELLS. .................................................................................... 48 

 
FIGURE 4.1: NUMBER OF BASAL, MARGINAL, AND TOTAL CHORDAL ATTACHMENTS TO THE ANTERIOR MITRAL 

VALVE LEAFLET IN NON-PREGNANT HEIFERS (N=20 VALVES) AND PREGNANT COWS (N=24 VALVES). 
TOTAL CHORDAE NUMBER IS THE SUM OF ALL BASAL AND MARGINAL CHORDAE, WITH THE ADDITION 
OF TWO STRUT CHORDAE (AS EACH VALVE ALWAYS CONTAINS ONLY TWO STRUTS). VALUES ARE 
SHOWN AS THE MEAN ± SE. *=P<0.05, **=P<0.006. ............................................................................ 50 

 
FIGURE 4.2: NUMBER OF BASAL CHORDAL ATTACHMENTS TO THE ANTERIOR MITRAL VALVE LEAFLET IN 

PREGNANT COWS (N=24 VALVES) PLOTTED AGAINST FETAL CROWN-TO-RUMP LENGTH (CRL) IN CM. 51 
 
FIGURE 4.3: NUMBER OF MARGINAL CHORDAL ATTACHMENTS TO THE ANTERIOR MITRAL VALVE LEAFLET IN 

PREGNANT COWS (N=24 VALVES) PLOTTED AGAINST FETAL CROWN-TO-RUMP LENGTH (CRL) IN CM. 51	



 viii 

FIGURE 4.4: TOTAL NUMBER OF CHORDAL ATTACHMENTS TO THE ANTERIOR MITRAL VALVE LEAFLET IN 
PREGNANT COWS (N=24 VALVES) PLOTTED AGAINST FETAL CROWN-TO-RUMP LENGTH (CRL) IN CM. 52 

 
FIGURE 4.5: REPRESENTATIVE DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERMS FOR BOVINE MITRAL 

CHORDAE TAKEN FROM HEIFERS AND PREGNANT COWS. A NARROWING OF THE ENDOTHERM TRACE 
(LOWER FWHM) IS EVIDENT; CURVES WERE SIMILAR WITH RESPECT TO ALL OTHER THERMAL 
PARAMETERS (TONSET, TPEAK, AND SPECIFIC ENTHALPY). BASELINES HAVE BEEN Y-SCALE ADJUSTED TO 
SEPARATE INDIVIDUAL ENDOTHERMS. .................................................................................................. 55 

 
FIGURE 4.6: DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERM FULL WIDTH AT HALF MAXIMUM (FWHM) 

FOR ANTERIOR MITRAL VALVE CHORDAE TAKEN FROM NON-PREGNANT HEIFERS (50 SAMPLES FROM 7 
VALVES) AND PREGNANT COWS (49 SAMPLES FROM 6 VALVES). VALUES ARE EXPRESSED AS MEAN ± 
SE.  DISSIMILAR LETTERS INDICATE STATISTICAL SIGNIFICANCE (P<0.005). ........................................ 55 

 
FIGURE 4.7: DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERM ONSET TEMPERATURE (TONSET) FOR 

ANTERIOR MITRAL VALVE CHORDAE IN NON-PREGNANT HEIFERS AND PREGNANT COWS. SAMPLES 
WERE GROUPED AND COMPARED BASED ON THEIR LOCATION AS EITHER: (I) A “BIFURCATION” (REGION 
WHERE 2 OR MORE CHORDAE BRANCH); (II) AN “INSERTION” (WHERE THE CHORDA MERGES WITH THE 
LEAFLET TISSUE), OR (III) A “STRAIGHT” SEGMENT (I.E. NOT A BIFURCATION OR INSERTION). 
RIGHTMOST PORTION OF THE FIGURE PROVIDES EXAMPLES OF BIFURCATION (1), INSERTION (2), AND 
STRAIGHT (3) CHORDAE SAMPLES. A 3-WAY REPEATED MEASURES ANOVA REVEALED A SIGNIFICANT 
INTERACTION BETWEEN PREGNANCY AND SAMPLE LOCATION (P=0.0049). VALUES ARE EXPRESSED AS 
MEAN ± SE. DISSIMILAR LETTERS WITH THE SAME CASE INDICATE A SIGNIFICANT POST-HOC 
DIFFERENCE (P<0.005). BARS SHOW SPECIFIC N-VALUES (USED IN POST-HOC STATISTICAL TESTING) 
TAKEN FROM A TOTAL OF 7 HEIFER AND 6 MATERNAL VALVES (WITH CHORDAE TYPES POOLED 
TOGETHER AS THERE WAS NO EFFECT OF PREGNANCY FOR ANY CHORDAE TYPE). ................................ 56 

 
FIGURE 4.8:  REPRESENTATIVE DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERMS FOR BOVINE MITRAL 

CHORDAE TENDINEAE. AN OVERALL RIGHTWARD SHIFT (INCREASE IN THERMAL STABILITY) IS VISIBLE 
IN THE ENDOTHERMS FROM STRUT, TO BASAL, TO MARGINAL CHORDAE. BASELINES HAVE BEEN Y-
SCALE ADJUSTED TO SEPARATE INDIVIDUAL CURVES............................................................................ 57 

 
FIGURE 4.9: DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERM ONSET TEMPERATURE (TONSET) FOR 

ANTERIOR BOVINE MITRAL VALVE STRUT, BASAL, AND MARGINAL CHORDAE. A TOTAL OF 34 STRUT, 31 
BASAL, AND 34 MARGINAL SAMPLES POOLED FROM 7 HEIFER AND 6 MATERNAL VALVES WERE USED IN 
THE ANALYSIS. VALUES ARE EXPRESSED AS MEAN ± SE. DISSIMILAR LETTERS INDICATE STATISTICAL 
SIGNIFICANCE BETWEEN CHORDAE TYPES (P<0.001). ........................................................................... 57 

 
FIGURE 4.10: DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERM PEAK TEMPERATURE (TPEAK) FOR 

ANTERIOR BOVINE MITRAL VALVE STRUT, BASAL, AND MARGINAL CHORDAE. A TOTAL OF 35 STRUT, 33 
BASAL, AND 33 MARGINAL SAMPLES POOLED FROM 7 HEIFER AND 6 MATERNAL VALVES WERE USED IN 
THE ANALYSIS. VALUES ARE EXPRESSED AS MEAN ± SE. DISSIMILAR LETTERS INDICATE STATISTICAL 
SIGNIFICANCE BETWEEN CHORDAE TYPES (P<0.001). ........................................................................... 58 

 
FIGURE 4.11: DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERM SPECIFIC ENTHALPY (BASED ON SAMPLE 

WET WEIGHT) FOR BOVINE ANTERIOR MITRAL VALVE STRUT, BASAL, AND MARGINAL CHORDAE. A 
TOTAL OF 34 STRUT, 31 BASAL, AND 34 MARGINAL SAMPLES POOLED FROM 7 HEIFER AND 6 MATERNAL 
VALVES WERE USED IN THE ANALYSIS. VALUES ARE EXPRESSED AS MEAN ± SE. DISSIMILAR LETTERS 
INDICATE STATISTICAL SIGNIFICANCE BETWEEN CHORDAE TYPES (P<0.001). ...................................... 58	



 ix 

FIGURE 4.12: DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERM FULL WIDTH AT HALF MAXIMUM 
(FWHM) FOR ANTERIOR BOVINE MITRAL VALVE STRUT, BASAL, AND MARGINAL CHORDAE. A TOTAL 
OF 34 STRUT, 31 BASAL, AND 34 MARGINAL SAMPLES POOLED FROM 7 HEIFER AND 6 MATERNAL 
VALVES WERE USED IN THE ANALYSIS. VALUES ARE EXPRESSED AS MEAN ± SE. DISSIMILAR LETTERS 
INDICATE STATISTICAL SIGNIFICANCE BETWEEN CHORDAE TYPES (P<0.05). ........................................ 59 

 
FIGURE 4.13: DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERM ONSET TEMPERATURE (TONSET) FOR 

ANTERIOR MITRAL VALVE CHORDAE TAKEN FROM NON-PREGNANT HEIFERS (52 SAMPLES TAKEN FROM 
6 VALVES) AND PREGNANT COWS (71 SAMPLES TAKEN FROM 6 VALVES) PLOTTED AGAINST EACH 
SAMPLE’S DISTANCE FROM THE LEAFLET SURFACE. .............................................................................. 60 

 
FIGURE 4.14: DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERM PEAK TEMPERATURE (TPEAK) FOR 

ANTERIOR MITRAL VALVE CHORDAE TAKEN FROM NON-PREGNANT HEIFERS (48 SAMPLES TAKEN FROM 
7 VALVES)  AND PREGNANT COWS (72 SAMPLES TAKEN FROM 6 VALVES) PLOTTED AGAINST EACH 
SAMPLE’S DISTANCE FROM THE LEAFLET SURFACE. .............................................................................. 61 

 
FIGURE 4.15: DIFFERENTIAL SCANNING CALORIMETRY ENDOTHERM SPECIFIC ENTHALPY (BASED ON SAMPLE 

WET WEIGHT) FOR ANTERIOR MITRAL VALVE CHORDAE TAKEN FROM NON-PREGNANT HEIFERS (52 
SAMPLES TAKEN FROM 7 VALVES) AND PREGNANT COWS (70 SAMPLES TAKEN FROM 6 VALVES) 
PLOTTED AGAINST EACH SAMPLE’S DISTANCE FROM THE LEAFLET SURFACE. ...................................... 62 

 
FIGURE 4.16: COLLAGEN CRIMP LENGTH IN BOVINE ANTERIOR MITRAL VALVE STRUT, BASAL, AND MARGINAL 

CHORDAE. A TOTAL OF 37 STRUT, 82 BASAL, AND 46 MARGINAL SAMPLES POOLED FROM 4 HEIFER AND 
4 MATERNAL VALVES WERE USED IN THE ANALYSIS. VALUES ARE EXPRESSED AS MEAN ± SE. 
DISSIMILAR LETTERS INDICATE STATISTICAL SIGNIFICANCE BETWEEN CHORDAE TYPES (STRUT VS. 
MARGINAL P<0.001; BASAL VS. MARGINAL P<0.005). .......................................................................... 64 

 
FIGURE 4.17: COLLAGEN CRIMP LENGTH IN BOVINE ANTERIOR MITRAL VALVE STRUT CHORDAE PLOTTED 

AGAINST DISTANCE FROM THE VALVE LEAFLET. A TOTAL OF 36 STRUT STRAIGHT SEGMENTS WERE 
POOLED FROM 4 HEIFER AND 4 MATERNAL VALVES. ............................................................................. 65 

 
FIGURE 4.18: COLLAGEN CRIMP LENGTH IN BOVINE ANTERIOR MITRAL VALVE BASAL CHORDAE PLOTTED 

AGAINST DISTANCE FROM THE VALVE LEAFLET. A TOTAL OF 75 BASAL STRAIGHT SEGMENTS WERE 
POOLED FROM 4 HEIFER AND 4 MATERNAL VALVES. ............................................................................. 65 

 
FIGURE 4.19: COLLAGEN CRIMP LENGTH IN BOVINE ANTERIOR MITRAL VALVE MARGINAL CHORDAE PLOTTED 

AGAINST DISTANCE FROM THE VALVE LEAFLET. A TOTAL OF 44 MARGINAL STRAIGHT SEGMENTS WERE 
POOLED FROM 4 HEIFER AND 4 MATERNAL VALVES. ............................................................................. 66 

 
FIGURE 4.20: PICROSIRIUS RED-STAINED LONGITUDINAL SECTION TAKEN THROUGH A CHORDA BIFURCATION 

VIEWED WITH BRIGHTFIELD ILLUMINATION (A, C) AND THEIR IDENTICAL IMAGES VIEWED WITH 
POLARIZED LIGHT (B, D). COLLAGEN CRIMP IS DISRUPTED AT CHORDAE BIFURCATIONS AS EVIDENCED 
BY A VISIBLE LOSS OF FIBER BANDING (INDICATIVE OF COLLAGEN CRIMP) AND A LOSS OF 
BIREFRINGENCE WHEN VIEWED UNDER POLARIZED LIGHT (BLACK REGIONS WITHIN THE TISSUE). C AND 
D ARE HIGHER MAGNIFICATION VIEWS OF A AND B RESPECTIVELY. BIFURCATION TIPS ARE MARKED 
WITH AN ASTERIX (*). ........................................................................................................................... 67 

 

 



 x 

FIGURE 4.21: PICROSIRIUS RED-STAINED LONGITUDINAL SECTION TAKEN THROUGH THE LEAFLET-CHORDAL 
INTERFACE VIEWED WITH BRIGHTFIELD ILLUMINATION (A, C) AND THEIR IDENTICAL IMAGES VIEWED 
WITH POLARIZED LIGHT (B, D). COLLAGEN FIBERS FAN OUT AS THEY PROGRESS INTO THE LEAFLET 
TISSUE AND THERE IS A VISIBLE ‘SMEARING’ OF COLLAGEN CRIMP. C AND D ARE HIGHER 
MAGNIFICATION VIEWS OF A AND B RESPECTIVELY. ............................................................................ 68 

 
FIGURE 4.22: MOVAT PENTACHROME-STAINED LONGITUDINAL SECTION OF A TYPICAL CHORDA STRAIGHT 

SEGMENT. (A) LOW MAGNIFICATION OVERVIEW; (B) HIGH MAGNIFICATION IMAGE EMPHASIZING THE 
DENSE LAYER OF ELASTIN OBSERVED AT THE PERIPHERY. YELLOW=COLLAGEN, BLUE/GREEN=GAGS, 
BLACK LINES=ELASTIN FIBERS, PURPLE ELONGATIONS/CIRCLES=CELL NUCLEI. ................................... 70 

 
FIGURE 4.23: MOVAT PENTACHROME-STAINED LONGITUDINAL SECTION THROUGH A CHORDA BIFURCATION 

SHOWING ITS UNIQUE COMPOSITION RELATIVE TO STRAIGHT TISSUE SEGMENTS. (A) LOW 
MAGNIFICATION OVERVIEW OF A BIFURCATION IN COMPARISON TO SURROUNDING TISSUE; (B) HIGH 
MAGNIFICATION IMAGE SHOWING THE DENSE CELLULARITY AND GAG PRESENCE TYPICALLY SEEN AT 
BIFURCATIONS. YELLOW=COLLAGEN, BLUE/GREEN=GAGS, PURPLE ELONGATIONS/CIRCLES=CELL 
NUCLEI. ................................................................................................................................................. 71 

 
FIGURE 4.24: MOVAT PENTACHROME-STAINED LONGITUDINAL SECTIONS THROUGH CHORDAE BIFURCATIONS 

SHOWING A PROGRESSIVE PRESENCE OF PERIPHERAL ELASTIN INTO THE BIFURCATION. (A) NO ELASTIN 
PRESENT, (B) ELASTIN PRESENT AND EXTENDING INTO THE BIFURCATION, AND (C) ELASTIN PRESENT 
PROPAGATING DEEP INTO THE BIFURCATION JOINED FROM BOTH SIDES. YELLOW=COLLAGEN, 
BLUE/GREEN=GAGS, BLACK LINES=ELASTIN FIBERS, PURPLE ELONGATIONS/CIRCLES=CELL NUCLEI. 72 

 
FIGURE 4.25: MOVAT PENTACHROME-STAINED LONGITUDINAL SECTIONS THROUGH CHORDAE BIFURCATIONS 

SHOWING THEIR DIVERSITY WITH RESPECT TO COLLAGEN CONTENT AND ORGANIZATION. (A) GAG 
RICH BIFURCATION VIEWED UNDER BRIGHTFIELD ILLUMINATION SHOWS NEARLY A COMPLETE LOSS OF 
BIREFRINGENCE UNDER POLARIZED LIGHT (B), WHILE OTHERS DISPLAY LESS GAG STAINING (C) AND 
MAINTAIN THE BIREFRINGENCE OF THE SURROUNDING COLLAGEN CRIMP INTO THE BIFURCATION (D). 
YELLOW=COLLAGEN, BLUE/GREEN=GAGS, BLACK LINES=ELASTIN FIBERS, PURPLE 
ELONGATIONS/CIRCLES=CELL NUCLEI. ................................................................................................. 74 

 
FIGURE 4.26: TOTAL CELL DENSITY (EXPRESSED PER 0.01MM2) AT STRAIGHT SEGMENTS AND CHORDAE 

BIFURCATIONS COUNTED FROM IMAGES OF Α-SMA IMMUNOSTAINED LONGITUDINAL SECTIONS OF 
BOVINE MITRAL CHORDAE. A TOTAL OF 95 BIFURCATIONS AND 92 STRAIGHT SEGMENTS POOLED FROM 
3 HEIFER AND 3 MATERNAL VALVES WERE USED IN THE ANALYSIS. DISSIMILAR LETTERS INDICATE 
STATISTICAL SIGNIFICANCE (P<0.0001). VALUES ARE SHOWN AS THE MEAN ± SE. .............................. 76 

 
FIGURE 4.27: Α-SMA IMMUNOSTAINED LONGITUDINAL SECTIONS OF BOVINE MITRAL CHORDAE SHOWING (A) 

A TYPICAL STRAIGHT SEGMENT AND (B) A TYPICAL BIFURCATION WITH RESPECT TO THE NUMBER OF 
VIC NUCLEI PRESENT IN EACH LOCATION. ............................................................................................ 77 

 
FIGURE 4.28: Α-SMA IMMUNOSTAINED LONGITUDINAL SECTIONS TAKEN THROUGH THE SAME CHORDA 

BIFURCATION FROM A NON-PREGNANT HEIFER UNDER (A) BRIGHTFIELD ILLUMINATION AND (B) 
POLARIZED LIGHT. A TISSUE PERFORATION CAN BE SEEN BELOW THE BIFURCATION NEAR AVICS, WITH 
A DECREASE IN SURROUNDING COLLAGEN BIREFRINGENCE. AVICS APPEAR BROWN (STAINED WITH 
DAB) AND QVICS ARE COUNTERSTAINED PURPLE WITH HEMATOXYLIN. BIFURCATIONS ARE MARKED 
WITH AN ASTERIX (*). ........................................................................................................................... 78 

 



 xi 

FIGURE 4.29: Α-SMA IMMUNOSTAINED LONGITUDINAL SECTIONS TAKEN THROUGH THE SAME CHORDA 
BIFURCATION FROM A PREGNANT COW UNDER (A) BRIGHTFIELD ILLUMINATION AND (B) POLARIZED 
LIGHT. MULTIPLE TISSUE PERFORATIONS CAN BE SEEN BELOW THE BIFURCATION SURROUNDED BY A 
DENSE CLUSTER OF AVICS, WITH A LOSS OF COLLAGEN BIREFRINGENCE. AVICS APPEAR BROWN 
(STAINED WITH DAB) AND QVICS ARE COUNTERSTAINED PURPLE WITH HEMATOXYLIN. BIFURCATIONS 
ARE MARKED WITH AN ASTERIX (*). ..................................................................................................... 79 

 
FIGURE 4.30: MOVAT PENTACHROME (A) AND PERIOSTIN-STAINED (B) LONGITUDINAL SECTIONS THROUGH 

THE SAME CHORDA BIFURCATION. PERIOSTIN EXPRESSION IS MORE INTENSE (DARKER BROWN DAB 
STAINING) IN AREAS WITH ELASTIN, BOTH AT THE BIFURCATION AND AROUND THE OUTMOST CHORDAL 
LAYER. BIFURCATIONS ARE MARKED WITH AN ASTERIX (*). YELLOW=COLLAGEN, 
BLUE/GREEN=GAGS, BLACK LINES= ELASTIN FIBERS, PURPLE DOTS=CELL NUCLEI. ............................ 80 

 
FIGURE 5.1: MOVAT PENTACHROME-STAINED LONGITUDINAL SECTIONS THROUGH MATERNAL BOVINE 

MITRAL CHORDAE BIFURCATIONS SHOWING THE PRESENCE OF ODD TISSUE LUMPS. THESE REGIONS 
MAY BE UNDERGOING RESORPTION. YELLOW=COLLAGEN, BLUE/GREEN=GAGS, BLACK LINES= 
ELASTIN FIBERS, PURPLE DOTS=CELL NUCLEI. BIFURCATIONS ARE MARKED WITH AN ASTERIX (*). .. 101 

 
FIGURE 5.2: Α-SMA IMMUNOSTAINED LONGITUDINAL SECTIONS OF BOVINE CHORDAE TENDINEAE TAKEN 

FROM PREGNANT COWS. A SUB-ENDOTHELIAL ACCUMULATION OF Α-SMA+ STAINING (BROWN DAB 
DEPOSITION) IS EVIDENT, POSSIBLY INDICATIVE OF AN ENDOTHELIAL-MESENCHYMAL 
TRANSDIFFERENTIATION. BIFURCATIONS ARE MARKED WITH AN ASTERIX (*). .................................. 105	

 

  



 xii 

ABSTRACT	

 

Maternal tissues necessarily undergo a dramatic series of physiological changes to 
effectively support the developing fetus. Arguably, the most profound and influential 
changes occur within the cardiovascular system. A state of volume overload develops in 
pregnancy, triggering a remodelling of the maternal cardiovascular tissues – including 
heart valves. The maternal heart valves display a remarkable capacity for structural, 
biochemical, and biomechanical transformation under these intensified hemodynamic 
conditions. The mitral valve in particular increases its anterior leaflet area by ~35%, with 
a striking ~22% increase in the number of chordae tendineae attachments to its 
ventricular surface.  
 
The mechanism responsible for this maternal increase in chordae number is currently 
unknown. We hypothesize that chordae increase in number via the splitting of existing 
tendons, accompanying the leaflet expansion observed in pregnancy. The overarching 
objective of this thesis work is to establish the maternal chordae as actively remodelling 
structures similar to the anterior leaflet, and to determine the mechanism by which 
maternal chordae tendineae multiply. Using a bovine pregnancy model, chordae from 
never-pregnant heifers and pregnant cows were harvested from a local abattoir. 
Differential scanning calorimetry was performed to assess collagen thermal stability, 
while longitudinally-cut histological sections were stained with Picrosirius Red and 
Movat Pentachrome to reveal collagen crimp and general extracellular matrix 
composition (ECM) respectively. Chordal sections were additionally immunostained for 
α-SMA to identify activated valvular interstitial cells (aVICs), and for periostin – a 
protein required for proper fetal chordae branching patterns. 
 
The evidence presented herein suggests that chordae splitting may be occurring in both 
heifers and pregnant animals. Collagen thermal stability, all crimp metrics, and the 
quantity of aVICs were largely unchanged between pregnancy groups. However, chordae 
bifurcations displayed a unique ECM compared to the surrounding tissue: a surplus of 
glycosaminoglycans, high cell density, and the presence of longitudinally-oriented elastin 
propagations into the tissue core – all evidence of active ECM remodelling in both heifers 
and pregnant cows. Periostin expression was elevated at bifurcations and found 
overlapping with elastic fiber propagations – supporting the chordae splitting concept in 
both animal groups. Irrespective of pregnancy state, differences in thermal stability and 
crimp structure were observed between strut, basal, and marginal chordae.     

 

This work has shown, for the first time, that chordae bifurcations are unique in their 
composition and structure, suggesting that chordae splitting may occur in both heifers 
and pregnant cows as a fundamental, routine tissue turnover mechanism. As our 
understanding of the pregnancy-specific mechanisms responsible for the maternal 
increase in chordae number improves, so too does the therapeutic potential for valvular 
disease and heart failure which in many cases, share similar remodelling triggers (volume 
overload) to that of pregnancy.      
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Chapter	1		
Introduction	

1 	

1.1 Overview	of	Cardiac	Physiology	

 

The heart is comprised of four muscular chambers – two thin-walled atria and two 

relatively thick-walled ventricles. Together, these chambers function as two pumps in 

series to circulate blood throughout the body. The right atrium and right ventricle act as 

one pump, propelling oxygen-poor venous blood towards the pulmonary circulation for 

oxygenation, while the left atrium and left ventricle pump oxygen-rich blood towards the 

systemic circulation. Compared to the ventricles, the atria are under relatively low 

pressures (~6-8 mmHg) and function largely as terminal reservoirs of the venous system. 

Their contractile behaviour serves primarily to optimize ventricular filling during the 

cardiac cycle, a phenomenon known as “atrial kick”1.   

Although both higher than the pressures experienced by the atria, the dramatically 

different pressures experienced by the left and right ventricles during the cardiac cycle 

are reflected in their muscular architecture. Healthy peak pressures in the left ventricle 

during the contractile phase are approximately three times higher than those endured by 

the right ventricle. Moreover, the force required to propel blood towards the peripheral 

organs is 6-7 times greater than what is needed to drive blood flow through the 

pulmonary circuit. As a result, the left ventricular wall is twice as thick and has nearly 

three times the mass of the right ventricle2.   

Situated between the atria and ventricles are two inflow valves, also known as the 

atrioventricular (AV) valves. The tricuspid valve is found on the right side of the heart, 

and the mitral or bicuspid valve is on the left. The semilunar valves, so named because of 

their crescent shaped connective tissue cusps, are the outflow valves permitting blood to 

flow towards the lungs for oxygenation (pulmonary valve) and through the aorta for 

systemic distribution (aortic valve). Despite their unique anatomical locations and 

profound structural differences, the role of both the semilunar and AV valves is 
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ultimately to maintain a unidirectional flow of blood through the heart. An overview of 

heart anatomy is presented in Figure 1.1.  

 

 
 

Figure 1.1: Schematic of heart anatomy. Retrieved and modified from: 
http://www.howitworksdaily.com/inside-the-human-heart/3. 
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1.1.1 The	Cardiac	Cycle	

 

The cardiac cycle is defined by a series of electrical and mechanical events, which 

generate the necessary pressure gradients to drive blood flow throughout the body. 

Pressure-volume loops, which visually demonstrate the relationship between left 

ventricular volume and left ventricular pressure, are an informative means by which to 

follow the cardiac cycle as it progresses (Figure 1.2). The cardiac cycle is commonly 

divided into two phases: a phase of myocardial contraction (systole), followed by a phase 

of relaxation (diastole). At the end of ventricular filling, just as the pressure inside the 

ventricle surpasses that of the atrium, the AV valves close and ventricular contraction 

begins. Initially, the pressure inside the ventricle is lower than arterial pressure and thus, 

both the AV valves and semilunar valves are closed. This gives rise to a sharp increase in 

pressure as the ventricle contracts – a cardiac event known as isovolumic contraction 

(Figure 1.2, ‘A’). Once the pressure inside the ventricle exceeds arterial pressure, the 

semilunar valves open and the ejection phase of the cardiac cycle begins whereby blood 

is forced out of the ventricles into the aorta and pulmonary trunk (Figure 1.2, ‘B’). The 

ejection phase is initially characterized by an increase in ventricular pressure as blood 

flow into the aorta exceeds peripheral blood flow from its branches, and then gradually 

falls as ventricular output decreases whilst flow from the aorta persists2,4. 
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Figure 1.2: Left ventricular pressure-volume loop. MVC – mitral valve closure, AVO – aortic valve 
opening, AVC – aortic valve closure, MVO – mitral valve opening. Taken from Katz (2010)2. 

 

The transition from ventricular systole to diastole is marked by semilunar valve 

closure as ventricular pressure drops. During isovolumic relaxation, the AV and 

semilunar valves are closed and ventricular pressure continues to drop sharply until it 

falls below that of the atrium (Figure 1.2, ‘C’). This pressure difference causes the AV 

valves to open, allowing the ventricle to fill rapidly with blood (Figure 1.2, ‘D’). 

Ventricular filling is terminated by atrial systole, which delivers a final surge of blood to 

maximize ventricular volume prior to contraction. At this point, the wave of 

depolarization responsible for the preceding atrial contraction reaches the ventricular 

myocardium and recommences the cardiac cycle with ventricular systole. At rest, the 

entire cardiac cycle takes approximately 800 ms to complete4. 

Despite all the complex electrical and mechanical events involved with each loop 

of the cardiac cycle, the efficiency of the entire process relies heavily upon maintaining a 

unidirectional flow of blood through the heart. This responsibility is borne by our heart 
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valves, which prevent retrograde flow between chambers and the inappropriate exchange 

of blood between the ventricles and the arterial outlets. A function of such high 

importance has inevitably lead to the formation of remarkable connective tissue 

structures able to withstand a lifetime of high cycle fatigue loading without failure.    

 

1.2 Heart	Valves	–	The	Guardians	of	Unidirectional	Flow	

 

Heart valves are multicomponent, multilayered connective tissue flaps covered in 

a layer of endothelial cells (endocardium). All four valves of the heart lie in a common 

plane towards the base of the heart in a region known as the fibrous skeleton – a region 

that consists primarily of dense collagen fibers (collagen is discussed in more detail in 

Section 1.2.2). The fibrous skeleton functions to electrically insulate the atria from the 

ventricles to ensure proper cardiac conduction, and, importantly for valve biomechanics, 

is anchored to the myocardium and serves to provide mechanical support for the heart 

valves5. The pulmonary and aortic valves are macroscopically quite similar, consisting of 

three similarly sized leaflets whose free edges coapt to prevent arterial backflow during 

diastole. Histologically, both the aortic and pulmonary valves consist of three distinct 

tissue layers containing varying amounts of collagen, elastin, proteoglycans, and 

glycosaminoglycans (GAGs)5,6; the local distribution of these extracellular matrix (ECM) 

proteins and polysaccharides are tailored to the mechanical forces endured by specific 

regions of the valve tissue6-9. Crucial to the ECM remodelling of valvular tissue is the 

presence of valvular interstitial cells (VICs), which reside throughout all three 

morphologically distinct layers10. 

The atrioventricular valves are open during diastole, and closed during systole to 

prevent retrograde flow into the atria. In terms of composition, atrioventricular valves are 

similar to the semilunar valves in that their principle components are collagen, elastin, 

proteoglycans, GAGs, and VICs. Moreover, they also contain a tri-layered tissue 

structure in which the relative amount of these constituent molecules is spatially unique. 

This provides structural and functional heterogeneity optimized for the cyclic loading 

patterns endured throughout the cardiac cycle11,12. Compared to the semilunar valves 

however, the atrioventricular apparatus is structurally more elaborate. Altogether, they 
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are comprised of four components: the valve leaflets, annulus, papillary muscles, and 

chordae tendineae.  

The annulus is a saddle-shaped fibrous ring that serves to anchor the valve leaflets 

and undergoes 3D deformations during the cardiac cycle13,14; such dynamic motion is 

believed to optimize ventricular filling during diastole and facilitate valve coaptation 

during systole15. As their names suggest, the tricuspid valve has three leaflets forming the 

coaptation surface, while the bicuspid (mitral) valve contains only two. The remaining 

components of the atrioventricular valve – the chordae tendineae and the papillary 

muscles – are collectively called the subvalvular apparatus. The chordae tendineae are 

cardiac tendons that insert into the ventricular aspect of the leaflets on their basal end, 

and attach apically to small projections of the ventricular myocardium known as the 

papillary muscles. Their role is to maintain leaflet closure and prevent valve inversion 

under the high ventricular pressures associated with systole11. Collectively, these four 

structures act in tandem to ensure proper cardiac function and to ultimately maintain a 

unidirectional flow of blood through the heart.  

 Heart valves, especially the atrioventricular valves, are more than passive 

assemblages of connective tissue. They actively control intracardiac blood flow through 

dynamic annular and leaflet deformation, and via papillary muscle contraction16, 

experiencing an assortment of sophisticated biomechanical forces with every heartbeat. 

These valves are actively remodelled by VICs throughout our lifetime, continually 

renewing GAGs and collagen to preserve long-term valve durability and healthy cardiac 

function8,17,18. Heart valve disease and ventricular dysfunction cause inappropriate valve 

remodelling, jeopardizing the heart’s ability to efficiently deliver blood to peripheral 

tissues. With an aging population, heart valve disease is on the rise with a national 

prevalence of approximately 2.5% in the United States – a situation described by some as 

the next cardiac epidemic19-21. Owing to its importance in overall heart function, 

relatively high disease prevalence in comparison to other heart valves, and ill-understood 

remodelling mechanisms, this work will be focused specifically on the mitral valve and 

its associated chordae tendineae.  
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1.2.1 Mitral	Leaflet	Anatomy	&	Structure	

 

 The mitral valve is comprised of two main leaflets – a smaller posterior leaflet, 

and a larger anterior leaflet (Figure 1.3). Due to the anatomical inaccuracy of their 

respective names, the posterior leaflet is also referred to as the mural leaflet, and, the 

anterior leaflet, which maintains a degree of fibrous continuity with regions of the aortic 

valve, is commonly called the aortic leaflet22. These two leaflets are separated by the 

presence of two large indentations, or commissures, that give rise to a third and often-

forgotten portion of the mitral valve known as the commissural leaflets. The posterior 

leaflet encompasses two-thirds of the annular circumference, yet its surface is 

approximately half that of the anterior leaflet23-26. The result is a rather narrow and 

elongated posterior leaflet, as opposed to the more rounded anterior leaflet. Recognizable 

indentations divide the posterior leaflet into three scallops known as P1, P2, and P3. 

Although no indentations exist along its perimeter, the same naming conventions apply to 

the anterior leaflet (A1-A3), facilitating regional descriptions in parallel with its posterior 

counterpart27,28 .  

Throughout systole when the mitral valve is closed, the posterior and anterior 

leaflets overlap distally to form the coaptation zone (Figure 1.3). The combined surface 

area of the two leaflets together is 1.5-2 times greater than the orifice area created by the 

annulus, giving rise to a surplus region of leaflet tissue during valve closure29. This areal 

redundancy is known as the valve’s “functional reserve,” accommodating modest 

hemodynamic fluctuations and changes in annular dimension without severe clinical 

complication29,30. The ventricular surface within the coaptation zone is populated with 

chordal attachments and, due to its appearance, is appropriately named the rough zone. 

Conversely, any regions of the leaflet tissue lacking chordae tendineae (generally more 

central regions and those proximal to the annulus) are called clear zones22 (Figure 1.6). 
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Figure 1.3: Schematic of the unfolded mitral valve showing leaflets, chordae, and papillary muscles. 
Taken from Carpentier (2010)31.  

 

 Past histological analyses of the mitral leaflets described four distinct tissue 

layers: the atrialis, spongiosa, fibrosa, and ventricularis32. However, the mitral leaflets are 

now predominantly described throughout the current literature as being trilaminar 

structures, whereby the fibrosa and ventricularis are viewed as a single, united layer. The 

atrialis is the uppermost layer facing the left atrium. A monolayer of endothelium covers 

its surface, which overlays a grouping of elastic fibers, mixed with a smaller quantity of 

collagen fibers. The high presence of elastic fibers in the atrialis is believed to help resist 

radial strains when the valve is open11. The middle layer, or spongiosa, is composed 

primarily of proteoglycans and GAGs. The abundance of the highly anionic GAG side-

chains in this layer provides mechanically advantageous tissue hydration, which acts to 

lubricate the atrialis and fibrosa during leaflet bending22,33-35. Lastly, the largest pressures 

and tensile loads are borne by the fibrosa and as such, it contains the highest collagen 

content with only sparse elastic fibers36. Similar to the atrialis, the blood-contacting 

surface is covered in a layer of endothelial cells. The individual thicknesses of each layer 

vary from the annular attachment to the free edge following its functional need. The 

atrialis and spongiosa layers increase in thickness distally, while the fibrosa layer 

becomes increasingly thin22.  
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1.2.2 Collagen	Structure,	Remodelling,	&	Thermal	Stability	

 

Collagen is ubiquitously found throughout the human body, and is the main 

structural protein found in heart valves. A single collagen molecule is comprised of three 

individual α-helices (polypeptide chains), which themselves combine to form collagen’s 

characteristic triple helical structure. Each α-chain contains a repeating Glycine-X-Y 

amino acid triplet, where X and Y can be any amino acid37, although they are most 

commonly proline or hydroxyproline38,39. Collagen is organized hierarchically; from the 

molecular scale all the way up to a visible human tendon, collagen is strategically packed 

into progressively larger structures that grant the tissue remarkable tensile properties. 

Collagen molecules assemble laterally and longitudinally to form collagen fibrils –  

typically on a scale from 50 to a few hundred nanometers in diameter. A grouping of 

collagen fibrils compile to form collagen fibers, which are then packaged into fascicles 

that finally form the overall tendon structure40. Collagen fibers often exhibit collagen 

crimp: a microscale repeating fiber wave that allows the tissue to mildly extend under 

low stress before molecular engagement of the collagen backbone itself (collagen 

mechanics are discussed in more detail in Section 1.2.6).     

 The α-helices of collagen molecules are held together and primarily stabilized by 

intramolecular hydrogen bonding38. The tensile strength of collagen fibers however, is 

largely granted by the presence of intermolecular cross-links41. During assembly, 

neighbouring collagen molecules are covalently cross-linked at specific locations by lysyl 

oxidase. Over time, these originally divalent immature cross-links react spontaneously to 

become mature, trivalent cross-links41. The ratio of immature to mature cross-links within 

collagenous tissues – like heart valves – can be an indicator of the remodelling state of 

the tissue. This is because immature cross-link formation occurs more quickly than does 

the formation of mature cross-links; adult tissues contain relatively few immature cross-

links as these are converted into mature cross-links with time42,43. Therefore, a tissue with 

a larger immature to mature cross-link ratio can be viewed as having a larger proportion 

of newly synthesized collagen and thus, is seen as a more actively remodelling tissue44,45.      

Importantly for the concepts presented in this thesis, collagen’s thermal stability 

can also be related to its remodelling state and organization. Collagen denaturation occurs 
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via the rupture of its hydrogen bonds, causing a loss of native triple helical structure into 

a random coil configuration46. One region of the collagen molecule in particular – the 

thermally labile domain – is the least thermally stable and is consequently the site of 

initial α-chain uncoupling47. The thermal energy required to denature collagen depends 

heavily upon the physical packing of adjacent molecules. A more tightly packed collagen 

network confines the thermally labile domain, reducing its configurational entropy  and 

thus requiring a greater energetic input to unfold and initiate collagen denaturation47. This 

is known as the polymer-in-a-box mechanism of collagen thermal stability (Figure 1.4). 

Indeed, collagen molecules in solution (not confined within a fiber lattice) display 

denaturation temperatures only slightly above body temperature48. With this in mind, 

methods such as hydrothermal isometric tension (HIT) and differential scanning 

calorimetry (DSC), which probe the thermal properties of collagen, can provide an 

indirect look into the molecular organization of tendons. Lower denaturation 

temperatures obtained through these techniques signify an increased lateral spacing of 

collagen molecules within the tissue. Increased lateral spacing can result from increased 

mechanical loading and active cellular remodelling45,49 – a concept that will be referred 

back to with respect to leaflet and chordal remodelling in this work.       

 

 
 

 
 

Figure 1.4: The Polymer-in-a-box mechanism for collagen thermal stability47. (A) Increased lateral 
spacing between collagen molecules leaves the thermally labile domain relatively unconstrained, 

leading to lower denaturation temperatures in thermal analyses such as differential scanning 
calorimetry. (B) Thermally labile domain configurations are restricted by neighbouring molecules 

when tightly packed, leading to molecular stabilization and higher denaturation temperatures.    
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1.2.3 Chordae	Tendineae	Internal	Structure	

 

The mitral chordae tendineae are extensions of the leaflet fibrosa. Superficially, 

the chordae are wrapped in an outer layer of endothelial cells continuous with that of the 

valve leaflets50,51 (Figure 1.5). Beneath this endothelial exterior is a heterogeneous 

protein layer dominated by elastin fibers. Elastin provides the tissue with its necessary 

distensibility and is believed to facilitate force transfer to the valve leaflets52. Upon 

recoil, elastin also helps restore collagen crimp as tension dissipates. In this layer, blood 

vessels can be found running from the papillary muscle up to the mitral valve leaflets52. 

As we progress deeper into the tendon core, collagen content increases substantially and 

the elastin content is minimal. By dry weight, collagen makes up approximately 60% of 

the chordae tendineae53,54 and is responsible for the remarkable tensile strength of these 

tendons; the most prominent collagens in the chordae are types I and III55. Although less 

abundant than what is found in the leaflets, chordae also contain proteoglycans and 

GAGs throughout the tissue bulk53, namely decorin and biglycan56.  

Ultrastructural studies on human mitral valve chordae using scanning and 

transmission electron microscopy have shown that collagen fibrils contained within larger 

longitudinally-oriented bundles vary considerably in their directionality57,58. The variable 

alignment of collagen fibrils (nanoscale) and dense waves of collagen crimp (microscale) 

within chordae could speak to their function as fatigue resistant structures, having to 

endure ~35 million tensile loading cycles each year. Under the cyclic tensile stress 

imposed by the beating heart, such an arrangement would first allow the crimped fiber 

bundles to flatten, followed by the alignment of the collagen fibril network within these 

bundles. This limits excessive strain on the collagen backbone itself at low loads58. 

Together, the spatial distribution of collagen and elastin within the chordae tendineae is 

well suited to its cyclic loading environment; however, over time, these proteins on their 

own are not capable of enduring a lifetime of cyclic loading. The longevity and structural 

integrity of the valvular tissue is also maintained through routine tissue turnover by 

VICs8,17,18. These fibroblast-like cells are evenly distributed throughout the inner and 

outer layers of the chordae52.   
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Figure 1.5: Histological composition of the chordae tendineae. Alternating light and dark bands in 
the collagen core correspond to the waves of collagen crimp.  

Taken from Millington-Sanders et al. (1998)51. 

 

 

1.2.4 Chordae	Nomenclature			

 

The complexity of the chordae branching network and diversity of their insertion 

locations into the leaflet fibrosa has, out of necessity, led to a system of classification for 

chordae. Unfortunately, chordae nomenclature has become ambiguous over the years as 

various authors continue to use different terminology in describing the same anatomically 

located chordae. Beginning in the early 1900s and continuing throughout most of the 20th 

century, a three-order system was developed to describe the insertion locations of the 

various chordal attachments59-61. In 1970, Lam et al. refined the original classification 
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system to further emphasize the morphological differences between chordae and to 

provide a more detailed overview of chordal arrangement62. The primary (first order), or 

marginal chordae, attach to the free edge of both the anterior and posterior leaflets. In 

doing so, marginal chordae commonly split and form multiple attachments within close 

proximity to the free edge, creating a fine network of translucent chordae61. According to 

the classification of Lam et al. (1970), the group of first order chordae was extended to 

include commissural and cleft chordae. Commissural chordae include all chordae 

attached to the commissural leaflet (leaflet indentations which separate the anterior and 

posterior leaflet), while the cleft chordae define – and attach to – the distinct notches of 

the posterior leaflet that form P1, P2, and P3.  

 Secondary (second order) chordae attach to the main body of both leaflets beyond 

the free margin. These numerous chordal attachments, which may arise from the same 

bifurcating stem as the marginal chordae, roughen the ventricular surface of the leaflet 

creating a series of mild endocardial folds63. As such, these chordae are frequently called 

rough zone chordae. The two largest rough zone chordae that attach to the anterior leaflet 

of the mitral valve are called the strut chordae. These chordae are easily identifiable by 

their size and their characteristic attachment at approximately the 4 and 8 o’clock 

positions62. Lastly, the tertiary (third order), or basal chordae, are exclusive to the 

posterior leaflet. Basal chordae originate from the left posterior ventricular wall and 

insert directly (i.e. are unbranched) into the posterior leaflet near the annular tissue61,62,64.    

Although the foundations of this nomenclature have remained the same, 

confounding variation in use of this terminology has arisen in more recent times making 

it difficult to compare chordae between publications29,65. For example, traditionally basal 

chordae have been viewed, as described above, as being attached only to the posterior 

leaflet as single, tendinous extensions from the ventricular wall. Some authors describe 

the basal chordae as merely rough zone chordae on both the anterior and posterior 

leaflets36,66, while others refer to basal chordae as the intermediate chordae67. Further 

still, Ritchie et al. (2005)52 identify basal and intermediate chordae as distinct structures 

on the posterior leaflet based on their insertion distance from the annulus. From the 

perspective of such researchers, tertiary chordae are no longer a recognizable grouping. 

The most recent publication by Gunnal et al. (2015)68 provides an intricate morphological 
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evaluation of chordae studied in human cadavers, presenting more the 20 distinct 

terminologies for chordae based upon their origin, attachments, insertion, distribution, 

branching pattern and gross structure. For simplification, the naming conventions used 

herein for anterior leaflet chordae will follow the outline provided in Table 1.1 and 

Figure 1.6. 

 
Table 1.1: Types of chordae tendineae and their anatomical descriptions. 

Chordae Terminology Description 
 

Marginal 
 

Attach to leaflet free edge 

 

Basal/Rough Zone Attach beyond free margin into body of leaflet tissue 

 

Strut The largest two chordae attached beyond the free margin 

at approximately the 4 and 8 o’clock positions 
 

 

 
Figure 1.6: Excised bovine mitral valve anterior leaflet showing examples of the strut, basal, and 

marginal chordae types in relation to the rough and clear zones (RZ, CZ). 

Strut 

Marginal 

Basal 

 CZ 

 RZ 
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Despite this useful naming system, ambiguity can still remain as not all mitral 

valves are identical. Indeed, there is considerable intervalvular variability in chordae 

branching patterns, overall number, and papillary muscle architecture68,69. Typical rough 

zone chordae branch three times before they insert into the anterior leaflet; one chorda 

becomes continuous with the free edge whilst the others insert beyond to reinforce the 

coaptation zone. A study of 50 human mitral valves showed that nearly 20% of rough 

zone chordae from the anterior leaflet were atypical, showing abnormal branching 

patterns62. Similarly, Becker & De Wit (1979) described a “spectrum of normality” with 

respect to the chordal apparatus after finding deficient branching in the rough zone 

chordae in 39 of 100 otherwise normal human mitral valves. Interestingly, 36 out of 40 

mitral valves with a leaflet deformity had atypical chordal apparatuses located in the 

region of the leaflet defect, suggesting that variations in chordal architecture could have 

functional consequences70.   

 

1.2.5 Not	All	Chordae	Are	Created	Equal	

 

Each specific group of chordae (named here as: marginal, basal, and strut) has 

unique composition, microstructure, and characteristic mechanical properties that reflect 

their different roles in not only preserving proper valve function, but also in maintaining 

ventricular normality. Early observations by Lim and Boughner (1975) clearly 

demonstrated that larger chordae (strut and basal) were more extensible than those with 

smaller diameters (marginal)50. These observations were later confirmed by Kunzelman 

and Cochran (1990), who also described marginal chordae as being significantly stiffer 

than the larger basal chordae71. Without any further experimentation, these studies 

rationalized that basal chordae were critical for establishing an even leaflet surface during 

valve closure50, while marginal chordae, with a higher modulus and being more 

numerous, would carry a greater stress during systole to effectively support the mitral 

valve leaflets71. Although these studies merely speculated as to the functional 

ramifications of mechanically distinct chordae, later studies sought to answer these 

specific questions.  
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Following their original study, Lim and Boughner (1976) used transmission 

electron microscopy to assess collagen ultrastructure in human mitral valve chordae 

tendineae. They discovered an inverse relationship between collagen fibril density and 

chordae diameter, providing an explanation for the greater extensibility observed in 

thicker chordae57. Approximately 30 years later, in a pair of comprehensive studies 

performed by Liao and Vesely (2003) and Liao et al. (2009)72,73, a structural basis for the 

size-related mechanical properties of mitral chordae tendineae was proposed. Thin, 

marginal chordae had smaller fibril diameters, relatively high fibril densities, and a larger 

crimp wavelength – all evidence to support a stiffer, less extensible structure. Differences 

in fibril configuration and fibril-fibril interactions were thus responsible for the 

significant differences in mechanical properties between chordae types72,73.  

Beyond collagen architecture, different chordae types have unique compositions 

and cellularity. Marginal chordae have a higher amount of newly synthesized collagen 

and DNA per mg of tissue compared to both basal and strut chordae52; this indicates a 

higher quantity of VICs in these tissues (VICs are discussed with more detail in Section 

1.3). Moreover, marginal chordae contain a higher concentration of GAGs54. These data 

correlate well with our understanding of marginal chordae as stiffer structures which 

experience less stress relaxation than other chordae, as more proteoglycan linkages 

between collagen fibrils could prevent fibril-fibril slippage54.      

All in all, the structures of different chordae adhere to their specific functional 

roles. Through transection (chordae severing) studies, chordae of each type have been 

eliminated from the working mitral valve to gain a better understanding of each chorda’s 

primary purpose in valve and ventricular function. Severed marginal chordae, as studied 

in an isolated pig heart model, can lead to significant free edge prolapse and mitral 

regurgitation74. Similarly, excised porcine mitral valves lacking marginal chordae placed 

in a left ventricular pulsatile flow system demonstrate severe regurgitant flow75. Marginal 

chordae thus maintain proper leaflet coaptation and valve competence. Reasonably, a 

tensile structure with a responsibility of this magnitude would benefit from a high 

presence of synthetic VICs and increased collagen synthesis to preserve its structural 

integrity52.  
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Comparable studies reveal a completely different role for basal and strut chordae. 

The network of basal chordae act as a continuous, dynamic link between the papillary 

muscles and leaflet tissue. They play a supportive role by preventing inappropriate leaflet 

bulging and papillary muscle displacement, and effectively transfer force between the 

leaflets and papillary muscles to reduce the systolic stresses imposed on the anterior 

leaflet belly75-77. Lastly, and unlike marginal and basal chordae, severing both strut 

chordae in vivo does not impair leaflet coaptation, alter leaflet shape, nor create mitral 

regurgitation78. Rather, strut chordae appear to be important for upholding left ventricular 

geometry and function. Cutting strut chords reportedly impairs the development of left 

ventricular pressure, decreases aortic blood flow, compromises left ventricular systolic 

function, disturbs ventricular geometry, and induces myocardial remodelling between the 

papillary muscles79-81. Despite this evidence, some authors maintain that left ventricular 

performance and papillary muscle geometry is preserved, leaving the importance of strut 

chordae somewhat controversial82.                

Understanding the unique duties performed by the numerous chordal attachments 

has tremendous clinical merit. Many surgical procedures that seek to improve mitral 

valve competence involve translocating, severing, or shortening specific chordal 

attachments, whilst others incorporate the use of synthetic chordae to replace those which 

have degenerated or completely ruptured83. Such operations must therefore take into 

consideration the individual functional roles and mechanical properties of specific 

chordae to avoid potentially harmful long-term repercussions on valve and ventricular 

function. Moreover, a better understanding of chordae physiology, structure, and 

remodelling potential in both health and disease, could help guide such clinical 

treatments in the future.    

  

1.2.6 Mitral	Valve	Biomechanics	

 

The mitral valve as a whole experiences a myriad of forces and actively participates 

in optimizing the unidirectional flow of blood through the heart during the cardiac cycle. 

Together, the annulus, leaflets, chordae, and papillary muscles must act synergistically to 

achieve proper function. The opening and closure of the mitral valve is influenced by 
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blood flow patterns, the development of specific pressure gradients, and the coordinative 

contraction of the left ventricle and papillary muscles12. As the valve opens, the annulus 

dilates84 and the leaflets flex down into the ventricle, relieving the majority of tension on 

the chordae tendineae. A full unloading of all chordae is not achieved, as radial stretch is 

still present in the strut chordae insertion sites during diastole85. Blood shears past the 

leaflet tissue and fills the left ventricle until the pressure between the left atrium and left 

ventricle equilibrate, leading to valve closure. The annulus responds by achieving its 

characteristic saddle shape86 and minimizing its orifice area84 to facilitate the 

configuration and coaptation of the anterior and posterior leaflets, in addition to 

minimizing excessive leaflet and chordal stresses87-89. The central region of the anterior 

leaflet and the chordae tendineae primarily experience tension, while the majority of the 

posterior leaflet and the coaptation zone encounter appositional compression56. 

Reasonably so, collagen is dispersed preferentially towards those regions under greater 

tension90, whilst areas under compression contain a higher proportion of proteoglycans 

and GAGs56,91.  

The chordae tendineae experience tension along their length during systole, 

created at the leaflet interface and by the myocardium. Tension is generated apically 

through papillary muscle contraction, and, at the same time, tension is created in the basal 

direction as pressure gradients force leaflet closure67. During systole, the marginal 

chordae encounter tensile forces of approximately 0.1N, while strut chordae face tension 

of nearly an order of magnitude greater76,92-94. Chordae, like other collagenous tissues 

under tension, exhibit a characteristic non-linear stress-strain curve (Figure 1.7). In the 

initial phase of elongation, collagen crimp collapses providing low-load tissue 

extensibility95. This is followed by the non-linear “heel” region of the stress-strain curve 

whereby collagen fibers and fibrils align in the direction of the applied load, giving rise to 

an increase in modulus67. As extension continues, collagen molecules become fully 

engaged as triple helices and their connecting intermolecular cross-links stretch, resulting 

in a curve with constant modulus until failure begins96,97. The extensibility and stiffness 

of the chordae must be tactfully regulated to avoid leaflet prolapse and or inadequate 

closure, which would inevitably cause regurgitation. Moreover, their high crosslink 

content mitigates chordal creep – a situation that would be functionally unacceptable if 
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encountered on a physiological time-scale67.    

 

 

 
 

Figure 1.7: General non-linear stress-strain curve for chordae tendineae showing the relationship 
between tissue loading and the cardiac cycle. As pressure in the ventricle rises during systole, 

collagen crimp first collapses to provide extensibility at low stresses. The tissue modulus begins to 
increase as collagen fibers and fibrils begin to align with the applied tension, until all molecules 

become fully engaged and load-bearing. The tissue is unloaded during diastole where collagen crimp 
is restored with the help of elastin recoil. Modified from Schoen and Levy (1999)8.  

 

 

With such an interconnected and interdependent system of biological components, 

it’s easy to see how even a slight morphological or functional abnormality could 

commence a deteriorative remodelling process. Changes in ventricular geometry or 

dimension, annular shape or diameter, and overall leaflet configuration can alter the 

stresses experienced by the chordae tendineae, as these structures act as the physical link 

between the myocardial wall and leaflet tissue. Altered mechanical stress can alter VIC 

behaviour and trigger cardiac remodelling.  

Collagen Crimp Collapse Fully Engaged  
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1.3 Valvular	 Interstitial	 Cells,	 Extracellular	 Matrix	 Remodelling,	 &	
Disease	

 

Valvular interstitial cells – the most prominent cell type resident to heart valves – 

are responsible for maintaining the delicate balance between ECM synthesis and 

breakdown98. They are a heterogeneous population of cells with multiple phenotypes. 

Although five distinct phenotypes have been described99, the two most relevant 

phenotypes herein are the quiescent VICs (qVICs) and the activated VICs (aVICs). The 

former are fibroblast-like cells with relatively low metabolic activity, while the latter 

exhibit qualities of myofibroblasts and are involved with proliferation, migration, and 

extensive ECM remodelling99. In healthy human adult heart valves, only 2-5% of the cell 

population is comprised of aVICs as determined by their characteristic expression of α-

smooth muscle actin (α-SMA)100,101. The continuous valvular remodelling process is 

mediated via the secretion of ECM molecules such as proteoglycans and GAGs102,103, 

along with the expression of matrix degrading enzymes known as matrix 

metalloproteinases (MMPs) and their tissue inhibitors18,98. VICs modify their surrounding 

ECM, and in turn, the ever-changing ECM modulates VIC behaviour – a phenomenon 

known as dynamic reciprocity. Chemical cues such as transforming growth factor-β1 

have been shown to activate qVICs and stimulate matrix remodelling104,105. Similarly, 

VICs can sense and respond extraordinarily well to altered mechanical loading 

environments.  

 Numerous studies have shown that the VIC phenotype, and by extension, the 

surrounding ECM, depend heavily upon the type and magnitude of mechanical stress 

experienced by the VICs. Different regions of the mitral apparatus encounter distinct 

mechanical forces when the valve is closed: the flat central region of the anterior leaflet 

and the chordae tendineae are under tension, while the free edge of the anterior leaflet 

and the majority of the posterior leaflet are in compression56. Accordingly, the 

distribution of collagen, proteoglycans, and GAGs is suited to the local biomechanics. 

The zones under tensile loading contain more collagen, and the regions under 

compression have a thicker layer of proteoglycans56,90 as mentioned above in Section 

1.2.6. The local VICs are responsible for this heterogeneity across the valve components; 
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qVICs are activated by mechanical stimuli to aVICs, that in turn regulate the production 

of ECM components101,106. In vitro experiments using 3D collagen gels seeded with VICs 

demonstrate that both cyclic and static mechanical strain influence proteoglycans and 

GAG secretion by VICs107-109. Furthermore, specific classes of proteoglycans and GAGs 

are synthesized based upon whether the forces endured are compressive or tensile in 

nature, creating local regions enriched with molecules optimally suited for that particular 

mechanical setting56,91. Collagen synthesis is also affected by mechanical load. Greater 

transvalvular pressures and tissue stress can lead to stress dependent biosynthesis of 

collagen by VICs110,111. Once the compensatory remodelling of the ECM is complete and 

the stress on the valve tissue has been normalized, the aVICs are able to return to their 

original quiescent phenotype101,106. A summary of VIC activity is given in Figure 1.8. 

 

 
 
 

Figure 1.8: Proposed model for heart valve remodelling by VICs. Originally quiescent VICs respond 
to mechanical changes in their environment by activating then remodelling the surrounding ECM. 

Upon restoration of the valve’s normal stress profile, aVICs return to their quiescent state until 
another mechanical stimulus is encountered. Modified from Schoen (2005)112. 

 

 

A wealth of knowledge exists surrounding cardiac remodelling in response to 

mechanical stress. Arguably the most well studied response involves the enlargement of 

the left ventricular myocardium, commonly observed in high performance athletes113,114, 
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pregnant women115-117, and cardiovascular disease118-120. Although left ventricular 

hypertrophy and changes in ventricular geometry have been well described in these 

populations, our understanding of heart valve remodelling has been – until recently – 

limited only to that of cardiac pathologies. For example, in left ventricular dysfunction 

and heart failure, the gross structure and composition of the mitral valve changes 

significantly with an increase in leaflet area, thickness121, and collagen synthesis122, along 

with a decline in water content123. These remodelling events contribute to pathological 

stiffening and a decrease in the viscous properties of the valvular tissue, often leading to 

mitral regurgitation124. There is strong evidence to show that the pathogenesis of valvular 

disease is attributable to unfavourable ECM remodelling due to the phenotypic adaptation 

of VICs under changing hemodynamic conditions and thus, the mechanical loading 

environment125. Myxomatous degeneration of the mitral valve is characterized by 

fragmented collagen and elastin55,126-129, excess deposition of proteoglycans and GAGs 

leading to spongiosa thickening53,127-131, altered hyaluronan metabolism132, and changes 

in matrix degrading enzymes such as MMPs and elastases133. Such initial compositional 

changes lead to a mechanical deterioration of the valve, which then exacerbates the 

pathological remodelling process through abnormal mechanical feedback to the VIC 

population133. Indeed, diseased valves contain higher quantities of aVICs and are thus 

more actively remodelled101,127. These dramatic revisions to the ECM are more severe in 

the mitral chordae than in the leaflets and significantly reduce the mechanical load these 

structures can tolerate134,135. In myxomatous or “floppy” mitral valves, the leaflets are 

thickened and the chordae are frequently elongated and rupture as a consequence of the 

disrupted ECM, leading to valve incompetency and mitral regurgitation127,136-139. It is 

important to note that the aVIC remodelling taking place in diseased valves is 

dysfunctional and maladaptive, completely distinct from routine tissue turnover and other 

remodelling events.  

We have clearly seen how VICs can respond to, and consequently remodel their 

surrounding ECM. This following section will focus on the interplay between pregnancy 

– a physiological state of volume overload – and the remodelling potential of the mitral 

valve as it adapts to its novel mechanical environment. 
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1.4 Cardiovascular	Adaptations	to	Pregnancy		

 

Pregnancy is characterized by a dramatic series of physiological changes that are 

required to efficiently deliver oxygen and nutrients to the developing fetus, accommodate 

the developing placenta, and meet the growing metabolic demands of the mother140,141. 

These changes are evident in maternal hemodynamics and cardiac structure. During 

pregnancy, heart rate and stroke volume (volume of blood expelled by a single ventricle 

per heartbeat) significantly increase by ~20% and ~30% respectively140,142-147. Combined 

with a decrease in systemic and pulmonary vascular resistance140,142,144,146,148,149, this 

leads to an overall 30-50% increase in cardiac output (product of stroke volume and heart 

rate) for a singleton pregnancy142-146,149. Moreover, blood volume increases gradually 

over the course of gestation, increasing in excess of 40% by term. This increase in blood 

volume is the result of increased erythrocyte production and plasma volume, collectively 

leading to a state of volume overload on the heart140,148,150-153. All of these parameters are 

more pronounced in the case of twin pregnancies154,155 and multiparity (repeated 

pregnancies)156.  

Volume overload, as we will see, is not unique to pregnancy. This hemodynamic 

state is present in other diseased states such as valve incompetence (inadequate leaflet 

coaptation) and heart failure118,157. With excess blood volume circulating through the 

mother and increased mitral valve flow velocities, diastolic filling of the left ventricle is 

enhanced and preload increases158. Through the Frank-Starling Law of the heart, 

increased preload increases myocardial stretch and thereby improves myocyte 

contractility from heartbeat to heartbeat. This early physiological compensatory response 

enables the maternal heart to efficiently oxygenate fetal and placental tissues, triggering 

more long-term myocardial remodelling.    

The maternal heart physically responds to volume overload by increasing left 

ventricular mass through a process of eccentric hypertrophy146,147,158,159. This type of 

adaptive ventricular remodelling is shared with endurance athletes who similarly require 

increased preload and cardiac output to meet their heightened metabolic demands113. This 

process unfolds with left ventricular dilation (increased chamber volume) and a 

proportional increase in wall thickness to accommodate increased preload and diastolic 
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wall stress. The heart’s hypertrophic response is a compensatory attempt to normalize 

wall stress via the law of Laplace for a thin-walled sphere (stress = (pressure × radius)/(2 

× wall thickness))158,160. This is achieved by myocyte enlargement in both width and 

length through the addition of sarcomeres in parallel and in series, respectively161.  

Although some claim eccentric hypertrophy maintains the proportion between wall 

thickness and ventricular radius as mentioned above160-162, others claim – and there is 

some evidence to show – there is a small propensity for the ventricle to preferentially 

dilate, causing a decline in this ratio147,163. A more recent study in 2015 sought to address 

these reported inconsistencies, and actually found an increase in relative wall thickness 

during pregnancy164. Despite this controversy, all in all, it is well agreed upon that such 

changes are viewed as an adaptive ventricular remodelling process to meet the changing 

hemodynamics (volume overload) of pregnancy with overall increases in left ventricular 

dimensions and mass. Indeed, left ventricular mass and wall thickness can increase in 

humans by an astounding 52% and 28% respectively, while end-systolic diameter and 

end-diastolic volume both increase by approximately 20% 142,158,165. Importantly given 

the bovine model used herein, pregnant cattle experience similar cardiac expansion. By 

late pregnancy, bovine heart mass increases by 44%, and overall heart volume increases 

by nearly 50%166. 

Another important remodelling feature of pregnancy is an increase in mitral valve 

orifice area. Robson et al. (1989) showed that the mitral valve orifice area increases from 

6.44 cm2 preconception, to 7.22 cm2 by the 36th week of gestation142, while others have 

shown increases in mitral annular diameter of up to 16% by term167. Although this 

annular dilation may seem trivial, small changes in orifice area and annular diameter can 

have significant impacts on leaflet and chordal stresses. According to the law of Laplace, 

an increased annular orifice will increase the radius of curvature of heart valve leaflets 

during closure, significantly increasing the mechanical stress experienced by the leaflet 

tissue and chordae tendineae as demonstrated through finite element analyses168,169. For 

example, an 18% increase in annular circumference results in a two-fold increase in 

anterior leaflet stress, and significant increases in both basal and marginal chordal 

stresses168. Heart simulators capable of reproducing physiological conditions and 

manipulating annular diameter have also showed significant increases in chordal force 
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with annular dilation170. Although not documented explicitly in the literature, maternal 

annular shape and papillary muscle geometry would likely change in tandem with left 

ventricular dilation171, yielding other potential sources of increased mechanical stress on 

valve leaflets and chordae that, along with the known hemodynamic stresses, could 

stimulate additional valve remodelling.  

In summary, pregnancy is a volume overload state that triggers profound 

remodelling of the cardiovascular tissues. The relatively early changes in hemodynamics 

that occur within the first few weeks of pregnancy, stimulate a wave of physical changes 

to the myocardium (eccentric ventricular hypertrophy), as well as to the valve apparatus 

(annular dilation) that occur much later at 12 weeks and beyond143,167. Together, such 

extreme changes in cardiac function and structure inevitably increase cardiovascular 

complications during the gestational period, and can exacerbate or unmask the effects of 

pre-existing conditions including valve stenosis and regurgitation172. These complications 

can jeopardize maternal and fetal health, the effects of which can continue post-partum 
173. As we will see, there is still much to be known about the physiological changes that 

occur during pregnancy; the valve tissue itself has astounding remodelling potential yet to 

be investigated.  

 

1.5 Cardiac	Remodelling	–	Pathological	vs	Physiological	(Pregnancy)		

 

Heart failure is characterized by a disabling loss of functional myocardium, such 

that its cardiac output is no longer sufficient to meet the body’s metabolic demands157. 

Heart failure can develop from a variety of different cardiac issues including myocardial 

infarction, valve incompetencies, hypertension, and even diabetes157,174. The prevalence 

of cardiovascular disease and heart failure is astounding, collectively killing more people 

globally than any other illness175. With an ageing population in North America, the 

prevalence of heart failure and its associated health care costs are expected to worsen in 

the near future. In the United States alone, over 8 million people (1 in every 33) are 

expected to suffer from heart failure by the year 2030, with medical costs predicated to 

rise by nearly $50 billion176.  
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 Heart failure, regardless of the original etiology, results in a volume overload state 

whereby the body attempts to compensate for decreased ventricular function by 

increasing preload. Consequently, much of the structural remodelling stimulated by 

hypervolemia that occurs in heart failure mimics that of pregnancy, namely left 

ventricular and mitral annular dilation177. Another common valvular pathology that 

results in volume overload is mitral regurgitation, and again, the initial compensatory 

remodelling response is the same118. Over time however in both diseased states, the initial 

adaptive feedback wans and is replaced by a decompensated phase marked by a vicious 

deteriorative cycle of remodelling. The chamber and annulus continue to enlarge, 

intensifying the existing volume overload which then begets further valve and ventricular 

remodelling178. The myocardium eventually becomes fibrotic and loses contractile power 

and synchrony, leaving the patient with a grave prognosis from this point onward118,157.  

Pregnancy, although similar in its volume overload compensatory phase, 

ultimately lacks the deteriorative cycle that characterizes heart failure and mitral 

regurgitation. Somehow, these remodelling pathways diverge (Figure 1.10). If the 

increase in mechanical stress is mediated via similar volume overload mechanisms, why 

then, does one sequence remodel adaptively and preserve cardiac function, whilst the 

other progressively deteriorates towards total heart failure? Although this distinction is 

becoming clear regarding ventricular hypertrophy through studies on specific molecular 

pathways179, this question currently remains unanswered for heart valves and requires a 

deeper understanding of physiological mitral valve remodelling. Maternal cardiovascular 

research may hold the key in differentiating between the physiological and the 

pathological.   

An intriguing observation distinguishing pregnancy and heart failure is the 

incidence of functional mitral regurgitation (regurgitation that occurs secondary to heart 

failure). This valve incompetency occurs in over 50% of heart failure patients presenting 

with dilated cardiomyopathies, decreasing their chance of survival significantly180-182. 

Moreover, the mitral valves taken from these patients are mechanically, morphologically, 

and biochemically compromised. For example, in heart failure, the gross structure and 

composition of the mitral valve change significantly with an increase in leaflet area and 

thickness, collagen synthesis and GAG content, along with a decline in water content123. 
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These remodelling events contribute to pathological stiffening and a decrease in the 

viscous properties of the valvular tissue124.  

Despite being in a state of volume overload, clinically significant mitral 

regurgitation in pregnancy is rare183,184, and as discussed, does not induce ventricular or 

mitral valve failure. Even when compared to its counterpart the tricuspid valve, the mitral 

valve in pregnancy seems astoundingly resilient. Campos et al. (1993) used serial clinical 

and pulsed-continuous Doppler echocardiographic examinations on 18 pregnant women 

to determine the prevalence of valvular regurgitation. At full-term, mitral regurgitation 

was found in only 28% of women, while nearly 95% displayed regurgitant flow through 

their tricuspid valve167. Similarly, a study by Robson et al. (1992) showed that there is no 

significant increase in left side regurgitation in pregnancy compared to non-pregnant 

controls; however, regurgitation on the right, lower pressure side of the heart increases by 

25% and 46% for the tricuspid and pulmonary valves respectively185. Together, these 

results suggest the mitral valve, despite being under higher transvalvular pressures, is 

structurally more adaptive and able to tolerate the hemodynamic changes associated with 

pregnancy compared not only to pathology, but also to valves on the right side of the 

heart – but why? 

 

1.6 Maternal	Mitral	Valve	Remodelling			

    

Until recently, adult heart valves were thought to be static structures incapable of 

responding to changes in hemodynamic conditions in a non-pathological setting, i.e. 

maternal heart valves had no adaptive remodelling capability beyond routine reparative 

maintenance. This paradigm has now been shifted in light of new evidence that reveals a 

remarkable capacity for the mitral valve to remodel during pregnancy166,186,187. This 

recent work revolutionizes the current understanding of mitral valve physiology, showing 

the maternal mitral valve is a dynamic structure that undergoes significant morphological, 

structural, and biomechanical transformation. The shear novelty of this discovery means 

there is a profound lack of knowledge surrounding the adaptive remodelling capacity of 

maternal cardiovascular tissues. The initial study by Wells et al.166 established a bovine 

pregnancy model to assess the morphological, structural, histological, and mechanical 
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changes associated with gestational volume loading and cardiac enlargement on the 

anterior mitral valve leaflet. Biaxial mechanical testing revealed a biphasic shift in leaflet 

extensibility; during early pregnancy the leaflet became 30% less extensible, then 

returned to pre-pregnant values later in gestation166. Collagen crimp length increased by 

an astounding 186%, leading to a 43% decrease in percent crimp area in pregnant 

animals187. Evidence for collagen remodelling was further supported by a 2°C decrease in 

its denaturation temperature and a significant increase in collagen cross-linking in 

pregnant animals as measured by HIT analysis166.     

Striking changes were also found following a thorough morphometric analysis of 

the bovine mitral valve. In pregnant cows there was a 33% increase in mitral anterior 

leaflet area, accompanied by a 22% increase in the number of chordae tendineae 

attachments to its ventricular surface (Figure 1.9). This appeared as a progressive, linear 

increase in chordae number as gestation advanced. Interestingly, the increase in leaflet 

area occurred at a different pace than did the increase in chordae, as evidenced by a 

decrease in chordal density166. Such an increase in chordae number has never before been 

documented in a mature mitral valve – pathological or otherwise.  

 

 
Figure 1.9: The mitral valve anterior leaflet in a non- pregnant heifer (A) and pregnant cow (B). A 

remarkable increase in leaflet area and number of chordae tendineae attachments can be seen in the 
full term mitral valve. Scale bars = 1 cm. Modified from Wells et al. (2012) 166.  

 

Follow-up studies by Pierlot et al.186,187 have further substantiated the tremendous 

changes in collagen architecture with pregnancy. Both collagen content and concentration 



 29 

increased, suggesting the presence of newly synthesized collagen in the leaflet tissue, and 

fiber alignment decreased by 17%.  Importantly, the fibrosa (the layer with which the 

chordae are continuous) was 53% thicker in pregnant cows. Collectively, these studies 

provided the first ever documentation of mitral valve remodelling during pregnancy – or 

indeed, in any non-pathological adult state. These structural and biomechanical 

adaptations are conceivably responsible for maintaining maternal mitral valve 

competence in the face of intensified hemodynamic and cardiac demand. A comparison 

of pregnancy and pathology-induced mitral valve remodelling is shown in Figure 1.10. 
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Figure 1.10: An overview of cardiac remodelling in pregnancy and pathology (heart failure and 
mitral regurgitation). Pregnancy and pathology share a hypervolemic state that initiates ventricular 

and annular dilation. These remodelling events elevate the mechanical stress experienced by the 
mitral leaflets and chordae, to which pregnancy and pathology respond uniquely. Dysfunctional 

remodelling occurs in pathology, leading to a biochemically and mechanically compromised valve 
with no additional chordae. Adaptive remodelling occurs in pregnancy with an increase in chordae 

number and a preservation of valve integrity. Heathy bovine mitral valve image (in pregnancy) taken 
by Caitlin Pierlot; diseased valve image taken from: http://www.slideshare.net/irheum/crystal-

arthritis-amh.  
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Chapter	2		
Thesis	rationale,	objectives,	&	

hypotheses	
2 	

2.1 Overview	

 

Although many of the initial mechanical stimuli and remodelling events are 

shared between pregnancy and pathology, one extraordinary distinction is the increase in 

chordae number that occurs throughout pregnancy. This phenomenon has never been 

documented in a pathological valve, and granted, may be a vital compensatory 

mechanism by which dysfunctional and adaptive remodelling are distinguished. Indeed, 

uncompensated deficiencies in chordal branching are believed to leave the leaflet core 

relatively unsupported and vulnerable to mitral valve prolapse70. Increases in leaflet area 

(as observed in some pathologies) lacking a complimentary increase in chordae number 

may therefore jeopardize valve integrity and facilitate degenerative processes as the static 

chordae population must now endure heightened tensile loads. Reasonably, an 

investigation into chordae multiplication is well warranted.     

Being physical extensions of the mitral leaflet itself, maternal increases in leaflet 

area and stress would necessarily elevate chordal stresses. Given the mechanical burden 

and known increase in chordae number, it stands to reason that maternal chordae 

tendineae are actively remodelling in response to the novel hemodynamic environment 

associated with pregnancy. This, combined with preliminary work describing a decrease 

in collagen denaturation temperature with an associative increase in chordal diameter 

during pregnancy188,189, collectively suggest that chordae tendineae are also remodelling 

during pregnancy, and that chordae increase in number via the splitting of existing 

tendons.  

Establishing chordae as actively remodelling structures similar to the mitral valve 

anterior leaflet (e.g. with respect to collagen architecture) is a strong stepping-stone 
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towards understanding how the chordae increase in number throughout pregnancy. The 

overarching objective of this thesis work was to determine the mechanisms by which 

maternal bovine chordae tendineae remodel. This was achieved through a spatial 

(papillary muscle to leaflet) assessment of maternal chordae in comparison to non-

pregnant controls (heifers). A series of thermal, histological, and immunological 

experiments were performed to probe for evidence of chordae remodelling. The 

remodelling evidence collected herein will be discussed in light of the chordal splitting 

concept as an explanation for the maternal increase in chordae number; we hypothesize 

that chordal splitting initiates at the leaflet insertion sites as the mitral leaflet expands 

during pregnancy, and propagates down the chordal length.    

 

2.2 Experiment	1:	Chordae	Counting	

 

Rationale: Only once has a maternal increase in chordae number been documented166. 

The foundations of this thesis are based upon this concept, and therefore, it requires 

thorough validation from a secondary observer. 

Objective: To verify the maternal increase in chordae number documented previously166. 

Hypothesis: Counting was previously performed based upon chordal diameter, excluding 

the smallest side branches and any translucent chordae. Herein, all chordae will be 

counted based on type (i.e. basal, marginal, strut), with an expected increase in both 

marginal and basal chordae as the gestational period progresses. 

 

2.3 Experiment	2:	Collagen	Thermal	Properties	

 

Rationale: Collagen is the primary mechanical component in chordae, allowing it to bear 

and endure high cycle fatigue loading without failure. Decreases in the thermal stability 

of this collagenous network can be indicative of collagen remodelling and turnover 

within the tissue, as seen in previous heart valve studies45,49.   
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Objective: To quantify the thermal properties of chordae collagen between heifer and 

maternal chordae.   

Hypothesis: In accordance with other actively remodelling cardiovascular tissues45,49,166 

and with regards to the polymer-in-a-box theory of collagen molecular packing47, there 

will be a general decrease in collagen thermal stability. The distribution of thermal 

stabilities will increase in maternal chordae as a greater population of collagen molecules 

with relatively low thermal stability is introduced (due to more active collagen turnover).   

 

2.4 Experiment	3:	Collagen	Crimp	

 

Rationale: The crimp length of collagen fibers contributes heavily towards bulk tissue 

extensibility. In the maternal mitral valve anterior leaflet, crimp length increased by 

186% in pregnant animals, with a coinciding 45% decrease in the percentage of leaflet 

area occupied by crimped tissue186. This drastic expansive remodelling suggested an 

overall lengthening of the leaflet’s collagen architecture. As left ventricular dimensions 

increase in pregnancy, the chordae themselves may also be lengthening and therefore a 

similar collagen remodelling process may be occurring.     

Objective: To quantitatively evaluate changes in crimp length and percent crimp area in 

chordae between pregnant and non-pregnant animals.          

Hypothesis: Given the annular and ventricular remodelling known to occur during 

pregnancy142,143,158 and the resulting increase in mechanical stress experienced by the 

valve tissue168, chordae in pregnant cows are predicted to remodel in a similar fashion to 

that of the anterior leaflet: chordae crimp length will increase and percent crimp area will 

decrease. Additionally, there will be a strong presence of localized, disordered collagen at 

chordae bifurcations and leaflet insertion sites from pregnant animals as a sign of chordal 

remodelling. 
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2.5 Experiment	4:	General	ECM	Histology	

 

Rationale: Under pathological conditions, the ECM composition and tri-layered structure 

of the mitral valve leaflet can be severely altered under abnormal loading conditions22,190. 

Since the synthesis of ECM components is mechanosensitive, it is likely that there will be 

a change in the relative quantities of these molecules in the presence of novel 

hemodynamics and increased mechanical stress as observed in pregnancy. Moreover, 

proteoglycans and GAGs can influence collagen fibrillogenesis, assembly, and 

interfibrillar spacing, and function in cellular communication8,191-194, which would most 

certainly have implications for chordae remodelling.  

Objective: To qualitatively visualize key ECM components (elastin, collagen, GAGs) and 

cell nuclei for a structural signature of maternal chordae remodelling and/or chordae 

splitting.      

Hypothesis: Chordae bifurcations in pregnant animals are sites of active ECM 

remodelling and will therefore show an increase in the number of VICs (cell nuclei) and 

GAGs. As previously described in non-bovine chordae, elastin will be localized to the 

outer chordal layer in both pregnant and non-pregnant animals, with minimal fibers 

present within the tissue bulk52.  

 

2.6 Experiment	5:	Immunohistochemistry	(α-SMA	&	Periostin)	

 

Rationale: Immunohistochemistry can reveal important information on cell phenotype 

and protein expression not captured using general histological stains. In diseased and 

fetal valves – both actively remodelling tissue – the percentage of aVICs increases 

significantly, contributing towards extensive structural and compositional changes in the 

valve tissue99,101,133,195. However, the maternal bovine anterior leaflet actually sees a 

decrease in VIC activation196. This experiment will be beneficial in determining whether 

maternal chordae, which are subject to elevated stress and potentially in the process of 

splitting, will respond in a similar fashion to the maternal leaflet (no change or a decrease 
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in VIC activation), or if they will uniquely have more in common with fetal valves 

(increase in aVICs).  

Periostin is a matricellular protein that mediates a wide variety of cell-matrix 

interactions in cardiac development, wound healing, and disease197-200. Periostin is 

intensely expressed in the chordae tendineae during fetal valve formation, and persists 

into mature adult tissues198,201. Reasonably, as the chordae are made primarily of 

collagen, periostin is able to directly bind to collagen type I and regulate fibril assembly 

and cross-linking202. Perhaps most importantly for this work, periostin has been deemed 

crucial for the process of healthy chordae branching throughout fetal development201. The 

re-initiation of chordae multiplication in a mature, adult valve could be the result of 

elevated baseline periostin expression during pregnancy. An upregulation of this protein 

in maternal chordae would be strong evidence to support active remodelling of the 

chordae network.   

Objectives:  

(i) To detect possible phenotypic changes in VICs in chordae from pregnant cows.     

(ii) To determine if maternal chordae remodelling recapitulates fetal remodelling with 

respect to chordae branching and upregulated periostin expression.  

Hypotheses: 

(i) Chordae immunostained from pregnant cows will show a global increase in the 

percentage of aVICs compared to heifers, similar to what is observed in fetal valves 

where chordae also increase in number. More specifically, aVICs will be most abundant 

at maternal bifurcations.     

(ii) Periostin expression will be upregulated in pregnancy adjacent to maternal 

bifurcations where chordae splitting is believed to be occurring; heifers will show a more 

homogeneous periostin expression.     
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Chapter	3		
Materials	&	Methods	

3 	

3.1 Tissue	Collection	

 

Hearts from never-pregnant, sexually mature female cattle (heifers; 18-30 

months) and pregnant cows (18-36 months) were collected fresh from slaughter at a local 

abattoir (Reid’s Meats, Wolfville, Nova Scotia, Canada). Pregnant cattle undergo similar 

cardiac and hemodynamic adaptations as humans, including blood volume expansion203 

and myocardial remodelling166,204. Importantly, their gestational timeframe and habitual 

singleton pregnancies are also similar to that of humans, making cattle a suitable 

pregnancy model. The gestational age of pregnant cows was determined using fetal 

crown-to-rump length (CRL) according to the following formula205:  

 

Gestational Day = 8.4 +0.87(CRL) +5.46(CRL)1/2 

 

Hearts were transported back to the laboratory in a chilled cooler where the mitral valve 

anterior leaflet, associated chordae tendineae, and papillary muscles were excised. Valves 

were then placed between two layers of cheesecloth moistened with Hank’s physiological 

saline solution, double bagged, and stored at -86°C. The University Committee on 

Laboratory Animals at Dalhousie University approved the harvesting protocol of all 

experimental tissue. 

 

3.2 Chordae	Counting	

 

Preceding storage at -86°C, the number of chordal attachments to the anterior 

mitral valve leaflet was counted for all harvested valves (n=20 heifers; n=24 pregnant). 

Gestational ages ranged from approximately 27 to 249 days, corresponding to a fetal 

length range of 1-89 cm. Chordae were classified as one of three types: strut, basal, or 
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marginal. By definition, strut chordae are the two largest chordae that insert into the 

anterior leaflet at approximately the 4 and 8 o’clock positions, most proximal to the 

annulus62. With every valve (both pregnant and non-pregnant) containing two prominent 

struts, chordae of this type were not relevant to the chordae counting analysis; only very 

rarely are these chordae not easily identified and paired. The strut chordae were therefore 

not individually compared between pregnancy groups, and were only included in the total 

chordae counts. Marginal chordae were defined as any chordae attached to and 

continuous with the anterior leaflet free edge (frequently appearing translucent), while 

basal chordae included all remaining chordae attached to the main belly of the anterior 

leaflet, not classified under the strut or marginal definitions. Each unique attachment into 

the leaflet (irrespective of its papillary muscle origin) was counted as a single chorda. 

During the counting procedure, anterior leaflets and associated papillary muscles were 

pinned to a dissection tray to help spread and visualize the chordae. All tissue structures 

were kept moist with Hank’s physiological saline solution.   

 

3.3 Differential	Scanning	Calorimetry	(DSC)	

 

Frozen mitral valves from heifers and pregnant cows were left to thaw at room 

temperature in their sealed bags. Valves were subsequently pinned to a dissection tray via 

the anterior leaflet and papillary muscles, allowing the chordae to become taut. Pinning 

the valves in this manner generated adequate tension that helped to separate and visualize 

all valve chordae for sample collection. Samples were collected based on chordae type 

(strut, basal, marginal) and by specific locations along their length: 1) Bifurcations – 

where one chorda splits into one or more branches; 2) insertion sites – where the chorda 

merges with the anterior leaflet; and 3) straight “control” segments (i.e., not bifurcations 

or leaflet insertion sites). An illustration of the overall sampling method and examples of 

these harvesting locations are provided in Figure 3.3 and Figure 3.1 respectively. A total 

of 7 heifer valves (18-30 months old) and 6 late pregnant maternal valves (18-30 months 

old; approximately 218-231 days gestation) were used. Straight segments were harvested 

a minimum distance of 1 cm from chordae bifurcations and leaflet insertion sites. Each 

bifurcation and straight segment sample had its distance from the leaflet surface 
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measured by following the longest chorda back to its leaflet attachment point (Figure 

3.1). Multiple samples (typically between 2-4, dependent upon maximum number of 

viable samples harvestable from the valve for DSC) of each chordae type and location 

(e.g., more than one strut bifurcation) were harvested from a single valve; the data 

obtained for repeated samples were averaged to give a single data point for each 

combination of chordae type and location per valve.  

 

 

 
Figure 3.1: Excised bovine mitral valve anterior leaflet showing examples of the sampling locations 

for differential scanning calorimetry and bifurcation distance measurements. Sampling locations: (1) 
bifurcation, (2) leaflet insertion site, and (3) straight segments. White arrows originate at a single 
bifurcation sample and follow both branches towards their leaflet attachment point; the longest 

distance from the bifurcation was used as that bifurcation’s distance from the leaflet.  

 

 DSC was performed using a Q200 differential scanning calorimeter (TA 

Instruments, New Castle, DE) initially calibrated with an Indium standard. Chordae 

samples were weighed following the removal of excess surface water by gentle blotting, 

then hermetically sealed into aluminum DSC pans. All samples were equilibrated to 

20°C, ramped to 85°C at 5°C/min, and run against an empty aluminum reference pan. 

Data were recorded at 10 Hz, with the resulting endotherms being analyzed using 

Universal Analysis 2000 software (version 4.5A, TA Instruments). The parameters of 

interest included: onset temperature (Tonset), peak temperature (Tpeak), full width at half 

2 

3 1  
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maximum (FWHM), and specific enthalpy. Tonset is the temperature at which the least 

thermally stable collagen molecules within the sample begin to denature, calculated as 

the intersection between the endotherm’s baseline and a tangent line drawn to the 

endotherm’s downward slope. Tpeak is defined as the temperature of maximum heat flow 

into the sample, where the majority of collagen molecules are uncoiling. The FWHM 

describes the distribution of thermal stabilities in the sample (e.g. a chordae sample 

yielding an endotherm with a larger FWHM has a broader range of collagen thermal 

stabilities). The FWHM was calculated as the difference in temperatures where the heat 

flow on the downward and upward slopes of the endotherm were equivalent, at half the 

maximum heat flow into the sample extrapolated from baseline. The specific enthalpy is 

defined as the total energy required for sample denaturation and was calculated by 

measuring the area under the DSC endotherm (using sample wet weight). A generic 

endotherm with parameter labels is provided in Figure 3.2.   

 

 
Figure 3.2: Differential scanning calorimetry endotherm of a bovine chorda showing the four 

parameters of interest: The temperature of onset (Tonset), peak temperature (Tpeak), the full width at 
half maximum (FWHM), and the specific enthalpy.  
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 Figure 3.3: Sampling protocol for differential scanning calorimetry. From each heifer and maternal valve, 3 types of chordae were collected:  

          strut, basal, and marginal. For each type of chorda collected there were also 3 sampling locations: bifurcations, insertions, and straight segments.       
      Multiple samples of the same chordae type and location (e.g. more than one strut bifurcation) were harvested for each valve. The data obtained for      

    repeated samples were averaged giving a single data point for each combination of chordae type and location, giving a total of 9 data points per valve.   
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Bifurcation Insertion Straight

Basal

Bifurcation Insertion Straight
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3.4 Histology	

 

Mitral valve anterior leaflets from heifers (n=4) and pregnant (n=4) animals 

(gestational ages of approximately 88, 194, 202, and 229 days) were cut in half with a 

scalpel between the strut chordae from the annular attachment to the free edge, allowing 

them to fit neatly into large histology cassettes for tissue fixation. The leaflet tissue, all 

associated chordae tendineae, and papillary muscles from each half-valve were then fixed 

for 6 days in 10% neutral buffered formalin. Following fixation, chordae of each type 

(strut, basal, marginal) capturing bifurcations, straight segments, and leaflet insertion 

sites were dissected, placed in individual tissue cassettes, and stored in 70% ethanol until 

paraffin embedding. An average of 9 unique chordae samples from heifer valves and 10 

unique samples from maternal valves were taken and therefore a grand total of 35 non-

pregnant [(4 valves) x (~9 sample regions per valve)] and 39 pregnant [(4 valves) x (~10 

sample regions per valve)] distinct chordae regions were assessed for each histological 

approach outlined below. Each bifurcation sample had its distance from the leaflet 

surface measured by following the longest chorda back to its leaflet attachment point (as 

described above in the DSC protocol). Chordae tissue was serially sectioned 

longitudinally into 5µm sections, mounted on charged slides (25x75x1mm, Globe 

Scientific, Inc.), and dried at 57°C for a minimum of 24 hours prior to deparaffinization 

and subsequent staining. Embedding and sectioning were performed by the Histology 

Research Services Laboratory (Faculty of Medicine, Dalhousie University). 

 

3.4.1 Picrosirius	Red	

 

Chordae collagen crimp was enhanced by staining slides with Picrosirius Red. 

Slides were first deparaffinized with 4 xylene rinses lasting 5 minutes each, then 

rehydrated using a series of 5 minute washes in graded ethanol solutions: 3 washes at 

100%, 2 washes at 95%, and 2 washes at 70%, followed by a final rinse in tap water. 

Direct Red 80 (Sigma-Aldrich) and saturated picric acid (Sigma-Aldrich) were used to 

prepare a 0.1% Picrosirius Red solution that was then applied to the slides for 1 hour 

while shielded from light. After 1 hour slides were rinsed in 0.5% acetic acid followed by 
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a brief rinse in tap water. Slides were then dehydrated once again in a series of graded 

ethanol solutions, and cleared with 20 dips in each of 4 xylene baths. Glass coverslips 

(24x60mm, VWR) were secured with mounting media (Cytoseal XYL, Thermo 

Scientific) and left to adhere for 24 hours in a fume hood.  

 

3.4.2 Movat	Pentachrome	

 

Extracellular matrix components (collagen, elastin, GAGs) and cell nuclei were 

revealed using a Russell-Movat Pentachrome Stain Kit (American MasterTech, Lodi, 

California). Slides were first deparaffinized with 4 xylene rinses lasting 5 minutes each, 

then rehydrated using a series of 5 minute washes in graded ethanol solutions: 3 washes 

at 100%, 2 washes at 95%, and 2 washes at 70%, followed by a final rinse in tap water. 

Slides were then placed in distilled water for 5 minutes, during which time a fresh 

solution of Verhoeff’s Elastic Stain was prepared using equal parts Universal Iodine 

SolutionTM, 10% ferric chloride, 10% alcoholic hematoxylin, and 100% ethanol. Slides 

were left in the Verhoeff’s solution for 20 minutes concealed from light, and then rinsed 

in lukewarm running tap water for 5 minutes, followed by a brief rinse with distilled 

water. Slides were differentiated using a direct application of 2% ferric chloride until 

elastic fibers were sharply defined (verified using light microscopy), rinsed with distilled 

water, and placed in sodium thiosulfate for 1 minute. After a 5-minute tap water rinse and 

a 3-minute application of 3% acetic acid, slides were placed directly into a 1% Alcian 

Blue solution for 30 minutes. Warm running tap water was used to wash the slides for 1 

minute, followed by another rinse with distilled water. The slides were then stained with 

Crocein Scarlet – Acid Fuchsin for 2 minutes, rinsed through 3 changes of distilled water, 

and dipped 5 times in 1% acetic acid before differentiation with 2 changes of 

phosphotungstic acid (5 minutes each). Slides were dipped 5 more times in 1% acetic 

acid, dehydrated through 3 changes of fresh 100% ethanol, and placed in Alcoholic 

Saffron Solution for 15 minutes. Once removed, slides were dehydrated once more 

through 3 changes of 100% ethanol, cleared through 3 changes of fresh xylene, and 

mounted (Cytoseal XYL, Thermo Scientific) with glass coverslips (24x60mm, VWR). 
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Slides were imaged using a Nikon Eclipse E600 light microscope equipped with a 

polarized light filter and 10 MP AmScope digital camera. 

  

3.4.3 Immunostaining	(a-SMA)	

 

Slides were deparaffinized and hydrated following the same protocol outlined for 

Picrosirius Red (above). To recover any compromised antigenicity of a-SMA due to the 

formalin-based fixation, the tissue was pretreated with heat-induced epitope retrieval. The 

formation of formalin-protein crosslinks, which can modify the molecular confirmation 

of proteins and ultimately mask target antigens, can be reversed using high temperature 

heating and/or strong alkaline buffers206-209. It was discovered that superheating (124.5°C 

for 30 seconds) chordae slides with tris-ethylenediaminetetraacetic acid (tris-EDTA) at 

pH 9 destroyed tissue morphology and therefore the water bath was henceforth 

maintained at 80°C for 50 minutes, following the inverse relationship observed between 

antigen retrieval temperature and time208-210 frequently used on tissue slides prone to 

dissociation under intense heat211,212.   

Immunohistochemistry was carried out using the labeled streptavidin-biotin 

method (LSAB+System-HRP, Dako, K0690). The hot buffer was gradually brought to 

room temperature with tap water before the slides were rinsed with phosphate buffered 

saline (PBS) and treated with 2% hydrogen peroxide to block endogenous peroxidases 

that can contribute to non-specific background staining. Slides were then rinsed in PBS 

and treated for 10 minutes with Serum-Free Ready-To-Use Protein Block (Dako, X0909) 

to prevent endogenous biotin protein from binding with later applications of the 

streptavidin-horseradish peroxidase (HRP) conjugate. The primary antibody (monoclonal 

mouse anti-human smooth muscle actin, M0851, Dako) diluted 1:200 in PBS was then 

applied and left to incubate for 30 minutes at room temperature, followed by two 

sequential 30-minute room temperature incubations of the secondary biotinylated 

antibody (Biotinylated Link Universal, Dako) and streptavidin-HRP (Dako) respectively. 

Visualization was achieved using a 7-minute application of diaminobenzidine (Liquid 

DAB+Substrate Chromogen System, Dako, K3468), and after a brief rinse in tap water, 

slides were finally counterstained using Mayer’s hematoxylin solution (Sigma-Aldrich), 
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dipped in Scott’s water, dehydrated through a graded series of ethanol solutions, cleared 

with xylene, and mounted (Cytoseal XYL, Thermo Scientific) with glass coverslips 

(24x60mm, VWR). Each run included a negative chorda control subjected to the same 

procedure outlined above, but lacking primary antibody.   

 

3.4.4 Immunostaining	(Periostin)	

 

Slides were deparaffinized and hydrated following the same protocol outlined for 

Picrosirius Red (above). Slides were then rinsed with PBS and submerged in 2% 

hydrogen peroxide for 15 minutes to block endogenous peroxidases. After another wash 

in PBS, slides were treated for 10 minutes with Serum-Free Ready-To-Use Protein Block 

(Dako, X0909). Excess protein block was removed and slides were then incubated in 

primary antibody (polyclonal goat anti-human periostin (S-15): sc-49480, Santa Cruz 

Biotechnology, Inc.) diluted 1:200 in PBS overnight. The following day, slides were 

thoroughly rinsed in PBS and incubated for 1 hour with secondary polyclonal rabbit anti-

goat-HRP (P0449, Dako). Slides were then rinsed in PBS, incubated for 3 minutes in 

DAB for visualization (Liquid DAB+Substrate Chromogen System, Dako, K3468), 

rinsed with tap water, counterstained with Mayer’s hematoxylin solution (Sigma-

Aldrich), and dipped in Scott’s water for bluing. Slides were finally dehydrated through a 

graded series of ethanol solutions, cleared with xylene, and mounted (Cytoseal XYL, 

Thermo Scientific) with glass coverslips (24x60mm, VWR). Positive human placenta 

controls and negative chordae controls (omitting primary antibody) were included with 

each run. A Nikon Eclipse E600 light microscope and 10 MP AmScope digital camera 

were used to image all periostin slides. 

 

3.4.5 Image	Analysis	–	Movat	Pentachrome	

 

A semi-quantitative analysis classifying elastin morphologies at chordae 

bifurcations was conducted. Bifurcations were assigned a score from 0 to 3 with the 

following criteria: (0) No elastin present; (1) only small, fragmented elastic fibers present 

with no defined directionality; (2) elastin on one or both sides of the bifurcation had 
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begun extending longitudinally into the common trunk segment; and (3) elastin 

propagation from both sides of the bifurcation had joined below the bifurcation. 

Examples of each numerical score are provided in Figure 3.4.  

 

3.4.6 Image	Analysis	–	Collagen	Crimp	

 

Images of slides stained with Picrosirius Red were taken at 400x magnification 

using a Nikon Eclipse E600 light microscope equipped with a polarized light filter and 10 

MP AmScope digital camera. Slides were analyzed for collagen crimp length (distance 

measurement of adjacent crimp peaks) and percent crimp area using open source ImageJ 

software (National Institute of Health) as described previously186. For both crimp length 

and percent crimp area, 5 consecutive images were taken running longitudinally along the 

length of each chorda (only straight segments were imaged, i.e. bifurcation and leaflet 

insertion site crimp were not quantitatively assessed). The distance between the chorda 

section being imaged and the leaflet surface was estimated using the pre-measured 

bifurcation distances (obtained from the original histological sample preparation) and 

step-wise field-of-view movements at 100x magnification (2.2 mm increments) from 

these bifurcation landmarks. For crimp length measurements, a line through the center 

and parallel with the principal crimp direction was placed over each image and each 

discernable peak-to-peak crimp length along this line was recorded. Crimp area was 

measured by placing a grid (600 µm2/square) over each of the 5 images and grid points 

were counted (i) in contact with crimped tissue, (ii) uncrimped tissue, and (iii) empty 

space (the latter was omitted from the total grid count). The ratio of crimped grid points 

to the total grid count was used to calculate the percentage of crimped chordal area. 

Crimp length and percent crimp area measurements were averaged over all 5 images.         
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Figure 3.4: Movat Pentachrome-stained longitudinal section showing examples of characteristic elastin morphologies at chordae bifurcations and their 

corresponding semi-quantitative numerical scores. Letters A, B, C, and D correspond to numerical scores of 0, 1, 2, and 3 respectively. Yellow=collagen, 
blue/green=GAGs, black lines=elastin fibers, purple elongations/circles=cell nuclei 
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3.4.7 Image	Analysis	–	a-SMA	(Cell	Phenotype	&	Density)	

 

The presence of a-SMA positive VIC nuclei was assessed at chordae bifurcations 

and straight segments. One image at 400x magnification was taken at each bifurcation 

tip, with a total of 36 bifurcations from 3 heifer valves and 59 bifurcations from 3 

maternal valves. Each image was taken such that the outside edge of the microscope’s 

field of view was in-line with the bifurcation tip, maximizing the captured bifurcation 

area. Bifurcations frequently contained a considerable amount of empty white space 

(non-tissue); this area fraction was removed when calculating the number of cells per unit 

area. Straight segment images were also taken at 400x magnification, but at a distance of 

approximately 0.33cm (3 fields of view at 200x magnification) below the bifurcations in 

the center of the chordae tissue. In some cases, where collagen disruption was visible 

extending down from the bifurcation at 0.33 cm or beyond, an image was taken at the 

next nearest point where natural collagen crimp resumed. A total of 33 straight segment 

images from 3 heifer valves and 59 straight segments images from 3 maternal valves 

were taken. The Cell Count plug-in feature in ImageJ (National Institute of Health) was 

used to manually count and classify cell nuclei as either a-SMA positive (appear brown 

with DAB staining) or negative (appear purple/blue with hematoxylin counterstain) as 

seen in Figure 3.5. First, all nuclei in the image (positive and negatively stained cells) 

were selected and recorded under an arbitrary “Type 1 Counter” in ImageJ. Following 

this, a second “Type 2 Counter” was used to count and record a-SMA positive cells only. 

The ratio of positively stained cells to total cells was used to calculate the percentage of 

aVICs. All cell counting data obtained from bifurcations belonging to the same valve 

were averaged. This procedure was repeated for straight segments. All images were taken 

at 400x magnification using a Nikon Eclipse E600 light microscope equipped with a 

polarized light filter and 10 MP AmScope digital camera.    
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Figure 3.5: α-SMA immunostained longitudinal section of a bovine chorda showing valvular 
interstitial cell nuclei stained brown with DAB (α-SMA positive), and α-SMA negative cells 

counterstained blue/purple with hematoxylin. Two counter types were used to count and classify cell 
nuc1ei for cell density and phenotype measurements: Type I Counter was used to count all nuclei in 

the image and Type 2 Counter was used to exclusively count α-SMA positive cells. 

 

3.5 Statistical	Analyses	

 

All statistical analyses were performed using JMP Software (Version 12.1.0) with 

p-values ≤0.05 considered statistically significant. Values are expressed as the mean ± 

standard error (SE). For chordae counting, t-tests were used to compare the means of 

basal, marginal, and total number of chordae between heifers and pregnant animals. The 

relationship between CRL and chordae number in pregnant cows for basal, marginal, and 

total chordae counts was evaluated using a least-squares linear regression and tested for 

significance using an ANOVA. Based on the protocol for DSC sample collection (i.e. by 

chordae type and location), multiple samples were harvested from each valve and 

50 µm 

a-SMA(+) 
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therefore a repeated measures full factorial (3-way ANOVA) was performed with 

sampling location and chordae type as the within-subject factors, and pregnancy state as 

the between-subject factor. This was followed by post-hoc Tukey honest significant 

difference testing. Values of Tonset, Tpeak, FWHM, and specific enthalpy were plotted as a 

function of distance from the leaflet surface using a least-squares linear regression and 

were tested for significance with an ANOVA. Marginal chordae and leaflet insertions 

sites were excluded from the regression as insertion sites and marginal chordae samples 

were never harvested further than 1cm from the leaflet tissue and therefore an accurate 

survey of thermal stability variation with distance could not be obtained. A 2-way 

repeated measures ANOVA was conducted for chordae crimp measurements (crimp 

wavelength and percent crimp area) with pregnancy state and chordae type as the main 

effects of the model, and crimp wavelength was plotted against distance from the leaflet 

surface using a least-squares linear regression tested with an ANOVA. The same 

approach was used to test for differences in cell density and VIC activation, except 

location (bifurcations and straight segments) and pregnancy state were used as the main 

factors of the 2-way repeated measures ANOVA. Differences in elastin morphologies 

(classified using semi-quantitative categorical data) between non-pregnant and pregnant 

animals were tested for significance with a Chi-squared test.     
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Chapter	4	
Results	

4 	

4.1 The	Number	of	Chordae	Attachments	Increases	In	Pregnancy	

 

The number of basal, marginal, and total chordal attachments increased 

significantly in pregnant animals by 17%, 21%, and 18% respectively (Figure 4.1). As 

seen in Figure 4.2-Figure 4.4, there was no relationship between maternal chordae 

number and pregnancy duration (based on fetal CRL). 

 

 

 
 

Figure 4.1: Number of basal, marginal, and total chordal attachments to the anterior mitral valve 
leaflet in non-pregnant heifers (n=20 valves) and pregnant cows (n=24 valves). Total chordae number 

is the sum of all basal and marginal chordae, with the addition of two strut chordae (as each valve 
always contains only two struts). Values are shown as the mean ± SE. *=p<0.05, **=p<0.006.  
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Figure 4.2: Number of basal chordal attachments to the anterior mitral valve leaflet in pregnant 

cows (n=24 valves) plotted against fetal crown-to-rump length (CRL) in cm. 

 

 
 
Figure 4.3: Number of marginal chordal attachments to the anterior mitral valve leaflet in pregnant 

cows (n=24 valves) plotted against fetal crown-to-rump length (CRL) in cm.  
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Figure 4.4: Total number of chordal attachments to the anterior mitral valve leaflet in pregnant cows 

(n=24 valves) plotted against fetal crown-to-rump length (CRL) in cm.   

 

 
 

4.2 Collagen	 Thermal	 Properties	 Remain	 Largely	 Unchanged	 In	
Pregnancy,	But	Change	Significantly	With	Chordae	Type	(DSC	Results)	

 

(i) Effects of Pregnancy & Sampling Location   

Representative DSC endotherms for heifer and maternal chordae are provided in 

Figure 4.5. As evidenced by similar values of Tonset (68.4ºC vs 68.8ºC), Tpeak (70.6ºC vs. 

70.6ºC), and specific enthalpy (4.07 J/g vs. 4.67 J/g) between chordae taken from heifers 

and pregnant cows respectively, the thermal stability of bovine chordae did not change 

appreciably with pregnancy. However, the FWHM was significantly lower by 

approximately 0.3ºC in pregnancy, indicating a more homogeneous population of 

collagen molecules in maternal chordae (Figure 4.6). A 3-way repeated measures 

ANOVA revealed a significant interaction between pregnancy and sampling location for 
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Tonset (p=0.0049). Although Tonset did not differ significantly between heifers and 

pregnant cows at any sampling location, a post-hoc comparison of location within 

maternal chordae revealed a significantly higher Tonset for straight segments than for 

insertion sites (Figure 4.7). This finding suggests either (i) a molecular stabilization of a 

sub-population of maternal straight segment collagen, or (ii) a relative loss of thermal 

stability at insertion sites. Unlike Tonset, neither Tpeak, specific enthalpy, nor the FWHM 

changed significantly with sampling location in pregnancy.  

 

(ii) Effects of Chordae Type 

Representative endotherms for each chordae type are provided in Figure 4.8.   

Unrelated to pregnancy state, thermal stability changed significantly with chordae type. 

Strut chordae were the least thermally stable with values of Tonset and Tpeak of 67.6ºC and 

69.6ºC respectively, while marginal chordae were the most thermally stable, with values 

of Tonset and Tpeak over 2ºC higher (Figure 4.9, Figure 4.10). This trend was reversed with 

enthalpy, where the strut chordae showed the highest enthalpy at 5.88 J/g and the 

marginal chordae showed the lowest at 2.56 J/g (Figure 4.11). In each case, basal chordae 

had intermediate values of Tonset, Tpeak, and specific enthalpy between that of the marginal 

and strut chordae (Figure 4.9-Figure 4.11). The FWHM was unchanged between strut and 

basal chordae (2.42ºC vs. 2.45ºC), but both were significantly lower than the FWHM for 

marginal chordae (2.83ºC) as seen in Figure 4.12. The higher Tonset and Tpeak observed in 

marginal chordae suggests a more tightly packed collagen network relative to the strut 

and basal chords, while the broader FWHM indicates a more heterogeneous collagen 

population. The lower enthalpy of denaturation for marginal chordae (despite an 

increased thermal stability) could speak to their hydration state – being less hydrated than 

other chordae types.  

 

(iii) Effects of Sampling Distance 

When the DSC thermal parameters were plotted against sample distance from the 

leaflet surface, no significant trends were found in chordae taken from pregnant cows. 

Unexpectedly in heifers however, Tonset and Tpeak decreased with increasing sample 

distance from the leaflet, while enthalpy significantly increased (Figure 4.13-Figure 



 54 

4.15). This suggests a tighter molecular packing of collagen molecules near the leaflet 

surface in heifers, possibly due to a spatially heterogeneous cross-link profile along the 

chordal length.  
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Figure 4.5: Representative differential scanning calorimetry endotherms for bovine mitral chordae 

taken from heifers and pregnant cows. A narrowing of the endotherm trace (lower FWHM) is 
evident; curves were similar with respect to all other thermal parameters (Tonset, Tpeak, and specific 

enthalpy). Baselines have been Y-scale adjusted to separate individual endotherms.  

 

 
 

Figure 4.6: Differential scanning calorimetry endotherm full width at half maximum (FWHM) for 
anterior mitral valve chordae taken from non-pregnant heifers (50 samples from 7 valves) and 

pregnant cows (49 samples from 6 valves). Values are expressed as mean ± SE.  Dissimilar letters 
indicate statistical significance (p<0.005). 
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Figure 4.7: Differential scanning calorimetry endotherm onset temperature (Tonset) for anterior mitral valve chordae in non-pregnant heifers and 
pregnant cows. Samples were grouped and compared based on their location as either: (i) A “bifurcation” (region where 2 or more chordae branch); 

(ii) an “insertion” (where the chorda merges with the leaflet tissue), or (iii) a “straight” segment (i.e. not a bifurcation or insertion). Rightmost portion 
of the figure provides examples of bifurcation (1), insertion (2), and straight (3) chordae samples. A 3-way repeated measures ANOVA revealed a 

significant interaction between pregnancy and sample location (p=0.0049). Values are expressed as mean ± SE. Dissimilar letters with the same case 
indicate a significant post-hoc difference (p<0.005). Bars show specific n-values (used in post-hoc statistical testing) taken from a total of 7 heifer and 6 

maternal valves (with chordae types pooled together as there was no effect of pregnancy for any chordae type).  
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Figure 4.8:  Representative differential scanning calorimetry endotherms for bovine mitral chordae 
tendineae. An overall rightward shift (increase in thermal stability) is visible in the endotherms from 

strut, to basal, to marginal chordae. Baselines have been Y-scale adjusted to separate individual 
curves. 

 

 

 
Figure 4.9: Differential scanning calorimetry endotherm onset temperature (Tonset) for anterior 

bovine mitral valve strut, basal, and marginal chordae. A total of 34 strut, 31 basal, and 34 marginal 
samples pooled from 7 heifer and 6 maternal valves were used in the analysis. Values are expressed 

as mean ± SE. Dissimilar letters indicate statistical significance between chordae types (p<0.001).  
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Figure 4.10: Differential scanning calorimetry endotherm peak temperature (Tpeak) for anterior 

bovine mitral valve strut, basal, and marginal chordae. A total of 35 strut, 33 basal, and 33 marginal 
samples pooled from 7 heifer and 6 maternal valves were used in the analysis. Values are expressed 

as mean ± SE. Dissimilar letters indicate statistical significance between chordae types (p<0.001). 

 
 

Figure 4.11: Differential scanning calorimetry endotherm specific enthalpy (based on sample wet 
weight) for bovine anterior mitral valve strut, basal, and marginal chordae. A total of 34 strut, 31 

basal, and 34 marginal samples pooled from 7 heifer and 6 maternal valves were used in the analysis. 
Values are expressed as mean ± SE. Dissimilar letters indicate statistical significance between 

chordae types (p<0.001).  
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Figure 4.12: Differential scanning calorimetry endotherm full width at half maximum (FWHM) for 
anterior bovine mitral valve strut, basal, and marginal chordae. A total of 34 strut, 31 basal, and 34 
marginal samples pooled from 7 heifer and 6 maternal valves were used in the analysis. Values are 
expressed as mean ± SE. Dissimilar letters indicate statistical significance between chordae types 

(p<0.05).  
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Figure 4.13: Differential scanning calorimetry endotherm onset temperature (Tonset) for anterior mitral valve chordae taken from non-pregnant heifers 
(52 samples taken from 6 valves) and pregnant cows (71 samples taken from 6 valves) plotted against each sample’s distance from the leaflet surface. 

R2=0.0299 
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p = 0.0023 
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Figure 4.14: Differential scanning calorimetry endotherm peak temperature (Tpeak) for anterior mitral valve chordae taken from non-pregnant heifers 
(48 samples taken from 7 valves)  and pregnant cows (72 samples taken from 6 valves) plotted against each sample’s distance from the leaflet surface. 

R2=0.0068 
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p = 0.0015 
 

p = 0.4898 
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Figure 4.15: Differential scanning calorimetry endotherm specific enthalpy (based on sample wet weight) for anterior mitral valve chordae taken from 
non-pregnant heifers (52 samples taken from 7 valves) and pregnant cows (70 samples taken from 6 valves) plotted against each sample’s distance from 

the leaflet surface.  
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p = 0.0003 p = 0.1228 
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4.3 Chordae	Collagen	Crimp	Is	Unchanged	Between	Heifers	and	Pregnant	
Cows		

 

(i) Effects of Pregnancy 

Collagen crimp wavelength and percent area occupied by crimp (measured at 

straight segments only) were unchanged between pregnant and non-pregnant animals; all 

straight segments were highly crimped (>98%) and the average crimp wavelengths were 

20.1µm and 21.3µm for non-pregnant and pregnant animals respectively. 

  

(ii) Effects of Chordae Type & Sampling Distance 

Marginal chordae crimp wavelength was 16.2µm, approximately 32% shorter than 

that of both strut and basal chordae (Table 4.1, Figure 4.16). A surprising relationship 

between crimp wavelength and distance from the valve leaflet was discovered in strut and 

basal chordae (Figure 4.17, Figure 4.18), but was absent in marginal chords (Figure 

4.19). For strut and basal chordae, crimp length increased with increasing distance from 

the leaflet, doubling in length from approximately 15µm near the leaflet surface to over 

30µm approaching the papillary muscles.  

 

(iii) Effects of Sampling Location   

 Collagen crimp was frequently disrupted at bifurcations and leaflet insertion sites 

in both heifers and pregnant cows. Picrosirius Red stained sections viewed under 

polarized light showed a complete loss of crimp at select bifurcations as evidenced by a 

loss of birefringence. The orientation of some collagen fibers was also skewed relative to 

the longitudinal axis, curling into or away from the bifurcation (Figure 4.20). Crimp 

disruption at bifurcations was, at times, only localized to the bifurcation tip, while in 

others crimp disruption propagated deep (>6mm) into the tissue bulk. Crimp progression 

into the leaflet tissue was characterized by a ‘smearing’, or an apparent flattening of 

crimp in some fibers; crimp directionality was no longer simply longitudinal, but rather 

frequently fanned out as the chordae merged with the leaflet (Figure 4.21).    
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Figure 4.16: Collagen crimp length in bovine anterior mitral valve strut, basal, and marginal 

chordae. A total of 37 strut, 82 basal, and 46 marginal samples pooled from 4 heifer and 4 maternal 
valves were used in the analysis. Values are expressed as mean ± SE. Dissimilar letters indicate 
statistical significance between chordae types (Strut vs. marginal p<0.001; basal vs. marginal 

p<0.005).  

 

 
Table 4.1: Summary of collagen crimp length and percent area occupied by crimp in anterior mitral 
valve strut, basal, and marginal chordae from non-pregnant heifers and pregnant cows. A total of 15 
strut, 30 basal, and 20 marginal samples from 4 heifer valves, and 22 strut, 52 basal, and 26 marginal 
samples from 4 maternal valves were used in the analysis. Values are expressed as mean ± SE. There 

were no significant differences in any crimp measurement between heifers and pregnant animals. 
Crimp length was significantly shorter in marginal chordae in comparison to that in strut and basal 

(p<0.005). 

 Strut Basal Marginal 

 Length (µm) Area (%) Length (µm) Area (%) Length (µm) Area (%) 

Heifer 23.4 ± 0.9
 

98.9 ± 0.9 21.4 ± 0.6 98.1 ± 0.6 15.8 ± 0.8 97.4 ± 0.9 

Pregnant 24.1 ± 1.1 99.3 ± 0.6 22.5 ± 0.7 98.1 ± 0.4 16.5 ± 1.0 97.4 ± 0.6 
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Figure 4.17: Collagen crimp length in bovine anterior mitral valve strut chordae plotted against 

distance from the valve leaflet. A total of 36 strut straight segments were pooled from 4 heifer and 4 
maternal valves.  

 

 
Figure 4.18: Collagen crimp length in bovine anterior mitral valve basal chordae plotted against 

distance from the valve leaflet. A total of 75 basal straight segments were pooled from 4 heifer and 4 
maternal valves. 
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Figure 4.19: Collagen crimp length in bovine anterior mitral valve marginal chordae plotted against 
distance from the valve leaflet. A total of 44 marginal straight segments were pooled from 4 heifer 

and 4 maternal valves. 

 

R² = 0.0366

0.0

5.0

10.0

15.0

20.0

25.0

30.0

0 0.2 0.4 0.6 0.8 1 1.2 1.4

C
R

IM
P 

LE
N

G
TH

 (µ
m

)

DISTANCE (cm)

Marginal

p = 0.2200 



 67 

   

   
Figure 4.20: Picrosirius Red-stained longitudinal section taken through a chorda bifurcation viewed with brightfield illumination (A, C) and their 

identical images viewed with polarized light (B, D). Collagen crimp is disrupted at chordae bifurcations as evidenced by a visible loss of fiber banding 
(indicative of collagen crimp) and a loss of birefringence when viewed under polarized light (black regions within the tissue). C and D are higher 

magnification views of A and B respectively. Bifurcation tips are marked with an asterix (*).     
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Figure 4.21: Picrosirius Red-stained longitudinal section taken through the leaflet-chordal interface viewed with brightfield illumination (A, C) and 

their identical images viewed with polarized light (B, D). Collagen fibers fan out as they progress into the leaflet tissue and there is a visible ‘smearing’ 
of collagen crimp. C and D are higher magnification views of A and B respectively. 
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4.4 Movat	 Pentachrome	 Reveals	 Unique	 Bifurcation	 Composition	With	
High	Cell	Density	And	Elastin	Propagations	

 
In both pregnant and non-pregnant animals, straight chordae segments (i.e. not 

bifurcations or insertion sites) were composed primarily of collagen intermixed with 

GAGs (Figure 4.22). A dense staining of elastin was present at the periphery, with 

relatively sparse elastic fibers towards the tissue center. Elastin fibers were typically 

thicker near the tissue edge, and finer within the tissue bulk. VICs were scattered evenly 

throughout the tissue and appeared wedged between collagen fibers as their shape was 

rather elongated, reflecting the waves of collagen crimp. A monolayer of endothelial cells 

was also visible lining the outside chordal wall. Tissue at leaflet insertion sites had a 

similar composition, although GAGs appeared more abundant.  

All observations noted at chordae bifurcations were seen in both pregnant and 

non-pregnant animals. Bifurcations contained the highest density of GAGs and cell nuclei 

(Figure 4.23). Certain GAG-rich bifurcations were visibly delaminated from the 

surrounding bifurcation tissue. In contrast to the cells in the surrounding tissue, cells 

located at bifurcations frequently took on a circular morphology. Elastic fibers, which 

were principally located only in the peripheral chordal layer, were relatively small and 

fragmented at select bifurcations, while completely absent from others (Figure 4.24 ‘A’). 

Some bifurcations were unique in that they showed a longitudinal propagation of elastin 

into the bifurcation tip. At times the elastin only extended a short distance into the 

bifurcation tip (Figure 4.24 ‘B’), while in others, elastin from both sides of the 

bifurcation propagated deep into the tissue bulk and joined together (Figure 4.24 ‘C’). A 

semi-quantitative analysis classifying these different bifurcation elastin morphologies 

revealed no differences in the frequency of any morphology between non-pregnant and 

pregnant animals (Table 4.2). When viewed under polarized light, bifurcations varied 

considerably in their birefringence, indicating different levels of collagen organization or 

the absence of collagen altogether (Figure 4.25).  
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Figure 4.22: Movat Pentachrome-stained longitudinal section of a typical chorda straight segment. 

(A) Low magnification overview; (B) High magnification image emphasizing the dense layer of 
elastin observed at the periphery. Yellow=collagen, blue/green=GAGs, black lines=elastin fibers, 

purple elongations/circles=cell nuclei.    
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Figure 4.23: Movat Pentachrome-stained longitudinal section through a chorda bifurcation showing 

its unique composition relative to straight tissue segments. (A) Low magnification overview of a 
bifurcation in comparison to surrounding tissue; (B) High magnification image showing the dense 
cellularity and GAG presence typically seen at bifurcations. Yellow=collagen, blue/green=GAGs, 

purple elongations/circles=cell nuclei.    
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Figure 4.24: Movat Pentachrome-stained longitudinal sections through chordae bifurcations showing 

a progressive presence of peripheral elastin into the bifurcation. (A) No elastin present, (B) elastin 
present and extending into the bifurcation, and (C) elastin present propagating deep into the 

bifurcation joined from both sides. Yellow=collagen, blue/green=GAGs, black lines=elastin fibers, 
purple elongations/circles=cell nuclei.    
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Table 4.2: The presence of elastin at chordae bifurcations was semi-quantitatively grouped according 
to one of four morphologies: (0) No elastin present (Figure 4.24 ‘A’); (1) only small, fragmented 

elastic fibers present with no defined directionality; (2) elastin on one or both sides of the bifurcation 
had begun extending longitudinally into the bifurcation tip (Figure 4.24 ‘B’); and (4) elastin 

propagation from both sides of the bifurcation had joined below the bifurcation (Figure 4.24 ‘C’). 
Chi-squared test revealed no significant differences between elastin morphologies in non-pregnant 

heifers (n=4 valves) and pregnant cows (n=4 valves) (p>0.9280). 

Presence of Bifurcation Elastin 

Numerical 
Score 0 1 2 3 Total 

Heifer 7 37 13 6 63 

Pregnant 9 43 20 8 80 

Total 16 80 33 14 143 
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Figure 4.25: Movat Pentachrome-stained longitudinal sections through chordae bifurcations showing their diversity with respect to collagen content 

and organization. (A) GAG rich bifurcation viewed under brightfield illumination shows nearly a complete loss of birefringence under polarized light 
(B), while others display less GAG staining (C) and maintain the birefringence of the surrounding collagen crimp into the bifurcation (D). 

Yellow=collagen, blue/green=GAGs, black lines=elastin fibers, purple elongations/circles=cell nuclei.
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4.5 Chordae	 Bifurcations	 are	 VIC	 Rich	 and	 Display	 Intense	 Periostin	
Expression	

 

The density and distribution of VICs were unchanged between non-pregnant and 

pregnant animals (Table 4.3). As seen quantitatively in Figure 4.26 and histologically in 

Figure 4.27, VIC counting revealed a 4-fold increase in cell density at chordae 

bifurcations compared to straight segments (15.5 cells/0.01mm2 vs. 3.7 cells/0.01mm2).  

Qualitatively, aVICs (α-SMA+) were found globally in the chordae tissue 

throughout straight segments, bifurcations, and leaflet tissue in both non-pregnant and 

pregnant animals. In some cases, clusters of aVICs surrounded tissue perforations located 

below bifurcations (in the common trunk segment). These areas also lacked collagen 

birefringence – strong evidence of ECM remodelling and/or collagen degradation in 

heifers and pregnant animals (Figure 4.28, Figure 4.29). Similarly, the number of α-

SMA+ cells/0.01mm2 and the % α-SMA+ cells were unchanged between pregnancy 

states (Table 4.3). The number of α-SMA+ cells/0.01mm2 tended to be higher (p<0.095) 

at bifurcations relative to straight segments.  

Periostin expression was abundant throughout chordae and leaflet tissue in both 

heifers and pregnant cows. At select bifurcations and around the outmost chordal layer, 

periostin expression was more intense – again, irrespective of pregnancy state. The 

intensity of periostin staining was strongly associated with the presence of elastin and 

was frequently observed overlapping with elastin propagations into the tissue bulk 

(Figure 4.30).   
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Table 4.3: Summary table of cell density and phenotype at straight segments and bifurcations for 
heifers (n=3 valves) and pregnant cows (n=3 valves). Values are shown as the mean ± SE. There were 
no significant differences in any cell density/phenotype measurement between heifers and pregnant 

animals. Total cell density was significantly higher at bifurcations in comparison to straight segments 
(p<0.0001).  

 
Straight Bifurcation 

Heifer Pregnant Heifer Pregnant 
Total Cell Density  

(per 0.01mm2) 3.9 ± 0.7 3.4 ± 0.5 14.4 ± 0.8 16.5 ± 1.7 

⍺-SMA + Cells (per 0.01mm2) 0.2 ± 0.1 0.4 ±  0.3 1.0 ± 0.6 2.7 ± 1.7 

% ⍺-SMA + Cells 4.3 ± 1.7 7.1 ± 4.3 7.1 ± 4.1 14.4 ± 8.3 
 

 

 

 
Figure 4.26: Total cell density (expressed per 0.01mm2) at straight segments and chordae 

bifurcations counted from images of α-SMA immunostained longitudinal sections of bovine mitral 
chordae. A total of 95 bifurcations and 92 straight segments pooled from 3 heifer and 3 maternal 

valves were used in the analysis. Dissimilar letters indicate statistical significance (p<0.0001). Values 
are shown as the mean ± SE.  
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Figure 4.27: α-SMA immunostained longitudinal sections of bovine mitral chordae showing (A) a 

typical straight segment and (B) a typical bifurcation with respect to the number of VIC nuclei 
present in each location.  
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Figure 4.28: α-SMA immunostained longitudinal sections taken through the same chorda bifurcation 

from a non-pregnant heifer under (A) brightfield illumination and (B) polarized light. A tissue 
perforation can be seen below the bifurcation near aVICs, with a decrease in surrounding collagen 
birefringence. aVICs appear brown (stained with DAB) and qVICs are counterstained purple with 

hematoxylin. Bifurcations are marked with an asterix (*).     
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Figure 4.29: α-SMA immunostained longitudinal sections taken through the same chorda bifurcation 

from a pregnant cow under (A) brightfield illumination and (B) polarized light. Multiple tissue 
perforations can be seen below the bifurcation surrounded by a dense cluster of aVICs, with a loss of 

collagen birefringence. aVICs appear brown (stained with DAB) and qVICs are counterstained 
purple with hematoxylin. Bifurcations are marked with an asterix (*).
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Figure 4.30: Movat Pentachrome (A) and periostin-stained (B) longitudinal sections through the 

same chorda bifurcation. Periostin expression is more intense (darker brown DAB staining) in areas 
with elastin, both at the bifurcation and around the outmost chordal layer. Bifurcations are marked 
with an asterix (*). Yellow=collagen, blue/green=GAGs, black lines= elastin fibers, purple dots=cell 

nuclei.     
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Chapter	5		
Discussion	

5 	
This study is the first of its kind to investigate the remodelling potential of maternal 

chordae tendineae. The objective of this work was to uncover the molecular, cellular, and 

tissue-level contributions responsible for the chordae multiplication observed in 

pregnancy using a thorough thermal and histological analysis. The thermal stability of 

collagen in chordae taken from pregnant cows was surprisingly similar to that of heifers, 

despite a comprehensive spatial (leaflet to papillary muscle) sampling process. Chordae 

bifurcations were shown to be unique from the surrounding tissue, containing higher 

concentrations of GAGs and cell nuclei, and, under some circumstances, a deep 

progression of elastin fibers into the tissue center – features all shared between non-

pregnant and pregnant animals. Furthermore, both quantitative and qualitative collagen 

crimp measurements, α-SMA analyses, and periostin staining profiles were unexpectedly 

similar between pregnancy groups. The astonishing closeness of heifer and maternal 

chordae unveiled herein is far unlike previous observations of the mitral valve leaflet, 

which detailed profound morphological, biochemical, and biomechanical differences. 

The remodelling of chordae tendineae in the maternal bovine heart is, by comparison, an 

undoubtedly unique process.  

 

5.1 Chordae	Number	

 

The original, pioneering maternal mitral valve remodelling study by Wells et al. 

(2012)166 showed a 22% increase in the number of chordal attachments to the anterior 

leaflet in pregnancy, likely in response to the elevated mechanical stresses that 

accompany annular orifice expansion and ventricular dilation. The current investigation 

supported this finding, showing an overall 18% increase in the total number of chordal 

attachments, despite drastically different counting methods. Wells et al. (2012) classified 

and counted chordal attachments based on their diameters: chordae between 1-3mm 
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(“secondary chords”) made one grouping, and chordae <1mm (“tertiary chords”) formed 

the other, while any translucent chordae and the finest side branches were excluded from 

their counts. Counting in this study was more comprehensive and inclusive based on 

chordae type: either basal or marginal (strut chordae were negligible in chordae counts as 

there is always 2 per valve) with all smallest side branches and translucent chordae 

included. Indeed, marginal chordae are certainly the smallest of all types, with an average 

diameter in pigs of approximately 0.69 mm72 with many appearing translucent. On the 

basis of size and opacity, it’s likely that the methods used by Wells et al. (2012) 

inherently omitted many marginal chordae from the overall chordae counts, and rather 

incorporated primarily basal chordae simply grouped into different size categories. 

Therefore, a more accurate data comparison would be the 17% increase in basal chordae 

observed here, compared to their 22% increase observed by late pregnancy. The counts of 

this study were also not binned by gestational age (i.e., early and late pregnancy groups), 

which could explain the slightly lower increase observed, as counts from early pregnant 

animals would be mixed with those from late pregnant cows.  

In fact, when plotted against crown-to-rump lengths, there was no significant 

relationship observed between the number of chordal attachments and gestational age, 

unlike the linear increase observed previously166. The large valve-to-valve variation in 

heifer chordae numbers is likely responsible for this poor correlation. In non-pregnant 

animals of the same age, chordae counts differed considerably; in some cases, the percent 

difference between total chordae numbers between similarly aged heifers was over 45%. 

Such drastic differences in starting chordae numbers upon conception, and depending 

upon when the maternal valves were harvested during gestation, likely masked any 

potential correlation of total chordae number with gestational age. Additionally, the 

reproductive history of pregnant cattle was unknown, i.e. there was a potential for 

previous pregnancies. This may have influenced the counting data, as its currently 

uncertain whether the increase in maternal chordae number is reversed post-partum, or if 

this structural elaboration remains a permanent feature of the valve. For future 

experiments, chordae number relationships throughout pregnancy should rather be based 

upon specific cardiac dimensions such as heart mass, ventricular diameter, or annular 

orifice circumference – obtaining reproductive histories as possible.          
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Having defined marginal chordae data with respect to chordae counts is 

beneficial, as we now know that the increase in chordae number appears globally over the 

anterior leaflet, and is not merely restricted to the basal chords. This increase not only 

makes sense in terms of coping with heightened mechanical load, but also in terms of 

maintaining proper valve anatomy and function. An increase in leaflet area without a 

corresponding increase in basal chordae would leave the leaflet belly relatively 

unsupported and vulnerable to inappropriate bulging. There is evidence to show that 

deficiencies in chordae branching patterns could lead to a weakened central leaflet core, 

leaving an individual more susceptible to eventual mitral valve prolapse70. The 

remarkable lack of mitral regurgitation in pregnancy185 could consequently be the result 

of adaptive chordae multiplication that serves to mechanically support the expanding 

leaflet tissue. However, chordal density decreases throughout gestation, leaving fewer 

chordae per unit area of anterior leaflet166. The increase in marginal chordae, whose duty 

is to maintain leaflet coaptation, could compensate for the decrease in chordal density in 

the face of intensified hemodynamics to preserve valve integrity. The tricuspid valve, 

although to a lesser extent than the mitral valve, also undergoes a significant increase in 

leaflet area196, yet 95% of woman experience regurgitant flow through their tricuspid 

valves during pregnancy. The number of tricuspid chordae have not been counted and 

compared to non-pregnant animals; it’s possible that there is a lack of adaptive chordal 

remodelling on the right side of the heart that contributes to such tricuspid insufficiencies. 

This is supported by a recent study comparing all four heart valves during pregnancy. 

Pierlot et al. (2015) showed that although the tricuspid valve does indeed experience 

pregnancy-induced remodelling, this response is significantly diminished in comparison 

to the pulmonary, aortic, and mitral valves196.   

The only other scenario under which chordae multiplication has been documented 

(albeit vaguely), is during fetal development. As the fetus develops and grows, many 

hemodynamic and structural changes take place that mimic those seen in the maternal 

heart. Blood pressure increases with gestational age from 28 mmHg at 20 weeks to 45 

mmHg at 40 weeks, aortic diameter increases, arterial compliance increases, and 

peripheral resistance decreases213,214. Furthermore, combined cardiac output and blood 

volume both increase as the fetus grows214-216 and undeniably, the fetal heart also 
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increases in size as it approaches full-term. The drastic increase in heart size during 

development inevitably leads to concomitant enlargements of the mitral apparatus 

including the annulus, valve leaflets, and chordae tendineae. Collectively, these 

developmental hemodynamic and structural changes (for the same reasons outlined for 

pregnancy) would lead to increased mechanical stress on the mitral valve and have 

implications for fetal mitral valve remodelling. Indeed, multiple studies have shown that 

embryonic hemodynamic conditions, shear stress, the heart’s own mechanical 

contractions, and overall increased mechanical stress on primordial leaflet tissue 

influence the development of the endocardial cushion (a structure in the earliest stages of 

heart development giving rise to the mature heart valve) and stimulate normal 

valvulogenic events217-220.  

The chordae tendineae have received relatively little research attention during 

fetal and postnatal development, with only limited studies describing their detailed 

formation and growth. In humans, chordae first appear in the fetal heart at 10 weeks into 

the gestational period221. They form via gap formations in the ventricular layer of the 

endocardial cushion, which at this stage is resting on top of and continuous with that of 

the papillary muscles. The cushion tissue around the gaps continues to lengthen and 

migrate away from the papillary muscles, forming tissue strands linking the to-be leaflet 

tissue and papillary muscles. At 15-19 weeks, a mini-mature valve has now formed with 

multiple chordae extending from the papillary muscles to the leaflets221. Scanning 

electron microscopy of developing chordae inside the chick embryo has been described 

similarly222. Tissue connecting the valve cusps to the papillary muscle develops a series 

of ridges. The ridges themselves later become isolated chordae tendineae, whilst the 

valleys between develop perforations and eventually disappear. Endocardial cells are 

present nearby perforations, suggesting a programmed cellular event. Perhaps most 

interestingly with regards to the current study, is a “scission” of the first-to-form primary 

chords. Once the primary chordae form, secondary and tertiary chords develop through 

subdivisions, or splitting of the existing chordae222. The central hypothesis of this work 

was that the maternal increase in chordae number results from the splitting of existing 

chordae. It was believed that a recapitulation of developmental chordal scission and 

subdivision-like events could be reactivated in the maternal heart stimulated by similar 
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volume loading and cardiac expansion to that observed in the fetus. However, 

histological signatures of chordae splitting at bifurcations were seen in non-pregnant and 

pregnant animals (discussed later below), suggesting that this initial developmental 

mechanism may persist into adulthood as a means of routine tissue turnover even in non-

pregnant animals, and may instead be just enhanced in the maternal heart. Surely, a better 

understanding of fetal chordae splitting would help us expand our knowledge of maternal 

chordae physiology.  

 

5.2 Thermal	Stability	

   

Collagen remodelling – in a variety of different tissues including heart valves – 

can be detected via changes in its thermal properties. This concept is based off the 

polymer-in-a-box theory for the thermal stabilization of collagen molecules47. This 

mechanism relies on the molecular packing and overall lateral spacing of neighbouring 

molecules within the fiber lattice. One region of collagen type I in particular – the 

thermally labile domain – is a small (65 residue) hydroxyproline-free sequence where a-

chain dissociation is believed to initiate223. When neighbouring collagen molecules are 

more closely packed, the configurational entropy of the thermally labile domain is 

reduced, requiring a greater energetic input to unfold and initiate collagen denaturation47. 

Actively remodelling tissues are believed to have an increased lateral spacing, and thus 

commence denaturation at lower temperatures. Any newly synthesized collagen also 

takes time to be cross-linked in place and mature, and therefore this population inevitably 

displays a lower thermal stability as intermolecular cross-links themselves draw 

molecules closer together224. Indeed, Aldous et al. (2009, 2010)45,49 showed a clear 

relationship between molecular stability of heart valve collagen and their respective 

mechanical loading environments. Fetal aortic and pulmonary valves experience similar 

transvalvular pressures. Once born, the transvalvular pressures in the neonate change 

dramatically: transvalvular pressure becomes higher across the aortic valve relative to the 

pulmonary valve. They showed that during the fetal-to-neonatal transition, aortic valve 

collagen was less thermally stable than its left-side counterpart49. In line with these 

observations, a prior study showed an inverse relationship between in vivo transvalvular 
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pressures and denaturation temperature across all four adult valves in the bovine heart, 

where valves experiencing higher transvalvular pressures displayed the lowest 

denaturation temperatures45. Overall they concluded that heart valves – in addition to 

their constant cyclic loading environment – experience load-dependent collagen turnover. 

Higher loads increase the accumulation of molecular damage, which leads to molecular 

destabilization through increased lateral spacing and active cellular remodelling. 

The chordae, due to increased orifice area and ventricular dilation, would 

experience higher mechanical loads in pregnancy. In accordance with the aforementioned 

studies, one would expect the thermal stability of collagen in maternal chordae to 

decrease; however, this was not observed in the present investigation. The thermal 

stability as measured by Tonset, Tpeak, and specific enthalpy, was surprisingly unchanged 

between heifers and pregnant cows. The FWHM however was decreased in pregnancy 

(discussed later below). It’s currently unclear as to why no decrease in thermal stability 

was detected between pregnancy groups. One possibility is that the mechanism 

underlying the increase in chordae number does not manifest itself as such, and does not 

require substantial collagen remodelling throughout the bulk of the tissue to occur. The 

remodelling may very well be extremely localized only to the proceeding split. In this 

scenario, DSC would consequently be an insignificant metric. Perhaps DSC detectable 

levels of collagen remodelling are simply not occurring in maternal chordae and the 

process of chordae remodelling is more passive in nature, mediated through primarily 

non-cellular mechanisms such a tissue micro-tearing at the leaflet surface due to 

increased mechanical loading.  

It’s curious however, that Tonset was significantly lower for insertion sites 

compared to straight segments in pregnant animals only. Temperature of onset (Tonset) 

represents the temperature at which the least thermally stable collagen molecules within 

the sample begin to unfold. Initially a lower Tonset seems reasonable, as the insertion sites 

(being adjacent to the leaflet) are regions of more active collagen turnover and would 

therefore display a lower thermal stability (see below). Yet, insertion site thermal 

stabilities were similar between heifers and pregnant animals. Based on the average 

values for Tonset, it appears the maternal straight segments actually became more 

thermally stable relative to all other sampling locations, losing a sub-population of their 
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least thermally stable collagen. This could suggest a structural reinforcement of straight 

segments through increased molecular cross-linking prior to chordal splitting to help 

compensate for the increased maternal mechanical load. It’s important to note that all 

maternal DSC chordae samples were acquired from late-pregnant cows (over 7 months 

into gestation). Biphasic shifts in leaflet extensibility were observed in the mitral anterior 

leaflet, whereby the initial decrease in leaflet extensibility reversed to pre-pregnant values 

by late-pregnancy166. Since all the maternal DSC data were acquired based on a narrow 

range of late-pregnant cows, it’s quite possible that early shifts in collagen thermal 

stability may be occurring during the first few months of gestation and begin to reverse 

near term. Any changes of this nature would have been missed in the current 

investigation. 

In contrast to the chordae, significant shifts in collagen thermal stability were seen 

in the mitral anterior leaflet166,187 during pregnancy. As measured by HIT analyses, there 

was over a 2°C decrease in collagen denaturation temperature. Once again, this was 

attributable to increased collagen turnover as a result of increased mechanical loading. 

It’s curious that two such interconnected and dependent structures – the chordae 

tendineae and the leaflet – could exhibit such drastically different thermal responses in 

pregnancy. Granted, the denaturation response observed for the leaflet was measured 

using HIT, while the results herein were determined using DSC. Fundamentally, HIT and 

DSC measure collagen denaturation on different size and timescales. In HIT, a tendon 

sample is submerged in a water bath and isometrically constrained between two clamps. 

When the water bath is heated through to its denaturation temperature, the input of 

thermal energy drives the molecular uncoiling of the tendon collagen. The tendon 

however is isometrically constrained and therefore resists the shrinkage associated with 

collagen denaturation, generating a measurable tension via the coupled force transducers. 

HIT therefore measures the tendon tension generated due to the energetically favourable 

uncoiling of collagen a-helices. DSC on the other hand, records the heat flow necessary 

to denature collagen molecules within a given (unconstrained) sample. If anything, DSC 

is a more sensitive means by which to examine collagen denaturation, as changes in heat 

flow prior to and at the very commencement of denaturation can be measured, whereas 

measureable tension in a bulk tendon sample in HIT is undetectable at this stage225. 
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Consequently, the difference in methodologies employed to evaluate thermal changes in 

maternal mitral valve collagen between leaflets and chordae should not explain their 

seemingly unique thermal denaturation responses, but rather emphasizes their exclusive 

remodelling profiles in pregnancy. The principal tensile loading patterns endured by the 

chordae are unlike the multi-modal cyclic loads imposed on the leaflet which include 

tensile, compressional, shear, and flexural forces11. Such a barrage of mechanically 

diverse forces, all of which are potentially amplified during pregnancy, could drive more 

physiological remodelling than observed in the chordae tendineae.     

If chordae are indeed splitting at the leaflet interface and propagating down, it was 

predicted that chordae sampled closer to the leaflet surface may have been more recently 

remodelled and thus, display a lower thermal stability compared to more mature samples 

taken near the papillary muscles. This was not what was discovered. Instead, there was an 

unexpected correlation between Tonset, Tpeak, and specific enthalpy with sampling distance 

from the leaflet surface – in non-pregnant animals only. Values of Tonset and Tpeak 

decreased with distance in heifers, while specific enthalpy increased; there were no 

significant thermal trends with distance observed in pregnancy. Although statistically 

significant, only 17-23% of the data’s variability was explained by the linear model in 

heifers, suggesting this relationship be interpreted with a level of caution. It hints at 

however, that there is a greater degree of molecular stabilization towards the leaflet. This 

could be the result of a spatially heterogeneous population of collagen cross-links with 

distance. In accordance with the polymer-in-a-box theory, such cross-links would grant 

variable degrees of lateral spacing between neighbouring molecules (influencing 

intermolecular hydration) and differentially influence the onset of thermal 

denaturation224. The absence of these thermal trends in pregnancy could stem from the 

significantly lower FWHM. Endotherm FWHM describes the distribution of thermal 

stabilities within the sample. At first, it’s curious how a significant change in the FWHM 

could occur given the other three thermal metrics (Tonset, Tpeak, specific enthalpy) were 

found to be insignificant; however, the FWHM parameter itself is inherently based upon 

both the downward (heat flow increasing) and upward slope (heat flow decreasing) of the 

DSC endotherm. Small, insignificant changes in Tonset and Tpeak could collectively 

influence and sum to a significant change in the FWHM. There was also no metric to 
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specifically assess the back portion of the curve, which may have had an impact on the 

FWHM result. Regardless of the influence, a lower FWHM in pregnancy is indicative of 

a more homogeneous population of collagen molecules and therefore, any thermal 

differences with distance once observed in the heifers may have equilibrated towards the 

end of gestation. Unfortunately, the cross-link profile of bovine chordae – or that of any 

other species – remains unknown, and therefore such a hypothesis remains mere 

speculation.  

The biomechanical properties, composition, structure, and functional roles of 

different chordae types is becoming well known. However, to the author’s knowledge, 

this work has shown the first-ever evidence for differences in thermal properties by 

chordae type. Relatively low values of Tonset and Tpeak affirmed strut chordae as the least 

thermally stable, while the same parameters for marginal chordae were over 2°C higher. 

Basal chordae showed an intermediate thermal stability between that of the strut and 

marginal chords. Once again, a look into in vivo loading patterns may explain the thermal 

variation between chordae types. Numerous porcine studies have investigated the 

magnitude of peak systolic tensile load experienced by the anterior strut and marginal 

chordae using miniature force transducers. An in-vivo porcine model by Lomholt et al. 

(2002) showed that strut chordae encountered tension over 3-fold higher than marginal 

chordae (0.7N vs. 0.2N)76. He and Jowers (2009) used intact porcine mitral valves (left 

inside the heart, connected to a water reservoir through the aorta) to compare strut and 

marginal chordal loading. They similarly concluded that the strut chordae experience 

significantly higher tensile loads than marginal chordae (1.0N vs 0.1N)93. As discussed 

previously, higher in vivo loading within heart valve tissue leads to higher collagen 

turnover and decreased molecular stabilization, seemingly explaining the trend in thermal 

stabilities observed between the strut and marginal chordae. However, these 

biomechanical studies only report tension magnitudes and do not consider chordal 

stresses (accounting for differences in the cross-sectional area of the individual chordae 

types). Using average porcine chordal cross-sectional areas given for strut (2.05mm2) and 

marginal (0.38mm2) chordae provided by Liao and Vesely (2003)72 and the measured 

force values provided above, chordal stresses can be calculated. When using the force 

measurements given by He and Jowers (2009), the strut chordae see nearly double the 
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mechanical stress of the marginal chordae (0.49 MPa vs. 0.26 MPa); however, using the 

force data from Lomholt et al. (2002), strut and marginal chordae experience a stress of 

0.34 MPa and 0.53 MPa respectively. It’s therefore difficult to state for certain whether 

mechanical loading (and thus tissue remodelling rate) can be attributed to the 

observations in the thermal data. In addition to the imposed cyclic tensile stresses, 

specific loading times and patterns could impact tissue remodelling and thus thermal 

stabilities. For example, strut chordae experience peak loading during systole, but also 

remain weakly loaded near the insertion zone during diastole85. Marginal chordae are the 

first to be loaded during systole as the coaptation surface first forms, but as ventricular 

pressure rises, progressively thicker basal and strut chords are recruited to alleviate 

marginal stresses226. These differential loading profiles would likely influence the 

accumulation of molecular damage and tissue remodelling between chordae types.       

Alternatively, differences in tissue hydration could explain the differences in 

thermal stability observed between chordae types. The few studies that have investigated 

chordae water content have shown minimal differences in hydration between types. 

Grande-Allen et al. (2004)56 showed a small, but significantly lower water content in 

basal chordae compared to marginal (73% vs. 77%), while Liao and Vesely (2004)54 

showed the water content was equal between strut, basal, and marginal chordae at 78%, 

77%, and 77% respectively. Based on the current literature, differential water content 

between the three chordae types would likely not explain the current results; however, the 

tissue preparation prior to the DSC run itself may have influenced tissue hydration. Strut 

chordae are the largest chordae, followed by the intermediately sized basal chordae, and 

finest marginal chords. This pattern was correspondingly upheld in DSC sample 

collection, with significantly different (p<0.0001) average sample masses (± SD) found 

for strut (8.4 ± 3.4), basal (3.7 ± 2.6), and marginal (1.3 ± 1.0) chordae. With a higher 

surface area to volume ratio, the marginal chordae samples were more vulnerable to 

drying out when blotted and weighed for DSC before being hermetically sealed into their 

DSC pans. Despite attempts to minimize their air exposure time, it’s possible marginal 

chordae lost considerable water content before commencing the DSC temperature ramp. 

In fact, a loss of hydration in the marginal chordae explains the trend in all four DSC 

parameters in accordance with a paper by Miles and Ghelashvili (1999)47. In their study, 
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they progressively dehydrated rat tail tendons for DSC and discovered that with 

decreasing hydration, both Tpeak and the FWHM increase, while the enthalpy of 

denaturation decreases – mimicking the results observed herein for marginal chordae 

relative to strut and basal chords. This was based upon fiber dehydration causing a loss of 

hydrogen bonding between a-chains (and thus fewer needing to be broken to achieve 

denaturation), and decrease in the interaxial spacing (in accordance with the polymer-in-

a-box theory) between collagen molecules in the fiber, which is directly related to its 

volume fraction of water47. With their initial wet weights known, the chordae samples 

could be freeze-dried and weighed to determine their respective water contents to help 

elucidate any differences in tissue hydration. The significantly different sample masses 

between chordae types (mentioned above), could also be a confounding factor in the DSC 

analysis itself. Grossly different sample masses would effectively alter the DSC scanning 

rate, possibly changing the overall DSC endotherm and consequently, any quantitative 

parameters. Future work could include testing a range of chordae sample masses of the 

same chordae type (e.g. multiple sample masses of strut chordae only) to see how the 

DSC measurements change with varying sample mass.        

 Unfortunately, DSC yields no direct, tangible information with regards to 

collagen cross-linking which could also explain these thermal trends. The higher modulus 

observed in chordae with smaller cross-sectional areas (marginal) has largely been 

attributed to their smaller crimp period, relatively small fibril diameters, high fibril 

density, and increased proteoglycan/GAG content54,72. Alternatively, the cross-link 

population in marginal chordae could be relatively more mature and thus contribute to 

their observed tissue stiffness and coincident increase in thermal stability. A stiffer tissue 

and possibly more mature cross-link population would be beneficial to the marginal 

chordae, as their role is to maintain proper leaflet coaptation; a more compliant tissue 

may leave the valve more susceptible to improper closure. A future detailed profiling of 

chordae collagen cross-link population through liquid chromatography analyses would 

certainly be valuable.  
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5.3 Collagen	Crimp	

 

In late pregnancy there is a dramatic increase in collagen crimp length and loss in 

the percentage of leaflet area occupied by crimped tissue. Near-term collagen crimp 

length is nearly 3-fold longer than what is observed in non-pregnant animals, and this is 

accompanied by a 45% decrease in crimp area186,187. This remarkable transformation of 

collagen architecture, along with an increase in collagen content, is thought to contribute 

to leaflet expansion, which itself compensates for annular dilation (recovering some of 

the leaflet’s functional reserve) and likely facilitates leaflet coaptation. Despite such 

changes in the leaflet, collagen crimp wavelength and percent area were unchanged in 

maternal chordae.  The eccentric hypertrophy and ensuing papillary muscle displacement 

that presumably follows left ventricular dilation during pregnancy, must, inevitably, 

result in a lengthening and/or stretching of the maternal chords (providing the papillary 

muscles themselves do not grow). Although this elongation was hypothesized to be 

achieved partially through a collapse and loss of collagen crimp in maternal chordae, this 

appears not to be the case. It’s possible that an increase in collagen synthesis could 

contribute to their necessary lengthening while maintaining overall crimp wavelength. 

This contradicts the thermal data however, which suggests no significant increase in 

newly synthesized collagen in maternal chords. A more accurate assessment of newly 

synthesized collagen would need to be performed using a Sircol assay for acid and 

pepsin-soluble collagen to test this hypothesis, along with corresponding length 

measurements of maternal chordae. Sampling directly at the papillary muscle-chordae 

interface was not performed here, and may be a region of future interest with respect to 

collagen synthesis and potential chordae lengthening.  

 In patients with functional mitral regurgitation, the idea of compensatory leaflet 

enlargement is not a novel concept121,227. In these patients, pathological ventricular 

remodelling occurs, leading to papillary muscle displacement and a tethering of the mitral 

valve leaflets. Tethering moves the coaptation surface below the annulus, restricting 

leaflet closure and resulting in inappropriate retrograde flow. The observed increase in 

leaflet area in patients with functional mitral regurgitation is believed to be an adaptive 

remodelling response to re-establish proper leaflet closure and prevent mitral 
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regurgitation121,227. Only recently has the notion of chordae elongation been proposed as 

an adaptive mechanism to reduce mitral regurgitation. A study by Obase et al. (2015)228 

measured chordal lengths in patients with functional mitral regurgitation relative to 

healthy controls. Their results suggested that chordae have the capacity to elongate to 

reduce regurgitation, in a similar fashion to how the leaflet area expands. No mechanistic 

insight was provided as to how this elongation may occur; however, in the future, this 

process could be compared to the expected chordal elongation in pregnancy. Along with 

the documented increase in leaflet area and chordae number, chordal elongation could be 

a significant contributor to maternal mitral valve competence and unquestionably 

deserves future research attention.  

 The working concept of maternal chordae splitting as a mechanism for the 

increase in chordae number may in fact not influence crimp wavelength and percent 

crimp area at all; the lack of change in these parameters between heifers and pregnant 

cows does not exclude this interpretation. If splitting occurs at leaflet insertion sites and 

at existing bifurcations propagating towards the papillary muscle, the crimp wavelength 

of the existing, potentially splitting chordae could simply be maintained amongst the two, 

newly split chords. Such a division may simply not yield any detectable changes in the 

crimp measurements. Alternatively, if the new chordae develop de novo at the leaflet 

surface, then one might expect changes in crimp patterns. Dickinson and Vesely (2012)229 

reported microstructural changes in rat chordae during postnatal development, evaluating 

crimp wavelength with chordal maturation. The first chordae to develop (postnatal day 3) 

lacked crimp, and consisted of a thin homogeneous collagen core. As time progressed the 

chordae matured, developing their characteristic collagen crimp, with a progressive 

increase in fiber alignment and density until postnatal day 30 where they then fully 

resembled adult chordae. The crimp wavelength was also observed to increase 

significantly with age. Accordingly, a similar process might be unfolding in newly 

evolved maternal chordae. It’s worth noting that there was a subset of small, short 

chordae near the leaflet whose crimp periods could not be measured as a clear crimp 

pattern was not discernible. In light of the evidence by Dickinson and Vesely (2012)229, 

these chordae very well may have been new, recently-born branches that had yet to 

undergo fiber maturation. Despite the comprehensive histological sampling protocol 
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employed in this work on a valve-to-valve basis, the entire valve (and all its chordae) 

could not reasonably be sampled within the timeframe for this project. With that in mind, 

the necessarily limited regions selected for histology were likely overwhelmed by 

existing mature chords and as a result, no detectable changes in crimp parameters 

between pregnancy states. Additionally, the timeframe of maturation (less than 30 days in 

rats), could have also contributed to the difficulty of capturing this phenomenon using 

such a discrete sampling procedure, as opposed to a more idealized longitudinal 

approach.          

 The study by Dickinson and Vesely (2012)229 mentioned above was motivation to 

record the distance at which crimp measurements were taken from the leaflet. If the 

increase in chordae number is more of a de novo construction off existing chordae at the 

leaflet surface rather than a splitting event, then the crimp period (based on postnatal 

microstructural changes in the rat chordae crimp described above) would be shorter in 

smaller chordae in close proximity to the leaflet surface. Although our findings did not 

support this hypothesis, crimp wavelength did unexpectedly show a trend with distance 

unrelated to pregnancy state: as distance from the leaflet surface increased, so too did the 

crimp wavelength in both strut and basal chordae. This was not a subtle change, but 

rather a near doubling in crimp wavelength for basal and strut chordae respectively. 

Marginal chordae, being anatomically smaller and never inserting directly into the 

papillary muscles, only rarely had crimp values recorded greater than 1cm away from the 

leaflet and hence, no trend with distance was observed. This report of a spatially non-

uniform crimp wavelength is previously unreported in the chordae literature. In terms of 

valve biomechanics, this arrangement could be profitable. A smaller crimp period in 

close proximity to the leaflet – and thus a larger reserve of stored tissue – could ease 

stress transfer from the chordae to the leaflets during valve closure.                    

 The crimp wavelengths of different chordae types have been previously reported; 

however, the results found in this work conflict with the existing literature. It has been 

reported in pigs that smaller diameter chordae (marginal) have significantly longer crimp 

lengths than do larger diameter (strut) chordae, accounting for differences in their 

extensibility72. The opposite trend was discovered via the polarized light analyses of this 

work. Strut and basal chordae had similar crimp lengths at approximately 23µm, while 
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marginal chordae were significantly shorter at 16µm. One possible explanation for this 

discrepancy could lie in where their samples were taken along the length of each chorda. 

This work has clearly shown that crimp wavelength depends upon sampling distance 

from the leaflet. Thick, straight segments of chordae are preferable for histological 

sectioning and subsequent analyses and therefore, may have been preferentially 

harvested. This may have influenced the distances at which chordae crimp was measured 

in the previously published study72. With respect to chordal mechanical properties, a 

shorter crimp length for marginal chordae, as determined herein, would, according to the 

work by Liao and Vesely (2003)72, result in a less extensible structure. However, this was 

based on the assumption that the amplitude of collagen crimp was the same between all 

chordae types, which may very well not be the case. Therefore, the longer crimp length 

observed in the current work in strut and basal chordae could still follow their well-

known trend of increased extensibility by having a more pronounced crimp amplitude 

relative to the marginal chordae. Unfortunately, crimp amplitude is a difficult metric to 

quantify histologically as it will change based upon the fiber orientation relative to the 

cutting plane when sectioned.  

  Chordae collagen crimp was quantitatively assessed at straight tissue segments, 

but was also qualitatively assessed at leaflet insertions sites and bifurcations. Overall 

general descriptive chordae histology is scarce in the literature; histology capturing 

insertions sites is increasingly rare, while histology directed at chordae bifurcations has 

never been published. Collagen fibers at leaflet insertion sites were splayed and fanned 

out as they merged with the leaflet tissue, showing a smearing and loss of crimp in select 

fibers. These results match nicely with the work of Chen et al. (2004)230, that investigated 

the collagen structure of the porcine mitral valve leaflet-strut chordae transition zone. In 

their work, they reported a spatial variation of collagen fiber orientation and degree of 

alignment moving progressively from the annulus, to the leaflet, and finally into the 

chordae. They too, describe the collagen fibers as fanning out towards the leaflet at the 

chordal insertion site, providing a mechanically advantageous distribution of load into the 

adjacent leaflet tissue. 

Chordae bifurcations – in both pregnant and non-pregnant animals – displayed a 

unique orientation of collagen fibers and in some cases, a lack of collagen content and/or 
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organization altogether as evidenced under polarized light. In short, polarized light 

microscopy works in the following way. When the microscope’s light source hits the first 

polarizer, only light in a single plane is transmitted through to the given sample. Tissues 

rich in fibrillar collagens are optically anisotropic materials that are capable of rotating 

plane-polarized light; this rotation is dependent upon the orientation of collagen in the 

tissue. Light rotated by the sample reaches the second filter positioned at 90° with respect 

to the first polarizer, ensuring only re-directed light is transmitted. A loss of birefringent 

signal (black appearance) then means the direction of the incident plane polarized light 

was not altered and therefore, the tissue lacks optical activity and organization231. To be 

birefringent thus requires sound collagen organization at the molecular level (quasi 

crystalline assembly).  Polarized light microscopy revealed a loss of birefringence at 

many bifurcations. This was not surprising given the results from serial sections stained 

with Movat Pentachrome that showed a high concentration of GAGs in these regions 

(which would not illuminate under the polarized light). However, some bifurcations 

contained collagen yet lacked birefringent properties, indicating that the collagen was 

disordered at bifurcation zones. A lack of organized, crimped collagen could be 

indicative of active collagen synthesis and/or tissue degradation – signs of ECM 

remodelling. The disturbed collagen organization at bifurcations was the first sign of 

tissue turnover and remodelling in this work supporting a possibly splitting chorda 

structure, found surprisingly in both experimental groups. With disorganization 

frequently on a scale of only 0.1 mm2 or less, it’s possible that this relatively small 

collagen population was undetectable at bifurcations in the DSC analysis, with organized, 

seemingly more mature tissue dominating the DSC sample. This could explain the non-

significant differences between sampling locations despite these obvious structural 

differences. As demonstrated, collagen disorganization occasionally extended deep into 

the tissue center, which could indicate the propagation of a splitting chorda through 

collagenous degradation.  

Alternatively, the distinct bifurcation morphologies could be related to local tissue 

stresses. Some bifurcations showed disturbed collagen, while others showed crimped 

collagen fibers on either side of the bifurcation merging seamlessly at the common trunk 

segment. In some cases, crimped fibers curled directly into and molded around the 
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bifurcation tip. As collagen fibers are known to align with the direction of applied 

stress232,233, this suggests oblique tensile forces (to the principal longitudinal axis) are 

present. Bifurcation loading could also be complex and multi-modal on a bifurcation-to-

bifurcation basis dependent upon anatomical valve location, explaining the range of 

bifurcation morphologies. Unsustained tension or other multidirectional forces may not 

leave sufficient time for fiber orientations to develop, and thus manifest locally as 

unorganized collagen. It should be noted that the collagen fibers (due to the force 

distribution at the bifurcation) could very well have intact molecular organization yet 

lack birefringence based on fibre orientation. Bifurcation fibers may be present in various 

interweaving non-longitudinal orientations to appropriately bear load – some of which 

would consequently appear dark under polarized light due to their alignment relative to 

the polarizer. Therefore, on its own, a lack of birefringence does not necessarily indicate 

collagen remodelling at bifurcations; however, this argument becomes stronger alongside 

the complimentary histological data (Movat Pentachrome, a-SMA, periostin) presented 

below.    

 

5.4 Movat	Pentachrome	

 
Until now in this thesis, there has been minimal evidence to distinguish heifer and 

maternal chordae given the similarities in their DSC data, crimp measurements, and 

bifurcation morphologies. That said, a plethora of novel, physiologically valuable insight 

has been gained into native chordae thermal properties and structure. This motif 

continues with the discussion of the Movat Pentachrome staining, used to gain a broad 

overview of chordae ECM composition. Although not bovine, other chordae histological 

studies have provided a look into their bulk compositional makeup. Straight segments of 

chordae are composed primarily of collagen intermixed with GAGs. The dense collagen 

core is consistent with previous findings51,52,234; however, an outer, more loose layer of 

collagen was less evident in our histological sections than that reported by Ritchie et al. 

(2005)52. A layer of elastin fibers intermixed with collagen was present beneath the outer 

endothelial cell layer; the elastin fibers diminished in size and abundance towards the 

tissue core as other studies confirm51,52,234. This combination of collagen for tensile 
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strength and elastin for an energetically favorable restoration of collagen crimp is well-

suited to the cyclic loading environment to which chordae are subjected.    

 Chordae bifurcation histology was unlike that observed in straight segments, 

suggesting it is functionally distinct from the surrounding microenvironment. Total cell 

density was 4-fold higher than straight segments, an observation in both heifers and 

pregnant animals. These cells were more circular in appearance unlike the VICs found in 

the tissue bulk, whose shape followed the waves of collagen crimp. Their circular 

morphology was likely attributable to the decline in collagen organization and/or content 

at bifurcations, as the cells were no longer physically constrained between fibers. 

Alternatively, these cells may have been simply caught in cross-section during 

histological processing, given the possibility that collagen fibers at bifurcations could be 

projecting out of the longitudinal plane (discussed above). The shear density of cells 

present compared to straight regions hints at a greater remodelling capacity for 

bifurcations. This is supported by the high GAG content, as GAGs have been implicated 

in a wide variety of collagen-specific ECM regulatory roles. One proteoglycan in 

particular – decorin – is a small leucine-rich proteoglycan abundant in chordae56 that can 

bind directly to collagen type I and regulate collagen fibrillogenesis, assembly, 

interfibrillar spacing, fibril growth, and orientation191-194,235. Unfortunately, the Movat 

stain itself does not differentiate between types of proteoglycans and therefore specific 

proteoglycans cannot be directly associated with the bifurcation; however, this general 

abundance of GAGs could communicate directly with the dense cell population to 

facilitate and orchestrate ECM remodelling at bifurcations.  

 This notion of preferential ECM remodelling at bifurcations due to an increased 

cell density and GAG concentration, is strongly reinforced by the astounding invasion of 

peripheral elastin into chordae bifurcations. Elastin, as described above, has only ever 

been found in abundance longitudinally encircling the outer chordal layer. This body of 

work has concretely shown a multitude of bifurcations containing a range of elastin 

propagations depths. This is strong evidence to support the chordae splitting hypothesis 

as an explanation for the increase in chordae number seen during pregnancy. Importantly, 

such elastin fibers were observed in bifurcations from both heifers and pregnant cows. In 

combination with the similarities thus far observed between pregnancy groups, this 
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chordae splitting concept must reasonably be extended to include chordae from non-

pregnant animals. The high frequency (>1Hz) cyclic loading environment endured by 

hearts valves, accommodating valve closure approximately 70 times/min and over 35 

million times per year, would inevitably lead to an accumulation of fatigue damage to the 

chordal ECM. This problem is addressed through baseline levels of ECM synthesis and 

degradation provided by resident VICs, providing heart valves with their structural and 

functionally longevity8,17,18. This type of routine tissue turnover is known at the cellular 

level, but could a similar process be occurring at the macro scale, including the turnover 

and renewal of entire chordae branches? Elastin penetration into chordae bifurcations 

hints yes.  

 With the evidence in hand thus far, we can begin to develop a preliminary model 

describing chordae splitting. In non-pregnant animals, an accumulation of fatigue damage 

(similar to other collagenous tissues) could be the initial trigger for chordae splitting, 

stimulating a repair-oriented remodelling response. In addition to tendon microdamage, 

an upregulation of chordal splitting in pregnant cows could be uniquely triggered by: (i) 

heightened mechanical loading of the chordal apparatus, (ii) hormones, (iii) the invasion 

of fetal cells into maternal valve tissue (a phenomenon known as fetal 

microchimerism236), or a combination of (i)-(iii). Regardless of the stimulus, qVICs will 

activate and initiate the bifurcation remodelling process. This includes an increase in 

GAG synthesis at the bifurcation tip where collagen degradation begins, and a de novo 

synthesis of elastic fibers as an extension to those currently present strictly around the 

chordal periphery. This statement of elastin synthesis in a mature adult tissue is, in and of 

itself, a controversial one. Elastin deposition and remodelling is believed only to occur 

during gestation and the perinatal period as tissues develop, with minimal (if any) elastin 

turnover in healthy adult tissues237-241. However, recent studies of the maternal aorta 

suggest that a reactivation of elastin synthesis and mature elastic remodelling is indeed 

possible242,243. Elastic fibers will begin invading the bifurcation tissue (Figure 4.24 ‘B’), 

being continually synthesized and propagated down the cleavage plane from either side 

of the bifurcation until they join at a point, effectively bounding and isolating a mass of 

tissue (Figure 4.24 ‘C’). The excluded tissue area will then degrade, and be eventually 

lost altogether. The elastin, which once penetrated into the tissue bulk, will become the 
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new exterior elastin wall well-known to typical chordae structure. This process can then 

repeat itself, progressing longitudinally down the length of the chordae. It’s unlikely that 

these propagations proceed down to the papillary muscles, as there are relatively few 

chordae-papillary muscle insertions compared to total chordae number in the valve. To 

elevate chordae numbers, this process must therefore initiate at the leaflet insertion site. 

The initial cleavage event creating two distinct attachments may proceed similar to the 

gap formations observed in the primordial leaflet tissue; this bifurcation can then proceed 

down the length of the chordae as described above. The histological approaches used 

herein did not yield any definitive signs of an initial cleavage event at the leaflet surface. 

Additional staining of specific ECM remodelling proteins, such as a series of MMPs, 

would need to be applied to identify these initial splitting zones.  

 If this process is occurring in both heifers and pregnant cows, why is there an 

increase in chordae number during pregnancy, while the number of chordae in adult 

heifers presumably remains static? If new chordae are formed, then, necessarily, old 

chordae must be resorbed to maintain a constant number of chordal attachments. It’s 

possible that chordae splitting is somehow amplified with the unique hemodynamic 

burden, hormonal aspects, and/or fetal cell trafficking associated with pregnancy, and 

splitting simply overwhelms the ongoing resorption process. The semi-quantitative 

comparison of elastin morphologies at bifurcations showed no difference in their 

frequencies between heifers and pregnant cows, suggesting this process is occurring 

throughout the valve in similar numbers of chordae in both groups. However, histology 

only provides a snapshot in time, which therefore does not exclude the possibility that 

chordae splitting could be occurring more rapidly in pregnancy. Alternatively, the 

resorption process may slow relative to splitting tissue turnover as more chordal 

attachments are functionally required to support the expanding leaflet tissue. In the 40+ 

valves obtained for this study, some abnormally long, thin chordae have been observed in 

numerous valves. The length of these chordae far exceeded that of their neighbouring 

attachments and certainly would not have borne mechanical load in vivo. These chordae, 

which were non-functional mechanically, may have been undergoing resorption. Odd 

tissue lumps were also observed near bifurcations in some histological sections that could 

signify ongoing residual tissue resorption (Figure 5.1).  
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Figure 5.1: Movat Pentachrome-stained longitudinal sections through maternal bovine mitral 

chordae bifurcations showing the presence of odd tissue lumps. These regions may be undergoing 
resorption. Yellow=collagen, blue/green=GAGs, black lines= elastin fibers, purple dots=cell nuclei. 

Bifurcations are marked with an asterix (*).    

200 µm 

200 µm 
* 
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5.5 a-SMA	

 

Although VIC density speaks to the remodelling potential at chordae bifurcations, 

their phenotypic expression is a better marker for their level of cellular activity. Activated 

VICs are unique from qVICs in that they express a-SMA. Quiescent VICs can become 

activated when they sense a shift in their mechanical environment, to which they respond 

and remodel the surrounding ECM. There have been ample studies to show that VIC 

activation goes hand in hand with actively remodelling valves, such as fetal and diseased 

valves. A study performed by Rabkin-Aikawa et al. (2004) compared VIC population and 

proteolytic enzyme secretion in ovine and human pulmonary valves during fetal 

development and adulthood101. Their experiments showed that the qVIC population 

dominates in mature pulmonary valves (~90%), whereas fetal valves consist primarily of 

aVICs (62%) – indicative of the necessary ECM remodelling required for heart valve 

development. This staggering increase in aVICs was accompanied by an ~80% increase 

in MMP-13 expression in human fetal valves101. Compared to adults, fetal pulmonary and 

aortic valves not only show an aVIC phenotype and abundant MMP-collagenase 

expression, but also have a higher VIC density and proliferation to apoptosis ratio195. 

Differences between neonatal aortic and pulmonary valves were also observed, with a 

higher presence of aVICs in aortic valves only after the abrupt circulatory change (and 

thus elevated mechanical loading) associated with birth195. Similar phenotypes and 

protein expression patterns are observed in myxomatous mitral valve leaflets and 

chordae, which are characterized by a pathological thickening of the spongiosa via excess 

proteoglycan deposition, a reduction in collagen content and alignment, and elastin 

fragmentation128,132,133,244. These changes are mediated via the accumulation of aVICs 

and by an approximate 3-fold increase in MMP-1 and MMP-13 expression101,133, the 

effects of which are often more severe in chordae53,134. 

The expectation herein, was to observe a global increase (at chordae straight 

segments and bifurcations) in VIC activation in pregnancy compared to heifers, 

stimulated by maternal hemodynamics and cardiac expansion. Moreover, although the 

number of chordae increase during gestation, their leaflet insertion density decreases 

which could further exacerbate their mechanical loading166 and activate an increasing 
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number of VICs; however, this was in contrast to our findings which showed the number 

of α-SMA+ cells/0.01mm2 and the % α-SMA+ cells/0.01mm2 were unchanged between 

pregnancy groups. Remarkably, despite the drastic leaflet remodelling shown to take 

place during pregnancy to which the same α-SMA immunostain was applied, there was 

similarly no significant increase in the number of α-SMA+ cells/0.01mm2 nor in the % α-

SMA+ cells/0.01mm2 in the leaflet tissue196. Instead, there was actually a decrease in 

overall VIC density in pregnancy, as well as a decrease in aVIC content. This was likely 

a consequence of the significant increase in leaflet area, overwhelming any potential 

proliferative cellular action. In the study by Pierlot et al. (2015), mean non-pregnant 

mitral leaflet VIC density was 10.2 cells/0.01mm2. Mean non-pregnant straight segment 

and bifurcation VIC densities in this study were 3.9 cells/0.01mm2 vs 14.4 cells/0.01mm2 

respectively, showing that leaflet tissue is intermediately cellular relative to these chordae 

locations. Pierlot et al. (2015) also reported a surprisingly high 43% α-SMA+ 

cells/0.01mm2 in the bovine mitral valve anterior leaflet; while only 2-5% of the cell 

population in healthy human adult heart valves is comprised of aVICs100,101. The current 

work’s proportions in bovine chordae are more consistent with those published for human 

valves with 4.2% (straight segments) and 7.0% (bifurcations) of VICs being α-SMA+ in 

heifers.  

To the author’s knowledge, no quantitative data has been published regarding 

chordal α-SMA expression in diseased or healthy valves of any kind. Regrettably, this 

leaves only a possible comparison between aVICs in leaflets and chordae as detailed 

above. Although limited, there are studies that describe cell activation in chordae 

qualitatively, that can, at the very least, validate their ability to remodel in vivo and 

explain how chordae composition and structure are altered in disease. One study 

employing transmission electron microscopy of degenerative mitral valve disease 

revealed chordae interstitial cells containing relatively robust rough endoplasmic 

reticula127. Myofibroblasts (similar to aVICs), are known to contain hypertrophic rough 

endoplasmic reticula as their synthetic processes are upregulated245. The majority of 

interstitial cells observed in degenerative mitral valve chordae were shown to contain this 

organelle-specific feature of activated matrix remodelling cells. Another study by Dal-

Bianco et al. (2009) showed that tethered mitral valve leaflets (and thus increased 
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mechanical loading on valve chords), lead to a sub-endothelial accumulation of aVICs – a 

sign of a reactivated embryonic developmental pathway known as endothelial-

mesenchymal transdifferentiation (EMT)122. In this process, endothelial cells delaminate 

from the tissue surface and migrate deeper into the tissue, gaining properties of 

mesenchymal cell markers like α-SMA100. This mechanism is imperative to the 

developmental remodelling progress. Interestingly, sub-endothelial staining of α-SMA 

was also observed occasionally in the current study (Figure 5.2). This observation was 

made in hindsight, and therefore its frequency was not compared between heifers and 

pregnant cows. This measurement, along with another co-immunostain for α-SMA and 

CD31 (marker for endothelial cells), would be a valuable future endeavour to uncover if 

an EMT-like process is underway in remodelling chordae. 
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Figure 5.2: α-SMA immunostained longitudinal sections of bovine chordae tendineae taken from 
pregnant cows. A sub-endothelial accumulation of α-SMA+ staining (brown DAB deposition) is 
evident, possibly indicative of an endothelial-mesenchymal transdifferentiation. Bifurcations are 

marked with an asterix (*). 

* 

* 

200 µm 

100 µm 

100 µm 



 106 

Even though no significant differences in α-SMA expression were observed 

between pregnancy groups, the number of α-SMA+ cells/0.01mm2 tended to be higher 

(p<0.095) at bifurcations relative to straight segments. In all but one valve of the 6 valves 

studied (3 heifer, 3 pregnant), the means for the number of α-SMA+ cells/0.01mm2 and % 

α-SMA+ cells/0.01mm2 were consistently, and substantially larger at bifurcations 

compared to straight segments. However, there was no statistical significance achieved, 

likely due to the high standard deviations in these measurements. This shows that there 

was a large variation in α-SMA expression amongst bifurcations and straight segments 

within a single valve. This indicates, for example, that some bifurcations contain 

abundant aVICs remodelling the tissue, while other chordae bifurcations within the same 

valve are relatively stagnant. This could suggest the remodelling process is more 

selective in nature rather than global, targeting specific chordae for matrix turnover as the 

valve apparatus requires based on shifts in the mechanical environment, the accumulation 

of molecular damage, etc. Occasionally, tissue perforations were present below 

bifurcations surrounded by dense clusters of aVICs. These regions also lacked 

birefringence, showing strong evidence for local collagen remodelling and tissue 

degradation. This finding is akin to chordae development inside the chick embryo, where 

the tissue sheet linking the primordial valve cusps to the papillary muscle develops a 

series of perforations to create isolated chordae tendineae222. Endocardial cells are present 

nearby these embryonic perforations, suggesting a programmed cellular event. The tissue 

perforations observed inside mature bovine chordae could be a recapitulation of this 

developmental mechanism, and represent the advancement of the cleavage plane 

longitudinally down the chordal axis as splitting propagates. The association between 

VIC activation and the presence of elastin at bifurcations was not investigated; however, 

this would certainly be valuable future data to corroborate the idea that elastin 

propagation at bifurcations into the common trunk segment signifies an actively 

remodelling structure. 
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5.6 Periostin	

 

The final remodelling marker searched for in this work was periostin, a 

matricellular protein that mediates a wide variety of cell-matrix interactions. Originally 

discovered in the periosteum and periodontal ligament, it has since been implicated in 

ECM remodelling in tissues throughout the body – including the heart. Indeed, periostin 

expression is present throughout the primordial mitral valve leaflets, and ubiquitously 

expressed in the chordae tendineae during cardiac development246,247; periostin has been 

deemed essential in the successful maturation of developing valve tissue201,248. More 

specifically and importantly for this work, periostin is required for the process of healthy 

chordae branching throughout fetal development201. Periostin null mice exhibit profound 

structural defects in the tensile apparatus. The chordae are stunted and thickened, and 

exhibit deficient branching patterns relative to wild-type mice201. This makes sense, given 

periostin’s ability to mediate collagen type I fibrillogenesis – one of the main collagens 

found in the chordae tendineae202. The re-initiation of chordae splitting in a mature adult 

valve as seen in pregnancy, could partially be the result of an elevation in baseline 

periostin expression. An upregulation of this protein in maternal chordae would be strong 

evidence to support an actively remodelling chordae branching network.    

 Histological experiments revealed periostin to be abundant in chordae taken from 

both heifers and pregnant cows. This is comparable with previous reports that show 

intense periostin expression in adult mitral leaflets and chordae198,201, consistent with that 

observed in fetal development. More interestingly was the spatial localization of periostin 

expression; the intensity of periostin staining was increased at bifurcations and around the 

chordal periphery. In the majority of cases, the intense periostin staining coincided with 

the presence of typical sub-endothelial elastin, as well as with the unique elastin 

propagations visible at bifurcations. Although abundant for periostin-collagen 

relationships, the literature is scarce citing the co-localization of periostin with elastin 

fibers. In one study of healthy adult human aortic and mitral valves, periostin was 

expressed in both superficial layers beneath the endothelial cells, and was found to 

largely overlap with elastin expression198. Their work also suggested that periostin 

contributes to valve degeneration in disease by inducing MMP production. The increase 
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in periostin expression seen at chordae bifurcations could therefore be contributing to 

chordae splitting in two ways by: (1) guiding local collagen remodelling at the head of 

the proceeding split, and (2) increasing MMP production at the tail to degrade leftover, 

scrap tissue remaining from the split. These contributions, combined with a trend towards 

elevated aVICs at bifurcations, tie in well with the preliminary model of routine chordae 

splitting, which is central to this thesis.  

 

5.7 Summary	 of	 Mitral	 Valve	 Chordae	 Remodelling	 in	 the	 Maternal	
Bovine	Heart	

 

The overarching objective of this thesis work was to determine the mechanisms by 

which maternal bovine chordae tendineae remodel, giving rise to the increase in chordae 

number observed in pregnancy. A summary of the results from chordae counting, 

thermal, and histological experiments – as they relate to the outlined hypotheses – is 

provided below.  

 

5.7.1 Chordae	Counting	

 

Hypothesis: The number of basal and marginal chordae will increase in maternal valves 

as the gestational period progresses.  

Conclusion: There was a significant increase in basal and marginal chordae number in 

pregnancy; however, there was no relationship with gestational age. This effect was 

likely masked due to the high valve-to-valve variation in total chordae number from 

animals of the same age. 

 

5.7.2 DSC	

 

Hypothesis: There will be a global decrease in collagen thermal stability, and the 

distribution of thermal stabilities will increase in maternal chordae. 
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Conclusion: Thermal stability was largely unchanged in maternal chordae compared to 

heifers, marked by comparable values of Tonset, Tpeak, and specific enthalpy; the FWHM 

was lower in pregnancy. The lack of prominent thermal changes between pregnancy 

groups suggest that the maternal increase in chordae number does not require substantial 

collagen remodelling throughout the tissue bulk (relative to heifers) to occur. Collagen 

remodelling is instead, localized to the “fault line” where chordal splitting is believed to 

unfold. During this investigation, significant thermal differences were observed between 

chordae types, likely reflecting their unique in vivo loading regimes, cross-link profiles, 

or tissue hydration.    

 

5.7.3 Collagen	Crimp	

 

Hypothesis:  Maternal chordae crimp length will increase and percent crimp area will 

decrease relative to non-pregnant animals. There will be a strong presence of localized, 

disordered collagen at chordae bifurcations and leaflet insertion sites from pregnant cows.  

 

Conclusion: There were no significant changes in collagen crimp wavelength or percent 

area occupied by crimp between heifers and pregnant cows. This was surprising given the 

magnitude of structural change observed previously in the leaflet166,186,187. A novel 

relationship between crimp wavelength and distance from the anterior leaflet was 

discovered in strut and basal chordae, which could prove advantageous biomechanically. 

Uniform crimp patterns were disturbed at bifurcations and at leaflet insertion sites in both 

pregnancy groups, likely as a consequence of their mechanical loading environment or, 

more specifically at bifurcations, as a sign of ECM remodelling.   

 

5.7.4 Movat	Pentachrome	

 

Hypothesis: Chordae bifurcations in pregnant animals will show an increase in cell nuclei 

and GAGs. Elastin will be localized to the outer chordal layer in both pregnant and non-

pregnant animals, with minimal fibers present within the tissue bulk.  

     



 110 

Conclusion: Straight segment bovine chordae composition (non-pregnant and pregnant) 

was consistent with previous findings in humans and pigs, with abundant sub-endothelial 

elastic fibers and increasingly few towards the tissue core. Never-before published 

chordae bifurcation histology was shown to be unique from the surrounding tissue, 

containing increased cell density and GAG content. Select bifurcations also contained 

deep, longitudinal propagations of elastin into the common trunk segment – strong 

evidence for chordae splitting observed in both non-pregnant and pregnant animals. A 

preliminary model of chordae splitting was developed from the histological evidence.   

 

5.7.5 α-SMA	

 

Hypothesis: Chordae immunostained from pregnant cows will show a global (straight 

segments and bifurcations) increase in the density and percentage of aVICs compared to 

heifers; aVICs will be most abundant at maternal bifurcations.     

 

Conclusion: VIC activation was independent of pregnancy state. The number of α-SMA+ 

cells/0.01mm2 tended to be higher at bifurcations relative to straight segments. Combined 

with visible tissue perforations and a loss of birefringence below bifurcations, these data 

collectively suggest that select bifurcations are being actively remodelled in heifers and 

pregnant cows.   

 

5.7.6 Periostin	

 

Hypothesis: Periostin expression will be upregulated in pregnancy adjacent to maternal 

bifurcations where chordae splitting is believed to be occurring; heifers will show a more 

homogeneous periostin expression.  

 

Conclusion: Qualitatively, periostin expression was similar in chordae taken from non-

pregnant and pregnant animals. Intense periostin staining was observed at select 

bifurcations and frequently around the chordal periphery, loosely co-localizing with 
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elastic fibers. These observations support our hypothesis that bifurcations – from both 

heifer and pregnant animals – are regions of active, cellular ECM remodelling.	
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Chapter	6	–	Conclusion		
6 	

6.1 Future	Research	Directions	

 

The current investigation has not only revealed a wealth of new information 

regarding normal chordae physiology, composition, and structure, but has also suggested 

a remarkable remodelling potential in the hearts of non-pregnant and pregnant animals. 

Despite the novel contributions of this thesis, the mechanisms specific to pregnancy that 

yield an increase in chordal attachments during gestation remain a mystery. Ergo, more 

research is required to elucidate these mechanisms, and to advance the presented 

preliminary concept of routine chordae splitting and tissue turnover.     

 

6.1.1 	Post-Partum	Chordae	Counting	&	Other	Experimental	Follow-Ups	

 

One of the most frequently posed questions with respect to maternal 

cardiovascular remodelling is whether the dramatic physiological changes that occur, 

return to normal post-partum. The multitude of hemodynamic changes including cardiac 

output, blood pressure, vascular resistance, blood volume, heart rate, and stroke volume 

return to baseline post-delivery146,249-251. Even the structural changes such as the increase 

in left ventricular mass and annular orifice area reportedly decrease to pre-pregnant 

levels117,146,167,252. If the hemodynamic stress and mitral orifice expansion are the initial 

triggers for maternal leaflet and chordae remodelling, will their postpartum abatement 

lead to the concomitant reversal of leaflet area and chordae number? More than that, will 

the valve’s composition, mechanical properties, collagen crimp structure, and chordae 

lengthening return to pre-pregnant values? Although hemodynamics and select structural 

adaptations are known to reverse, some changes with pregnancy may be more permanent 

such as the accumulation of elastin within the aortic wall243. Ideally, valves taken from 

previously pregnant cows need to be harvested at different time points post-partum with 

all the aforementioned experiments performed, to see if leaflet and chordal remodelling is 

reversed in the months following delivery. Unfortunately, the necessary monitoring of 
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cattle reproduction makes this approach extremely difficult. The most practical means by 

which to address such questions would rather be in a small, in-house animal model such 

as mice. However, before any post-partum changes could be addressed, the maternal 

physiological remodelling observed in cattle (increase in leaflet area, chordae number, 

etc.) would have to be observed and validated in the mouse model.    

 

6.1.2 Tricuspid	Valve	Chordae	Counting	

 

All the work herein has been restricted to the chordae of the bovine mitral valve 

anterior leaflet only. As discussed, there is minimal clinically significant retrograde flow 

through the mitral valve observed in pregnancy compared to healthy controls, but a 25% 

increase in tricuspid regurgitation, despite being on the left, lower pressure side of the 

heart253. Whether the number of tricuspid valve chordae increase is unknown, and could 

possibly explain clinically relevant differences in valve function. Following the same 

protocol outlined for chordae counting in this work, future studies could examine whether 

the tricuspid valve experiences similar increases in chordae number during gestation, or 

whether this growth is unique to the mitral apparatus.  

 

6.1.3 	Proteinase	Expression	

 

To help substantiate the chordae splitting hypothesis, immunostaining for MMPs 

and their tissue inhibitors would be valuable. Their localization and quantity would help 

confirm areas of active ECM remodelling, such as bifurcations containing elastin 

propagations or sites of cleavage initiation at the leaflet surface.  Despite both heifers and 

pregnant cows containing the same density of aVICs, an upregulation of such proteinases 

could give information as to the rate of tissue turnover – something that may distinguish 

these experimental groups. 
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6.1.4 Cross-link	Profile				

 

Collagen cross-links can greatly influence molecular thermal stability. The DSC 

data presented here, for evaluations between pregnancy state and chordae type, would 

greatly benefit from knowing the relative quantities and brand of cross-links present 

within the tissue. Obtaining ratios for immature to mature cross-links (undetected by 

DSC) through high performance liquid chromatography or other biochemical techniques 

could be an indicator for the remodelling state of the tissue. 

 

6.1.5 Hormones	-	Relaxin	

 

Until this point, an increase in mechanical stress due to hemodynamic and 

structural cardiac modifications has largely been discussed as the trigger for heart valve 

remodelling. It would be naïve to think however, that mechanical stress alone would be 

influencing such a response given the breadth of additional hormones secreted during 

pregnancy that are known to contribute to global physiological remodelling during 

gestation. Rather, mechanical cues and hormones likely act synergistically to elicit 

pregnancy-induced heart valve remodelling, such as the increase in mitral valve chordae 

number. One hormone in particular – relaxin – has been implicated in a wide variety of 

collagen-specific remodelling events that are required for the establishment of pregnancy 

and for the preparation of successful parturition. Relaxin is secreted by the corpus luteum 

during the early stages of pregnancy, and is later taken over by more local endometrial 

and placental secretion254. It has been shown to influence collagen density and 

organization in the pubic symphysis, nipples, and cervix, favouring an overall softer, 

more compliant set of tissues (by increasing collagen catabolism) for the facilitation of 

child birth and breast-feeding255-258. Contrastingly, relaxin also reduces collagen 

degradation in the endometrium by negatively regulating MMP production259.  

    The presence of relaxin receptors within the mitral valve leaflets and chordae is 

currently unknown; however, it seems plausible given other studies on the myocardium 

and aortic valve. Hsu et al. (2002)260 showed that ventricular and atrial cells contain 

receptors for relaxin, while Dschietzig et al. (2001)261 demonstrated relaxin synthesis in 
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myocytes and interstitial cells within the myocardium. Recently, relaxin itself has also 

been shown to be present in aortic valve tissue262. With these characteristics of relaxin in 

mind, it would be valuable to elucidate the hormonal roles at play in maternal valve 

remodelling in future studies. For example, using a mouse model, relaxin could be 

administrated to non-pregnant mice to look for signs of valve remodelling.    

 

6.1.6 Fetal	Chordae	Research	

 

Much like chordae remodelling in pregnancy, very little is known about fetal 

chordae development. Seeing as how the only other documented increase in chordae 

number is during fetal development, a thorough understanding of fetal mechanisms 

would likely be translatable to pregnancy. The study of these two models in tandem could 

yield shared results, with the possibility of pregnancy being a recapitulation of fetal 

chordae development.  

  

6.2 Concluding	Remarks	

 

This research has furthered our understanding of fundamental mitral chordae 

physiology, composition, and structure in both pregnant and non-pregnant animals. The 

chordae are clearly unique, and do not simply mimic the remodelling patterns observed in 

the mitral anterior leaflet during pregnancy. The mechanisms responsible for the increase 

in maternal chordae number remain a mystery, but much has been accomplished towards 

its understanding. The ground laying work performed herein is a pivotal stepping stone 

towards achieving this goal, which, when fully unveiled, will certainly have future 

clinical significance.  

The cardiac remodelling that occurs in pregnancy is well tolerated, i.e., the 

structural adaptations that occur meet the functional requirements of the mitral valve as 

the hemodynamics change. Contrastingly in disease, runaway valvular and myocardial 

remodelling processes ensue, eventually leading to the surgical replacement of native 

valves with bioprosthetic or synthetic constructs, or, in the long term, to complete heart 

failure and death. Maternal heart valve research is crucial to understanding the 
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differences between these distinct remodelling patterns and has implications for the 

future of cardiac regenerative medicine. Drugs and therapies could be developed to 

modulate VIC phenotypes and counteract pathological remodelling, switching the disease 

course into one of healthy adaptation. In the same respect, such information could prove 

valuable for tissue engineering as progress is made to direct the development of heart 

valve tissues in vitro. Long-term maternal health outcomes themselves could also 

improve. Risk factors for vascular disease are augmented during, and persist after 

pregnancy, with the severity increasing with multiple pregnancies263. A complete 

understanding of maternal heart valve physiology will undoubtedly contribute to 

improved future prognoses.  	
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