
Royal College of Surgeons in Ireland

repository@rcsi.com

Longitudinal Assessment of Cardiac Function and Pulmonary
Haemodynamics in Infants with Down Syndrome

AUTHOR(S)

Aisling Smith

CITATION

Smith, Aisling (2022): Longitudinal Assessment of Cardiac Function and Pulmonary Haemodynamics in
Infants with Down Syndrome. Royal College of Surgeons in Ireland. Thesis.
https://doi.org/10.25419/rcsi.16834534.v1

DOI

10.25419/rcsi.16834534.v1

LICENCE

CC BY-NC-SA 4.0

This work is made available under the above open licence by RCSI and has been printed from
https://repository.rcsi.com. For more information please contact repository@rcsi.com

URL

https://repository.rcsi.com/articles/thesis/Longitudinal_Assessment_of_Cardiac_Function_and_Pulmonary_Ha
emodynamics_in_Infants_with_Down_Syndrome/16834534/1

mailto:repository@rcsi.com
https://dx.doi.org/10.25419/rcsi.16834534.v1
https://repository.rcsi.com
mailto:repository@rcsi.com
https://repository.rcsi.com/articles/thesis/Longitudinal_Assessment_of_Cardiac_Function_and_Pulmonary_Haemodynamics_in_Infants_with_Down_Syndrome/16834534/1


 

 

 

 

 

 

 

 

 

 

Longitudinal Assessment of Cardiac Function and 

Pulmonary Haemodynamics in Infants with 

Down Syndrome  

 

 

Aisling Mary Smith 

 

 

Thesis submitted for the degree of Doctor of Philosophy 

2021 

 

Department of Neonatology, The Rotunda Hospital, Parnell Square, Dublin, Ireland. 

Royal College of Surgeons in Ireland, St Stephen’s Green, Dublin, Ireland. 

 

Supervisor: Professor Afif EL-Khuffash 

Co-Supervisors: Professor Naomi McCallion & Doctor Orla Franklin  



2 
 

Candidate Thesis Declaration 

 

I declare that this thesis, which I submit to RCSI for examination in consideration of the award 

of a higher degree Doctor of Philosophy, is my own personal effort. Where any of the content 

presented is the result of input or data from a related collaborative research programme, this 

is duly acknowledged in the text such that it is possible to ascertain how much of the work is 

my own. I have not already obtained a degree in RCSI or elsewhere on the basis of this work. 

Furthermore, I took reasonable care to ensure that the work is original, and, to the best of my 

knowledge, does not breach copyright law, and has not been taken from other sources except 

where such work has been cited and acknowledged within the text. 

 

Signed: 

 

Scholar Number:  17180911 

 

Date:    18th of October 2021 

 

  



3 
 

Table of Contents 

 

Candidate Thesis Declaration ............................................................................................ 2 

Table of Contents ............................................................................................................. 3 

Abbreviations & Symbols ................................................................................................ 11 

List of Figures ................................................................................................................. 14 

List of Tables .................................................................................................................. 19 

Summary ........................................................................................................................ 20 

Acknowledgements ........................................................................................................ 21 

Dedication ...................................................................................................................... 25 

Chapter 1 : Introduction ................................................................................................. 26 

1.1 Preamble......................................................................................................................... 26 

1.2 Principles of Cardiac Function ........................................................................................ 27 

1.3 Foetal Circulation and Post-Natal Circulatory Transitioning .......................................... 30 

1.4 Novel Echocardiography Techniques ............................................................................. 34 

1.5 Congenital Heart Disease and Myocardial Function in Infants with Down Syndrome .. 35 

1.5.1 Biological Mechanisms of Congenital Heart Disease and Myocardial 

Dysfunction in Down Syndrome ........................................................................ 37 

1.6 Pulmonary Hypertension in Down Syndrome ................................................................ 38 

1.6.1 Incidence of Pulmonary Hypertension in Infants with Down Syndrome .......... 39 

1.6.2 Early Pulmonary Hypertension .......................................................................... 39 

1.6.3 Biological Mechanisms of Early Pulmonary Hypertension in DS ....................... 40 

1.6.4 Late Pulmonary Hypertension ........................................................................... 40 

1.6.5 Aetiology of Late Pulmonary Hypertension ....................................................... 42 

1.7 Impact of PH on Myocardial Function in Infants and Children with Down syndrome .. 45 

1.8 Rationale for the Study ................................................................................................... 46 



4 
 

1.9 Study Hypothesis ............................................................................................................ 47 

1.10 Study Aim ........................................................................................................................ 47 

Chapter 2 : Methodology ................................................................................................ 48 

2.1 Ethical Approval .............................................................................................................. 48 

2.2 Study Design and Study Population ............................................................................... 48 

2.2.1 Sample Size ........................................................................................................ 49 

2.2.2 Information and Consent ................................................................................... 49 

2.2.3 Exclusion Criteria................................................................................................ 50 

2.3 Clinical Team ................................................................................................................... 50 

2.4 Clinical Parameters ......................................................................................................... 50 

2.5 Clinical Characteristics and Outcomes ........................................................................... 50 

2.6 Echocardiography Assessment ....................................................................................... 54 

2.7 Echocardiography Measurements ................................................................................. 55 

2.8 Anthropometric Measurements .................................................................................... 56 

2.8.1 Aortic Root Diameter ......................................................................................... 56 

2.8.2 Pulmonary Artery Diameter ............................................................................... 56 

2.8.3 Left Ventricular Measurements ......................................................................... 56 

2.8.4 Right Ventricular Measurements ....................................................................... 56 

2.9 Novel Measures of Myocardial Performance ................................................................ 57 

2.9.1 Tissue Doppler Velocities of the Mitral, Septal and Tricuspid Annuli ............... 57 

2.9.2 Tissue Doppler Measured Event Timings........................................................... 59 

2.9.3 Left Ventricular Longitudinal Strain and Longitudinal Strain Rate .................... 59 

2.9.4 Left Ventricular Rotation Mechanics ................................................................. 62 

2.9.5 Right Ventricular Longitudinal Strain and Longitudinal Strain Rate by Speckle 

Tracking Echocardiography ................................................................................ 64 

2.9.6 Right Ventricular Pulmonary Vascular Coupling ................................................ 64 



5 
 

2.10 Assessment of Pulmonary Haemodynamics .................................................................. 67 

2.10.1 Pulmonary Artery Acceleration Time................................................................. 67 

2.10.2 Right Ventricular Ejection Time ......................................................................... 67 

2.10.3 PAAT:RVET ratio ................................................................................................. 67 

2.10.4 Left Ventricular Eccentricity Index ..................................................................... 69 

2.11 Assessment of Patent Ductus Arteriosus Parameters .................................................... 71 

2.11.1 Patent Ductus Arteriosus Diameter Size in 2D .................................................. 71 

2.11.2 The Direction and Peak Velocity of Flow across the Patent Ductus Arteriosus 71 

2.11.3 Pressure Gradient across the Patent Ductus Arteriosus Shunt ......................... 71 

2.12 Outcome Measures ........................................................................................................ 74 

2.13 Statistical Analysis .......................................................................................................... 75 

Chapter 3 : Clinical Outcomes of Infants with Down Syndrome over the First Two Years of 

Age ................................................................................................................................ 76 

3.1 Background ..................................................................................................................... 76 

3.2 Specific Methodology Employed .................................................................................... 77 

3.2.1 Study Design and Study Population ................................................................... 77 

3.2.2 Statistical Analysis .............................................................................................. 77 

3.3 Our Findings .................................................................................................................... 78 

3.3.1 Basic Characteristics of the Down Syndrome and Control Populations ............ 79 

3.3.2 Pre-Discharge Clinical Outcomes ....................................................................... 80 

3.3.3 Clinical Outcomes of Infants with DS over the First Two Years of Age ............. 80 

3.3.4 Down Syndrome Cohort .................................................................................... 81 

Chapter 4 : The Relationship between Diastolic Impairment and Pulmonary Hypertension 

in Infants with Down Syndrome over the First Week of Age ............................................ 85 

4.1 Background ..................................................................................................................... 85 

4.2 Specific Methodology Employed .................................................................................... 86 



6 
 

4.2.1 Study Design and Study Population ................................................................... 86 

4.2.2 Echocardiography Assessment .......................................................................... 86 

4.2.3 Statistical Analysis .............................................................................................. 87 

4.3 Our Findings .................................................................................................................... 88 

4.3.1 Timing and Number of Echocardiograms in the Down Syndrome and Control 

Cohorts over the First Week of Age ................................................................... 88 

4.3.2 Anthropometric Measurements over the First Week of Age ............................ 88 

4.3.3 Patent Ductus Arteriosus Characteristics over the First Week of Age .............. 89 

4.3.4 Pulmonary Vascular Resistance Measurements over the First Week of Age.... 89 

4.3.5 Infants in Down Syndrome and Control Cohorts Meeting Diagnostic Criteria for 

Pulmonary Hypertension on Day 1 and Day 3 Echocardiography Evaluation. .. 90 

4.3.6 Tissue Doppler Imaging Event Timings over the First Week of Age .................. 91 

4.3.7 Tissue Doppler Imaging Measurements over the First Week of Age ................ 91 

4.3.8 Deformation Measurements over the First Week of Age ................................. 92 

4.3.9 The Relationship between Left Ventricular Diastolic Impairment and 

Pulmonary Hypertension in Infants with Down Syndrome over the First Week 

of Age ................................................................................................................. 93 

4.3.10 The Relationship between Pulmonary Hypertension and Right Ventricular 

Systolic Function in Infants with Down Syndrome over the First Week of Age 93 

4.3.11 The Relationship between Left Ventricular Diastolic Impairment and Right 

Ventricular – Pulmonary Vascular Coupling in Infants with Down Syndrome 

over the First Week of Age ................................................................................ 94 

4.3.12 Day 3 Clinical characteristics, pulmonary vascular resistance measurements 

and myocardial functional measurements within the control cohort of infants 

born via Caesarean section and vaginal delivery ............................................... 94 

Chapter 5 : Longitudinal Assessment of Cardiac Function and Pulmonary Haemodynamics 

in Infants with Down Syndrome using Novel Echocardiography Techniques over the First 

Two Years of Age .......................................................................................................... 113 



7 
 

5.1 Background ................................................................................................................... 113 

5.2 Specific Methodology Employed .................................................................................. 115 

5.2.1 Study Design and Study Population ................................................................. 115 

5.2.2 Echocardiography Assessment ........................................................................ 115 

5.2.3 Statistical Analysis ............................................................................................ 116 

5.3 Our Findings .................................................................................................................. 117 

5.3.1 Timing and Number of Echocardiograms in the Down Syndrome and Control 

Cohorts over the First Two Years of Age ......................................................... 117 

5.3.2 Anthropometric Measurements over the First Two Years of Age ................... 117 

5.3.3 Pulmonary Vascular Resistance Measurements over the First Two Years of Age

.......................................................................................................................... 118 

5.3.4 Tissue Doppler Imaging Event Timings over the First Two Years of Age ......... 119 

5.3.5 Tissue Doppler Imaging Measurements over the First Two Years of Age ....... 119 

5.3.6 Deformation Measurements over the First Two Years of Age ........................ 121 

Chapter 6 : Left Ventricular Rotational Mechanics in Infants with Down Syndrome over the 

First Two Years of Age .................................................................................................. 156 

6.1 Background ................................................................................................................... 156 

6.1.1 Study Design and Study Population ................................................................. 157 

6.1.2 Echocardiography Assessment ........................................................................ 157 

6.1.3 Statistical Analysis ............................................................................................ 157 

6.2 Our Findings .................................................................................................................. 158 

6.2.1 Left Ventricular Rotation Mechanics in Infants with Down Syndrome over the 

First Two Years of Age ...................................................................................... 158 

Chapter 7 : Cardiac Function and Pulmonary Haemodynamics in Infants with Down 

Syndrome requiring Surgical Correction for Congenital Heart Disease over the First Two 

Years of Age ................................................................................................................. 165 

7.1 Background ................................................................................................................... 165 



8 
 

7.2 Specific Methodology Employed .................................................................................. 166 

7.2.1 Study Design and Study Population ................................................................. 166 

7.2.2 Echocardiography Assessment ........................................................................ 166 

7.2.3 Statistical Analysis ............................................................................................ 167 

7.3 Our Findings .................................................................................................................. 168 

7.3.1 Clinical Characteristics and Outcomes of Infants with Down Syndrome who 

required Surgical Correction for Congenital Heart Disease over the First Two 

Years of Age. .................................................................................................... 168 

7.3.2 Day 1 Echocardiography Measurements in Infants with Down Syndrome who 

required Surgical Correction for Congenital Heart Disease over the First Two 

Years of Age. .................................................................................................... 169 

7.3.3 Longitudinal assessment of pulmonary haemodynamics in infants with Down 

syndrome who required surgical correction for congenital heart disease over 

the first two years of age. ................................................................................ 169 

7.3.4 Longitudinal assessment of cardiac function in infants with Down syndrome 

who required surgical correction for congenital heart disease over the first two 

years of age. ..................................................................................................... 169 

Chapter 8 : Discussion ................................................................................................... 183 

8.1 Our Findings .................................................................................................................. 183 

8.2 Clinical Outcomes of Infants with Down Syndrome over the First Two Years of Age . 185 

8.2.1 Clinical Outcomes of Infants with DS in the Early Newborn period ................ 185 

8.2.2 Clinical Outcomes of infants with DS over the First Two Years of Age ........... 185 

8.2.3 Conclusion ........................................................................................................ 187 

8.3 The Relationship between Diastolic Impairment and Pulmonary Hypertension in 

Infants with Down Syndrome over the First Week of Age ........................................... 188 

8.3.1 Evaluation of Anthropometric Measurements, Myocardial Performance and 

Pulmonary Haemodynamics in Infants with Down Syndrome over the First 

Week of Age ..................................................................................................... 188 



9 
 

8.3.2 Biventricular Impairment and its Relationship with Pulmonary Hypertension 

demonstrating Ventricular Interdependence in Infants with Down Syndrome 

over the First Week of Age .............................................................................. 191 

8.3.3 Conclusion ........................................................................................................ 192 

8.4 Longitudinal Assessment of Cardiac Function and Pulmonary Haemodynamics in 

Infants with Down Syndrome using Novel Echocardiography Techniques over the First 

Two Years of Age .......................................................................................................... 194 

8.4.1 Evaluation of Anthropometric Measurements, Myocardial Performance and 

Pulmonary Haemodynamics in Infants with Down Syndrome over the First Two 

Years of Age ..................................................................................................... 194 

8.4.2 Conclusion ........................................................................................................ 198 

8.5 Left Ventricular Rotational Mechanics in Infants with Down Syndrome over the First 

Two Years of Age .......................................................................................................... 199 

8.5.1 Conclusion ........................................................................................................ 200 

8.6 Cardiac Function and Pulmonary Haemodynamics in Infants with Down Syndrome 

requiring Surgical Correction for Congenital Heart Disease over the First Two Years of 

Age ................................................................................................................................ 201 

8.6.1 Clinical Outcomes of Infants with Down Syndrome who required Surgical 

Correction for Congenital Heart Disease over the First Two Years of Age. ..... 201 

8.6.2 Evaluation of Myocardial Performance and Pulmonary Haemodynamics in 

Infants with Down Syndrome who required Surgical Correction for Congenital 

Heart Disease over the First Two Years of Age. ............................................... 201 

8.6.3 Conclusion ........................................................................................................ 203 

8.7 Current Literature and Summary of Our Research ...................................................... 204 

8.7.1 Current Literature ............................................................................................ 204 

8.7.2 Summary and Implications of Our Research ................................................... 208 

8.8 Study Limitations .......................................................................................................... 210 

8.9 Future Directions .......................................................................................................... 213 



10 
 

References ................................................................................................................... 215 

Appendices .................................................................................................................. 233 

 

  



11 
 

Abbreviations & Symbols 

 

A:  Pulse wave Doppler late filling velocity 

a’:  Tissue Doppler late diastolic velocity 

ANOVA: Analysis of variance 

ASD:  Atrial septal defect 

AVSD:   Atrioventricular septal defect 

Ca++:  Calcium 

cGMP:   Cyclic guanosine monophosphate 

CHD:  Congenital heart disease 

CPAP:  Continuous positive airway pressure 

CpG:  5'—C—phosphate—G—3' 

CS:  Caesarean Section 

DS:  Down Syndrome 

DSCAM: Down syndrome cell adhesion molecule 

DS-CHD: Infant with Down syndrome and congenital heart disease 

DSCR:  Down syndrome critical region 

DS-no CHD: Infant with Down syndrome and no congenital heart disease 

DS-no Surg:  Infants with DS who did not require surgical correction for congenital heart 

disease 

DS-Surg: Infants with DS who required surgical correction for congenital heart disease 

e.g.:  Exempli gratia 

E:  Pulse wave Doppler early filling velocity  

e’:  Tissue Doppler early diastolic velocity  

ea’:  Tissue Doppler early diastolic to late diastolic velocity ratio 

ECG:  Electrocardiogram 

ECMO:  Extracorporeal Membrane Oxygenation 

Ee’: Transmitral pulse wave Doppler early filling velocity to tissue Doppler early 

diastolic mitral annular velocity ratio 

eNOS:  Endothelial Nitric Oxide Synthase 

FBC:  Full blood count 



12 
 

GLS:  Global longitudinal strain 

ICU:  Intensive care unit 

iNO:  Inhaled nitric oxide 

IQR:  Interquartile range 

IVCT:   Isovolumic contraction time 

IVCV:  Isovolumic contraction velocity 

IVRT:  Isovolumic relaxation time 

IVRV:  Isovolumic relaxation velocity  

Kg:  Kilograms 

LA:  Left atrium 

LV EI:  Left ventricular eccentricity index 

LV:  Left ventricle 

m/s:  meters per second 

mm:  Millimetres 

ms:  Milliseconds 

N:  No 

NCRC:  National Children’s Research Centre 

NO:  Nitric oxide 

p:  p value 

PAAT:  Pulmonary artery acceleration time 

PAH:  Pulmonary arterial hypertension 

PBF:  Pulmonary blood flow 

PDA:  Patent ductus arteriosus 

PEG:  Percutaneous endoscopic gastrostomy 

PH:  Pulmonary hypertension 

PICU:  Paediatric intensive care unit 

PPHN:  Persistent pulmonary hypertension of the newborn 

PVR:   Pulmonary vascular resistance 

r:  Correlation coefficient 

RA:  Right atrium 

RV FW LS: Right ventricular free wall longitudinal strain 

RV:   Right ventricle 



13 
 

RVET:  Right ventricular ejection time 

RV-PV:  Right ventricular pulmonary vascular 

S:D:  Systolic to diastolic ratio 

s’:  Tissue Doppler peak systolic velocity  

SD:  Standard deviation 

SPSS:  Statistical package for the social sciences 

SR:  Strain rate 

STE:  Speckle tracking echocardiography 

SVR:  Systemic vascular resistance 

TAPSE:  Tricuspid annular plane systolic excursion 

TDI:  Tissue Doppler imaging 

TOF:  Tetralogy of Fallot 

TPN:  Total parenteral nutrition 

TR:  Tricuspid regurgitation 

TV:  Tricuspid valve 

VEGF:  Vascular endothelial growth factor 

VIT:  Velocity time integral 

Vs:  Versus 

VSD:  Ventricular septal defect 

Y:  Yes 

ε:   Myocardial strain  

  



14 
 

List of Figures 

 

Figure 1.1: Myocardial performance. ...................................................................................... 29 

Figure 1.2: Foetal circulation. .................................................................................................. 32 

Figure 1.3: Neonatal circulation following birth. ..................................................................... 33 

Figure 1.4: Aetiology of early and late pulmonary hypertension in Down syndrome. ........... 44 

Figure 2.1: Measurement of tissue Doppler velocities. ........................................................... 58 

Figure 2.2: Measurement of 2D speckle tracking echocardiography derived strain of the left 

ventricle. .................................................................................................................................. 61 

Figure 2.3: Measurement of left ventricular rotation mechanics. .......................................... 63 

Figure 2.4: Speckle tracking echocardiography of the right ventricle. .................................... 65 

Figure 2.5: Right ventricular pulmonary vascular coupling. .................................................... 66 

Figure 2.6: Measurement of pulmonary artery acceleration time and right ventricular 

ejection time. ........................................................................................................................... 68 

Figure 2.7: Measurement of the left ventricular eccentricity index........................................ 70 

Figure 2.8: Measurement of patent ductus arteriosus diameter, colour Doppler flow and 

continuous wave Doppler flow. ............................................................................................... 72 

Figure 2.9: Measurement of patent ductus arteriosus colour Doppler flow and continuous 

wave Doppler flow patterns. ................................................................................................... 73 

Figure 4.1: Measurement of echocardiography surrogates of pulmonary hypertension over 

the first week of age. ............................................................................................................. 103 

Figure 4.2 Measurement of left ventricular function by left ventricular tissue Doppler 

velocities over the first week of age. ..................................................................................... 104 

Figure 4.3: Measurement of septal function by septal tissue Doppler velocities over the first 

week of age. ........................................................................................................................... 105 

Figure 4.4: Measurement of right ventricular function by right ventricular tissue Doppler 

velocities over the first week of age. ..................................................................................... 106 

Figure 4.5: Measurement of left ventricular function by deformation analysis over the first 

week of age. ........................................................................................................................... 107 

Figure 4.6: Measurement of right ventricular function by deformation analysis over the first 

week of age. ........................................................................................................................... 108 



15 
 

Figure 4.7: Correlation between left ventricular diastolic impairment and pulmonary 

hypertension in infants with Down Syndrome over the first week of age. ........................... 109 

Figure 4.8: Correlation between pulmonary hypertension and right ventricular systolic 

impairment in infants with Down Syndrome over the first week of age. ............................. 110 

Figure 4.9: Correlation between left ventricular diastolic impairment and right ventricular – 

pulmonary vascular (RV-PV) coupling in infants with Down Syndrome over the first week of 

age. ......................................................................................................................................... 111 

Figure 5.1: Measurement of weight over the first two years of age. .................................... 125 

Figure 5.2: Measurement of mitral valve annulus diameter over the first two years of age.

................................................................................................................................................ 126 

Figure 5.3: Measurement of left ventricular length over the first two years of age............. 127 

Figure 5.4: Measurement of tricuspid valve annulus diameter over the first two years of age.

................................................................................................................................................ 128 

Figure 5.5: Measurement of right ventricular length over the first two years of age. ......... 129 

Figure 5.6: Measurement of pulmonary artery acceleration time over the first two years of 

age. ......................................................................................................................................... 130 

Figure 5.7: Measurement of pulmonary artery acceleration time to right ventricular ejection 

time ratio over the first two years of age. ............................................................................. 131 

Figure 5.8: Measurement of left ventricular eccentricity index over the first two years of age.

................................................................................................................................................ 132 

Figure 5.9: Measurement of heart rate (bpm) over the first two years of age. .................... 133 

Figure 5.10: Measurement of systolic to diastolic time ratio over the first two years of age.

................................................................................................................................................ 134 

Figure 5.11: Measurement of isovolumic relaxation time over the first two years of age. .. 135 

Figure 5.12: Measurement of left ventricular systolic function by tissue Doppler imaging 

over the first two years of age. .............................................................................................. 136 

Figure 5.13: Measurement of left ventricular early diastolic function by tissue Doppler 

imaging over the first two years of age. ................................................................................ 137 

Figure 5.14: Measurement of left ventricular late diastolic function by tissue Doppler 

imaging over the first two years of age. ................................................................................ 138 

Figure 5.15: Measurement of left ventricular early diastolic to late diastolic velocity ratio by 

tissue Doppler imaging over the first two years of age. ........................................................ 139 



16 
 

Figure 5.16: Measurement of septal ventricular systolic function by tissue Doppler imaging 

over the first two years of age. .............................................................................................. 140 

Figure 5.17: Measurement of septal early diastolic function by tissue Doppler imaging over 

the first two years of age. ...................................................................................................... 141 

Figure 5.18: Measurement of septal late diastolic function by tissue Doppler imaging over 

the first two years of age. ...................................................................................................... 142 

Figure 5.19: Measurement of septal early diastolic to late diastolic velocity ratio by tissue 

Doppler imaging over the first two years of age. .................................................................. 143 

Figure 5.20: Measurement of right ventricular systolic function by tissue Doppler imaging 

over the first two years of age. .............................................................................................. 144 

Figure 5.21: Measurement of right ventricular early diastolic function by tissue Doppler 

imaging over the first two years of age. ................................................................................ 145 

Figure 5.22: Measurement of right ventricular late diastolic function by tissue Doppler 

imaging over the first two years of age. ................................................................................ 146 

Figure 5.23: Measurement of right ventricular early diastolic to late diastolic velocity ratio by 

tissue Doppler imaging over the first two years of age. ........................................................ 147 

Figure 5.24: Measurement left ventricular global longitudinal strain by deformation analysis 

over the first two years of age. .............................................................................................. 148 

Figure 5.25: Measurement left ventricular longitudinal systolic strain rate by deformation 

analysis over the first two years of age. ................................................................................ 149 

Figure 5.26: Measurement left ventricular longitudinal early diastolic strain rate by 

deformation analysis over the first two years of age. ........................................................... 150 

Figure 5.27: Measurement left ventricular longitudinal late diastolic strain rate by 

deformation analysis over the first two years of age. ........................................................... 151 

Figure 5.28: Measurement right ventricular free wall strain by deformation analysis over the 

first two years of age. ............................................................................................................ 152 

Figure 5.29: Measurement right ventricular longitudinal systolic strain rate by deformation 

analysis over the first two years of age. ................................................................................ 153 

Figure 5.30: Measurement right ventricular longitudinal early diastolic strain rate by 

deformation analysis over the first two years of age. ........................................................... 154 

Figure 5.31: Measurement right ventricular longitudinal late diastolic strain rate by 

deformation analysis over the first two years of age. ........................................................... 155 



17 
 

Figure 6.1: Measurement of basal rotation over the first two years of age. ........................ 159 

Figure 6.2: Measurement of apical rotation over the first two years of age. ....................... 160 

Figure 6.3: Measurement of left ventricular twist over the first two years of age. .............. 161 

Figure 6.4: Measurement of left ventricular torsion over the first two years of age. .......... 162 

Figure 6.5: Measurement of left ventricular twist rate over the first two years of age. ...... 163 

Figure 6.6: Measurement of left ventricular untwist rate over the first two years of age. .. 164 

Figure 7.1: Measurement of pulmonary artery acceleration time to right ventricular ejection 

time ratio in infants with Down syndrome requiring surgical correction for congenital heart 

disease over the first two years of age. ................................................................................. 173 

Figure 7.2: Measurement of left ventricular eccentricity index in infants with Down 

syndrome requiring surgical correction for congenital heart disease over the first two years 

of age. .................................................................................................................................... 174 

Figure 7.3: Measurement of left ventricular longitudinal strain by deformation analysis in in 

infants with Down syndrome requiring surgical correction for congenital heart disease over 

the first two years of age. ...................................................................................................... 175 

Figure 7.4: Measurement of left ventricular longitudinal systolic strain rate by deformation 

analysis in infants with Down syndrome requiring surgical correction for congenital heart 

disease over the first two years of age. ................................................................................. 176 

Figure 7.5: Measurement of left ventricular longitudinal early diastolic strain rate by 

deformation analysis in infants with Down syndrome requiring surgical correction for 

congenital heart disease over the first two years of age. ..................................................... 177 

Figure 7.6: Measurement of left ventricular longitudinal late diastolic strain rate by 

deformation analysis in infants with Down syndrome requiring surgical correction for 

congenital heart disease over the first two years of age. ..................................................... 178 

Figure 7.7: Measurement of right ventricular free wall longitudinal strain by deformation 

analysis in infants with Down syndrome requiring surgical correction for congenital heart 

disease over the first two years of age. ................................................................................. 179 

Figure 7.8: Measurement of right ventricular longitudinal systolic strain rate by deformation 

analysis in infants with Down syndrome requiring surgical correction for congenital heart 

disease over the first two years of age. ................................................................................. 180 



18 
 

Figure 7.9: Measurement of right ventricular longitudinal early diastolic strain rate by 

deformation analysis in infants with Down syndrome requiring surgical correction for 

congenital heart disease over the first two years of age. ..................................................... 181 

Figure 7.10: Measurement of right ventricular longitudinal late diastolic strain rate by 

deformation analysis in infants with Down syndrome requiring surgical correction for 

congenital heart disease over the first two years of age. ..................................................... 182 

 

  



19 
 

List of Tables 

 

Table 2.1: Clinical characteristics and outcome data collected over the first week of age. ... 51 

Table 2.2: Outcome data collected over the first week of age. .............................................. 52 

Table 2.3: Clinical characteristics and outcome data collected over the first two years of age.

.................................................................................................................................................. 53 

Table 3.1: Basic characteristics of the Down syndrome and control populations. ................. 82 

Table 3.2: Pre-discharge clinical outcomes. ............................................................................ 83 

Table 3.3: Clinical outcomes over the first two years of age. .................................................. 84 

Table 4.1: Timing and number of echocardiograms in the Down Syndrome and control 

cohorts over the first week of age. .......................................................................................... 95 

Table 4.2: Day 1 Anthropometric measurements. .................................................................. 96 

Table 4.3: Patent ductus arteriosus characteristics. ................................................................ 97 

Table 4.4: Day 1 Pulmonary vascular resistance measurements. ........................................... 98 

Table 4.5: Infants in DS and control cohorts meeting criteria for diagnosis of PH on Day 1 and 

Day 3 echocardiography evaluation. ....................................................................................... 99 

Table 4.6: Day 1 Tissue Doppler imaging cardiac cycle event timings. ................................. 100 

Table 4.7: Day 1 tissue Doppler imaging measurements. ..................................................... 101 

Table 4.8: Day 1 Deformation measurements. ...................................................................... 102 

Table 4.9: Day 3 Clinical characteristics, pulmonary vascular resistance measurements and 

myocardial functional measurements within the control cohort of infants born via 

Caesarean section and vaginal delivery. ................................................................................ 112 

Table 5.1: Timing and number of echocardiograms in the Down syndrome and control 

cohorts over the first two years of age .................................................................................. 123 

Table 5.2: Clinical characteristics of missing versus complete data in the Down syndrome 

cohort at two years of age ..................................................................................................... 124 

Table 7.1: Clinical characteristics and outcomes of infants with Down syndrome who 

required surgical correction for congenital heart disease over the first two years of age. .. 171 

Table 7.2: Day 1 echocardiography values in infants with Down syndrome who required 

surgical correction for congenital heart disease over the first two years of age. ................. 172 

  



20 
 

Summary 

 

Introduction: Infants with Down syndrome (DS) are at an increased risk of cardiopulmonary 

morbidity from birth. However, there is a dearth of information regarding longitudinal 

assessment of myocardial performance and pulmonary haemodynamics in infants with DS, 

both with and without structural cardiac disease, over the first two years of age. 

 

Hypothesis & Aim: Our study hypothesis was that babies with DS have both persistent 

myocardial impairment and develop pulmonary hypertension (PH) more frequently and to a 

more severe extent than their non-DS counterparts, independent of structural cardiac 

disease. The aim of this study was to serially assess left ventricular (LV) and right ventricular 

(RV) performance and measurements of pulmonary haemodynamics in babies with DS, with 

and without congenital heart disease (CHD), utilising advanced echocardiography 

techniques over the first two years of age and to compare those measurements to a cohort 

of non-DS controls. 

 

Methods: This was a prospective observational cohort study performed across the three 

tertiary neonatal units of Dublin. All infants with a diagnosis of DS made antenatally or 

postnatally were eligible for inclusion. Echocardiography was performed at six time points 

over the first two years of age for both the DS and control cohorts using novel 

echocardiography modalities including tissue Doppler imaging and speckle tracking 

echocardiography.  

 

Results: Seventy babies with DS and 60 control infants were enrolled. Forty-eight (69%) of 

infants with DS were born with CHD. There is sustained impairment of biventricular systolic 

and diastolic performance and indices of PH in infants with DS, irrespective of structural 

cardiac disease, compared to controls over the first two years of age. 

 

Conclusion: This work provides new insights into the evolution of LV and RV function and 

pulmonary haemodynamics in infants with DS over the first two years of age.   
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Chapter 1 : Introduction 

 

1.1 Preamble 

 

Down syndrome (DS) is the most common chromosomal abnormality of live born 

babies globally. The estimated incidence of DS worldwide is 1 in 700 newborns1.The 

incidence of DS in Ireland is 1:546 live births, the highest rate in Europe2. DS was first 

described in 1866 by the English physician John Langdon Down and is characterised by over 

80 clinical features with significant variability in their frequency and severity3.  

 

Babies with DS are a vulnerable patient cohort who require increased respiratory 

support, intensive care and longer hospital admissions when compared to the general 

neonatal population4-7. A 2018 study identified the most common reason for neonatal unit 

admission of infants with DS to be low oxygen saturations, the differential diagnosis of 

which in an infant with DS includes sepsis, congenital heart disease (CHD) and pulmonary 

hypertension (PH)8. There is also growing recognition within the neonatal and paediatric 

communities of reduced myocardial function at all stages of development in the DS 

population, even in individuals with structurally normal hearts9-12. However, the specific 

impact of the diagnosis of DS in the presence and absence of CHD, and associated impact of 

PH on myocardial performance over the first two years of age, remain poorly documented. 

There is a distinct lack of literature detailing serial measurements of pulmonary 

haemodynamics in babies with DS over the early newborn period. In addition, there is a 

dearth of information regarding longitudinal changes in both myocardial performance and 

pulmonary haemodynamics in infants with DS, with and without CHD, over the first two 

years of age. With the availability of advanced echocardiography techniques including tissue 

Doppler imaging (TDI), deformation analysis and left ventricular rotation mechanics it is now 

possible to accurately detect myocardial impairment in the neonatal and paediatric 

populations before the appearance of clinically overt disease. In Ireland we are uniquely 

poised to study this vulnerable population with one of the highest incidences of DS in the 

western world2. Further insight into the specific pathophysiological basis of myocardial 

function and PH evident in the babies and children with DS could aid our ability to diagnose 
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cardiorespiratory morbidity, provide earlier opportunities for therapeutic intervention, 

improve prognostication, and potentially impact positively on clinical outcome.  

 

1.2 Principles of Cardiac Function 

 

Prior to discussion of cardiac performance, pulmonary haemodynamics and the 

echocardiography techniques utilised to assess relevant parameters, a brief review of the 

principles of myocardial function is warranted. Myocardial function is the composite result 

of three physiological variables: intrinsic contractility, preload and afterload13 (Figure 1.1). 

Intrinsic contractility describes the force generated at myofiber level due to crosslinking of 

thick and thin filaments within the myofibril contractile unit at a certain stretch. Preload 

refers to the myocardial sarcomere length just prior to ventricular contraction, the best 

approximation for which the volume of blood in the ventricular cavity at end diastole14. 

Afterload refers to the resistance against which the ventricle must deform to eject blood.  

 

Myocardial function may be impacted by various alterations in preload and 

afterload. The Frank-Starling relationship dictates that increasing preload will result in 

higher cardiac output up to a critical point, after which persistent over-stretching of the 

myocardium results in a reduction in contractility15. Preload is influenced by several 

physiological variables including hydration status, venous return and ventricular diastolic 

compliance14, 16. An increase in afterload is initially met with an increase in contractility 

(coupling) up to a certain threshold beyond which contractility cannot increase (uncoupling). 

Once uncoupling has occurred ongoing increases in afterload will cause a reduction in 

myocardial deformation and cardiac output16. Important physiological variables dictating 

the degree of afterload to which the ventricle are exposed is vascular resistance, the 

viscosity of blood and the patency of ventricular outflow tracts16. In summary, the term 

‘cardiac contractility’ is not synonymous with ‘cardiac function’ but rather specifically refers 

to the force generated within myofibril contractile unit. The term ‘cardiac function’ 

encompasses the amalgamated interactions between intrinsic contractility, preload and 

afterload and therefore may be altered by forces imposed on any one of these three 

components.   
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With regards to the specific event times during the cardiac cycle; systole is the phase 

of the cardiac cycle when ventricular contraction and ejection of blood from the ventricles 

into the arteries occurs. Diastole is the phase of the cardiac cycle when ventricular 

relaxation occurs and ventricular filling from the atria to the ventricles occurs. Diastole is 

biphasic with an early (E) and late phase (A). Active ventricular relaxation occurs during early 

phase diastole and atrial contraction occurs in late phase diastole. Isovolumic contraction 

time is the interval of the cardiac cycle between the closing of atrioventricular valves (mitral 

and tricuspid valves) and the opening of the semi-lunar valves (aortic and pulmonary 

valves). Isovolumic relaxation time is the interval of the cardiac cycle between aortic valve 

closure and mitral valve opening.  
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Figure created by Prof. Afif EL-Khuffash. Figure used with permission. 

 

Figure 1.1: Myocardial performance.  

The top panel of the illustration depicts the myofibril contractile unit. Extracellular calcium 

entry triggers intracellular calcium release from the sarcoplasmic reticulum causing 

crosslinking of the thick (myosin) and thin (actin) filaments. This crosslinking within the 

myofibril contractile unit generates contractile force. The bottom panel of the illustration 

depicts the interplay between preload, afterload and intrinsic function in determining 

overall myocardial function and echocardiography measurements used to quantify 

myocardial performance.  
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1.3 Foetal Circulation and Post-Natal Circulatory Transitioning 

 

An understanding of foetal circulation and post-natal circulatory transitioning is 

necessary to fully appreciate the implications of abnormalities in this process and their 

impact on neonatal cardiovascular performance and pulmonary haemodynamics.  

 

In utero oxygenated blood from the placenta courses through the umbilical vein, 

through the ductus venosus, inferior vena cava and enters then the right atrium. Much of 

this oxygen rich blood is shunted from the right atrium (RA) directly across the patent 

foramen into the left atrium (LA) allowing oxygenated blood to flow directly into the foetal 

systemic circulation. From the LA, blood enters the left ventricle (LV) from which it is 

pumped via the aortic arch branches to supply oxygen rich blood predominantly to the brain 

and upper body of the foetus. Deoxygenated blood returning from the upper body of the 

foetus via the superior vena cava mixes with the oxygenated blood entering the RA. Blood in 

the RA which is not shunted across the PFO flows into the right ventricle (RV). The RV is 

dominant during foetal development and is responsible for approximately 60% of blood 

flow from the foetal heart17. Only an estimated 10% of foetal RV output passes through the 

high resistance pulmonary vascular bed. The vast majority of RV cardiac blood flow passes 

from the pulmonary artery across the patent ductus arteriosus (PDA) to the aorta providing 

systemic blood flow to the lower body of the foetus. While the foetus is attached to the 

placenta the foetal heart exists in a low afterload environment. In utero the right-sided 

pulmonary circuit connected to the foetal lungs is the high pressure system, while the left-

sided systemic circuit attached to the placenta is the low pressure system. However, the RV 

is protected from the high afterload of the pulmonary vascular bed due to the PDA, which 

preferentially shunts blood flow from the high pressure pulmonary circuit to the low 

pressure systemic circuit18 (Figure 1.2).  

 

Major circulatory changes occur at birth. Following delivery, the baby takes their first 

breath and the umbilical cord is detached from the placenta. There is a significant increase 

in blood flow to the lungs to facilitate circulatory oxygenation and gas exchange with an 

associated drop in pulmonary vascular resistance (PVR)19. PVR is defined as resistance 

against blood flow from the pulmonary artery to the left atrium20. Following umbilical cord 
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clamping there is an associated rapid increase in systemic vascular resistance (SVR). 

Combined, these events result in the right sided pulmonary circuit becoming the low 

pressure system and the left-sided, systemic circuit becoming the high pressure system21. 

Now there is increased blood return from the lungs to the LA, increasing LA pressure, and a 

consequent change in direction of blood flow across the PFO. The previously right to left 

shunt which supported systemic blood flow in utero now flips to a left to right direction in 

postnatal life. Similarly, the drop in PVR and rise in SVR reverses the PDA shunt. In healthy, 

term babies the reversal of PDA flow to a left to right (systemic to pulmonary) shunt 

typically occurs by 24 hours of age22. Collectively, the circulatory adaptations to ex-utero life 

cause significant changes in the loading conditions to which the RV and LV are exposed 

(Figure 1.3). The neonatal heart adjusts gradually in the weeks and months after delivery to 

these new loading conditions via myocardial remodelling23. With age, LV hypertrophy occurs 

to match the rise in SVR and there is a reduction in RV myocardial thickness  in line with 

decreasing PVR24.  

 

For the vast majority of newborn infants, post-natal circulatory transitioning occurs 

without fault. However, in the presence of foetal, maternal or peri-partum pathology, 

normal post-natal circulatory transitioning may be interrupted. Abnormal transitioning 

results in the maintenance of high PVR. PVR remains high as the pulmonary vasculature has 

not responded adequately to normal post-natal adaptive processes, the vascular network 

remains tight and blood flow through the lungs is significantly impeded. This has several 

important effects on cardiorespiratory function; sustained elevation of PVR places the RV in 

a high afterload environment which can progress to RV dysfunction, LV preload is severely 

reduced due to inadequate blood flow return from the lungs to the LA and ongoing high PVR 

will maintain right to left shunting across PDA. Together, such consequences of failed 

transitioning can result in poor oxygenation, low cardiac output and impaired end organ 

perfusion. This state of failed post-natal circulatory transitioning is called pulmonary 

hypertension (PH)25. PH varies in severity but can be life threatening if not identified early 

and managed appropriately. Babies with DS have specific genetic and anatomical 

characteristics which place them at increased risk for the development of PH in the neonatal 

period which will be fully described in later paragraphs.   
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Figure created by Prof. Afif EL-Khuffash. Figure used with permission. 

 

Figure 1.2: Foetal circulation.  

This illustration depicts the unique features of the foetal circulation. LA: Left atrium; LV: left 

ventricle; PFO: patent foramen ovale; PVR: pulmonary vascular resistance; RV: right 

ventricle; SVR: systemic vascular resistance  

 

  



33 
 

 

Figure created by Prof. Afif EL-Khuffash. Figure used with permission. 

 

Figure 1.3: Neonatal circulation following birth.  

This illustration depicts features of normal neonatal circulation following birth. Ca++: 

calcium; cGMP: cyclic guanosine monophosphate; LV: left ventricle; NO: nitric oxide; PFO: 

patent foramen ovale; PVR: pulmonary vascular resistance; RA: right atrium; RV: right 

ventricle; SVR: systemic vascular resistance  
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1.4 Novel Echocardiography Techniques  

 

Monitoring cardiovascular wellbeing in many neonatal disease states remains 

challenging due to the insensitivity of clinical parameters in defining adequate systemic 

perfusion and identifying cardiac dysfunction and PH26-28. In addition, conventional 

echocardiography techniques such as shortening fraction and ejection fraction have known 

limitations in accurately appraising myocardial function29. However, in recent years major 

advances have been achieved in refining objective measures of biventricular myocardial 

performance and pulmonary haemodynamics in the neonatal and paediatric populations30, 

31. Novel echocardiography techniques including deformation imaging, tissue Doppler 

imaging (TDI) and left ventricular (LV) rotation mechanics are accurate, objective techniques 

which can provide superior insight into the pathophysiological basis for cardiac 

impairment32. Right ventricular (RV) specific measurements such as RV fractional area 

change (FAC) and tricuspid annular plane systolic excursion (TAPSE) also enable quantitative 

assessment of RV function33-36. Reference ranges for STE and TDI are emerging in neonatal 

and paediatric populations37-43. Evaluation of pulmonary arterial pressure via 

echocardiography is also now possible. Pulmonary artery acceleration time (PAAT) is a 

validated echocardiographic measurement which is inversely correlated to pulmonary artery 

pressure and pulmonary vascular resistance44.  

 

Systolic and diastolic myocardial function may be assessed utilising conventional and 

novel echocardiography techniques, full explanations for which are detailed in the 

methodology chapter (Chapter 2). Briefly, deformation analysis is an advanced 

echocardiography technique which evaluates strain and strain rate measurements via STE. 

Myocardial strain (ε) is the term which quantifies the degree of myocardial deformation 

occurring during systole and is expressed as a percentage. Strain rate (SR) refers to the rate 

at which myocardial deformation occurs (s-1). Myocardial strain is influenced by loading 

conditions; however, strain rate is relatively load independent and therefore a closer 

surrogate of inherent myocardial contractility45-48. Diastolic function may be interrogated 

using strain rate assessment, tissue Doppler evaluation of early (E) and late (A) diastolic 

velocities and E:A ratio measurements. In healthy term neonates the majority of LV filling 

occurs in the early phase of diastole with the early phase E wave possessing a higher 
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velocity than the late phase A wave. This phenomenon may be quantified using the E:A 

ratio, an assessment of diastolic function. These echocardiography methods have been 

utilised in previous studies to measure biventricular performance and pulmonary 

haemodynamics in individuals with DS at various ages, both with and without CHD.  

 

1.5 Congenital Heart Disease and Myocardial Function in Infants with Down Syndrome 

 

Approximately 50% of babies with DS will have some form of congenital heart 

disease (CHD)49. Atrioventricular septal defect (AVSD) is the most common cardiac anomaly 

in infants with DS (~45%) followed by ventricular septal defect (VSD)(~35%), secundum atrial 

septal defect (ASD) (~8%) and Tetralogy of Fallot (TOF) (4%) respectively50. Physical 

examination alone will not suffice for accurate detection of CHD in all individuals and 

echocardiography is recommended to identify any cardiac anomalies early in their neonatal 

course28. Structural cardiac disease confers a high risk of morbidity and mortality with CHD 

being the most frequent cause of death in children with DS over the first two years of age51, 

52. CHD, even following surgical correction, carries long term health implications including 

the risk of re-operation, Eisenmenger syndrome and bacterial endocarditis53. CHD also 

impacts on neurodevelopmental outcomes with lower scores for receptive, expressive and 

composite language in infants and toddlers with DS who require corrective surgery in the 

first year of age compared to those children with DS and no CHD54.  

 

Structural abnormalities of foetal cardiac development in DS, including valve 

dysplasia and shorter ventricular septal length, are well recognised, both in those with and 

without AVSDs55. However, recent studies indicate that myocardial function in foetuses with 

DS is often abnormal, irrespective of the presence of CHD. Mula et al demonstrated 

evidence of foetal diastolic dysfunction via increased ductus venosus pulsatility index and 

increased tricuspid regurgitation in 28 foetuses with DS when compared to other 

aneuploidal foetuses and control foetuses56. Clur et al documented both systolic and 

diastolic dysfunction in foetuses with DS compared to controls, which manifest as reduced 

tricuspid valve (TV) A-wave velocity, reduced mitral valve A-wave velocity, reduced aortic 

valve peak velocity, reduced pulmonary valve peak velocity and reduced stroke volume57.  
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In the neonatal population, our group have previously demonstrated that neonates 

with DS and structurally normal hearts have significantly lower RV strain values on day 2 and 

days 5-7 of age when compared to non-DS controls9. 

 

Similar studies have illustrated ongoing biventricular impairment with advancing age 

in children, adolescents, and adults with DS. A 2013 echocardiography study of 85 children 

aged between 7 and 13 years with DS and structurally normal hearts reported sub-clinical LV 

diastolic dysfunction and RV systolic and diastolic dysfunction when compared to age and 

sex matched controls11. This was demonstrated by significantly reduced LV tissue Doppler 

derived ea’ ratio and prolonged LV isometric relaxation time (IVRT), and significantly 

reduced tissue Doppler derived RV peak systolic wave, prolonged RV isometric contraction 

time (IVCT), reduced RV ea’ ratio and prolonged RV IVRT in children with DS compared to 

controls. As IVCT is inversely correlated with myocardial contractility and IVRT is inversely 

correlated to myocardial relaxation, prolongation of RV IVCT, LV IVRT and RV IVRT indicate 

impaired RV contractility and impaired LV and RV myocardial relaxation respectively11. Balli 

et al utilised STE in their study of 115 children with DS and structurally normal hearts who 

were aged between 6 and 13 years old to demonstrate significantly reduced early and late 

diastolic strain rate (SR) and early/late SR ratios compared to age and sex matched 

controls10. This myocardial impairment may impose a longstanding impact into later life, 

with an Italian study of adults with DS (mean age 36.1 +/-9.7 years) reporting that 

individuals with LV diastolic dysfunction demonstrated lower cognitive scores compared to 

those with preserved diastolic function58. 
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1.5.1 Biological Mechanisms of Congenital Heart Disease and Myocardial 

Dysfunction in Down Syndrome 

 

Dr. Jerome Lejeune confirmed the suspected association of DS with a chromosomal 

abnormality in Paris in 19591. In 95% of cases DS occurs secondary to whole chromosomal 

aneuploidy, with the remaining 5% of cases resulting from translocations and mosaics10, 59. 

Trisomy of chromosome 21 results in an extra set of approximately 200 to 300 genes, 

however only ~30% of these genes are significantly overexpressed51. As approximately half 

of people with DS have structurally normal hearts, trisomy 21 alone is insufficient to cause 

CHD. This suggests that environmental and/or genetic modifiers interact with chromosome 

21 to cause CHD, potentially in a dose dependant manner60, 61. There is growing 

appreciation of how such insights could contribute to our understanding of foetal cardiac 

development and structural cardiac disease62, 63. The DS critical region (DSCR) located on the 

long arm (q) of chromosome 21 is has been proposed as part of the molecular signal 

transduction pathway responsible for cardiac valve formation51. Barlow et al have also 

suggested the DS- cell adhesion molecule (DSCAM) gene of chromosome 21 as a potential 

genetic source of CHD in DS, as this 840kb region encodes a cell adhesion molecule 

expressed in the heart during cardiac development. Polymorphisms of the Endothelial Nitric 

Oxide Synthase (eNOS) gene are significantly associated with CHDs in DS64, 65. Evidence of 

abnormal angiogenesis has been detected in DS foetal heart tissue showing that mRNA 

expression of angiogenic factors, including vascular endothelial growth factor and placental 

growth factor, is significantly elevated compared to controls66 Hypermethylation of the 

GATA4 gene, the translated protein of which is involved in myocardial differentiation and 

function, has also been identified in DS foetal heart tissue, indicating that epigenetic 

modifications and consequent deregulation of genetic expression may contribute to cardiac 

malformations and dysfunction67. In addition, environmental influences may potentiate or 

ameliorate the occurrence of CHD in DS through their interaction with the trisomic genome. 

For example, maternal cigarette smoking has been associated with AVSD, TOF and ASD 

while maternal folic acid supplementation in pregnancy may be associated with a reduced 

risk of CHD68, 69. Trisomy 21 may also negatively affect mitochondrial function through the 

downregulation of nuclear encoded mitochondrial genes as demonstrated in T21 foetal 

heart and brain tissues70, 71. Such disruption of expression of genes involved in 
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mitochondrial pathways can lead to decreased oxygen consumption, reduced ATP content 

and reactive oxygen species production72. Overall, such data emphasises that the underlying 

molecular interactions governing the DS cardiac phenotype are intricate, complex, and likely 

to exert multilevel effects on genetic regulation and expression.  

 

1.6 Pulmonary Hypertension in Down Syndrome 

 

This section of the introduction pertaining to pulmonary hypertension in Down 

syndrome, study rationale and study hypothesis has been published as a review article in The 

Archives of Disease and Childhood in 202073.  

 

Pulmonary Hypertension (PH) is prevalent in children with DS with and without CHD, 

although the underlying aetiology and the timing of presentation may be different between 

these two groups. Early case series on PH in DS significantly underestimated the prevalence 

of PH in the setting of DS without CHD. PH in the DS population is a heterogeneous entity 

which results from multiple overlapping aetiologies. People with DS have specific 

anatomical, physiological and genetic tendencies that place this population at increased risk 

of developing PH in the early neonatal period (early PH) or at an older age with evolution of 

the pulmonary vascular disease (late PH). DS-related PH is currently categorised into two 

groups, WHO classification group I or III PH but the variable clinical presentation of PH in 

infants and children with DS, the frequent overlap between early and late PH and the 

multifactorial basis of PH in DS necessitate assuming a broader view of PH than is 

represented by traditional classification systems74. A more clinically relevant approach to 

diagnosis and management is to consider the timing of onset and the underlying 

pathogenesis of PH as an aberrant process of lung development.  
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1.6.1 Incidence of Pulmonary Hypertension in Infants with Down Syndrome 

 

In the general neonatal population the rate of PH is estimated at 0.2%, significantly 

lower than that documented in neonates with DS75, 76. Early literature assessing PH in 

children with DS reported an incidence ranging between 1% and 5%; the majority of those 

infants were classified as having pulmonary arterial hypertension (PAH), however more 

recent data suggest that the true figure is significantly higher, ranging between 27% and 

34%77, 78. Martin et al documented the overall incidence of echocardiography-confirmed PH 

in a cohort of 121 babies with DS at 34%, with no difference between those with and 

without CHD8. Bush et al reviewed records of 1242 children from birth to 21 years and 

showed an overall incidence of PH at 28%77. From the 346 patients with DS and PH, 241 

(70%) had early PH, 53 (15%) had persistent PH and 52 (15%) had recurrent PH, by a median 

of 2.5 years of age. The differences in PH rates between early studies and recent reports in 

children with DS may be partially attributed to the varying clinical and echocardiographic 

diagnostic criteria applied to identify PH. 

 

1.6.2 Early Pulmonary Hypertension  

 

The paediatric task force at the world symposium on PH classified neonates with DS 

and CHD who present with early persistent PH of the newborn (PPHN) as Group I74. DS 

neonates without CHD with early PH are also clinically labelled as PPHN, but are within the 

Group III classification as a developmental lung disease74.This distinction was made because 

of the recognition that infants with DS have high rates of PPHN and abnormalities of 

developmental lung disorders (e.g., reduced alveolarisation, decreased vessel density, 

persistence of the double-capillary network and hypertensive arterial remodelling)77. During 

the transitional period following birth, early PH in infants with DS is significantly associated 

with an increased necessity for invasive ventilation, more days of inhaled nitric oxide 

therapy, longer hospital admission and higher mortality before discharge8, 79. The 

Extracorporeal Membrane Oxygenation (ECMO) Registry reported that its use has increased 

in patients with DS over time with a higher likelihood of death following ECMO compared 

with non-DS ECMO patients (35% vs 25%) but that patients with a cardiac indication for 

ECMO have a higher mortality compared with those supported for respiratory indications80, 
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81. Neonates with DS requiring ECMO have an increased incidence of bronchopulmonary 

dysplasia compared with neonates with DS not exposed to ECMO, adding further to their 

respiratory morbidity82. 

 

1.6.3 Biological Mechanisms of Early Pulmonary Hypertension in DS 

 

The biological underpinnings of early PH in the context of DS are related to genetic 

and anatomical abnormalities identified in this population (Figure 1.4). Neonates with DS 

are born with structural anomalies of the lung tissue including smaller total number of 

alveoli, decreased number of alveoli in relation to acini, and subpleural cysts 83-85. Lung 

histology samples from 13 children with DS who died between the ages of 0 to 8 years 

demonstrated alveolar simplification, features of pulmonary arterial hypertensive 

remodelling, prominent bronchial vessels and persistence of a double capillary network in 

the distal lung83. Galambos et al observed that lung tissue from foetuses with DS 

overexpresses antiangiogenic factors, including collagen type XVIII alpha1, Collagen type IV 

alpha3 and tissue inhibitor of metalloproteinases metallopeptidase inhibitor 3, and 

suggested that impaired pulmonary vascular growth might subsequently cause impaired 

alveolarisation and progression to PAH86, 87. Collectively this can block capillary vasculature 

growth, a mechanistic perturbation that is associated with PH in adults 87. Such inherent 

biological traits explain the significantly higher incidence of early PH that is clinically 

observed in this population of neonates.  

 

1.6.4 Late Pulmonary Hypertension  

 

With increased realisation of the significant association of DS with long-term 

cardiovascular and pulmonary morbidity, there is a growing interest in understanding how 

perinatal and postnatal physiological maladaptation predispose this high-risk population to 

an increased risk of late PH over time. It is likely that all the factors related to pulmonary 

vascular underdevelopment with early PH still play an important part in the persistence of 

PH in this population. Similarly, the aetiologies described below are more likely to 
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contribute to late PH but may also be implicated in the development of early PH during the 

early neonatal period.  

 

Late PH is a major contributing factor to adverse outcomes in children and adults 

with DS77. A prospective study of 102 infants and children with DS undergoing corrective 

heart surgery demonstrated that those who required prolonged mechanical ventilation 

postoperatively (>72hours) had a higher incidence of PH at a younger age (83% vs 23%, 

p=0.012) and half of these patients required chronic treatment for chronic pulmonary 

hypertension on discharge home88. Iwaya et al reported lower preoperative pulmonary 

arterial compliance in individuals with DS and CHD when compared with non-DS individuals 

with CHD, and a significant association between low preoperative pulmonary arterial 

compliance in individuals with DS and the requirement for postoperative home oxygen 

therapy89. PAH is also associated with impaired linear growth during childhood, particularly 

in the presence of CHD90. 

 

In contrast to early PH associated with delayed transition following birth, late PH in 

children with DS is characterised by sustained and often progressive elevation of pulmonary 

arterial pressures that is diagnosed beyond the first few weeks of age. Late PH may develop 

in individuals originally diagnosed with early PH during the neonatal period, but can often 

develop in individuals with DS with initial successful postnatal transition that never manifest 

early PH. It is likely that some of the mechanisms of late PH are superimposed on the 

aforementioned congenital abnormalities of respiratory tissue and lung antiangiogenic 

factor expression, but other late PH aetiologies are linked to CHD, chronic hypoxaemia, 

recurrent respiratory illness, upper airway obstructions, sleep disorders, gastro-oesophageal 

reflux and altered immune function86.91  
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1.6.5 Aetiology of Late Pulmonary Hypertension 

 

Children with DS are predisposed to upper airway obstruction and sleep disordered 

breathing due to a combination of midface hypoplasia, micrognathia, relative tongue 

enlargement, tracheal anomalies and generalised hypotonia 92-95. Sleep disordered 

breathing is estimated to affect 30% to 75% of children with DS, compared with 2% of the 

general paediatric population96. In addition, children with DS have a reduced sympathetic 

drive and compromised cardiorespiratory response to sleep disordered breathing compared 

with healthy controls97. Pulmonary hypertension and cor pulmonale may be accelerated by 

this attenuated sympathetic response and concomitant chronic, intermittent hypoxia and 

respiratory acidosis induced by obstructive sleep apnoea.  

 

Persistent systemic-to-pulmonary shunts secondary to CHD may contribute to the 

evolution of PH with increased pulmonary blood flow (PBF) contributing to a rise in mean 

pulmonary artery pressure (Figure 1.4). In addition, the media of pulmonary arterioles is 

thinner in DS and will respond to the increased mechanical force and shear stress of 

systemic-to-pulmonary shunts by triggering an inflammatory response. This reaction will 

promote endothelial cell proliferation and subsequent thickening of the pulmonary arterial 

wall98, 99. Such adaptations may lead to permanent remodelling of the pulmonary 

vasculature and diminished production of nitric oxide, predisposing to a vasoconstrictive 

state100, 101.  

 

The immune system in infants with DS is known to function suboptimally, resulting in 

a lower total number of leucocytes, lymphocytes and monocytes as well as impaired 

maturation of T lymphocytes 102-104. Chaushu et al demonstrated that individuals with DS 

and recurrent upper respiratory tract infections had significantly reduced immunoglobulin 

salivary secretion105. These immunological characteristics place patients with DS at higher 

risk of repeated upper and lower respiratory tract infections, which may exacerbate 

evolving PH.  

 

Children with DS are prone to gastro-oesophageal reflux and episodes of aspiration 

due to structural abnormalities of the oropharyngeal airway, delayed oromotor function and 
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generalised hypotonia92, 106. Recurrent, chronic aspiration can result in significant 

respiratory morbidity including pneumonia, chronic cough, wheezing and the progression to 

pre-existing PH.  

 

Pulmonary haemosiderosis, a rare disease of childhood, can also present with a 

more severe course in the context of DS.107 It has been shown that children with DS younger 

than 20 years of age were more likely to present with an earlier onset of the disease, worse 

dyspnoea at diagnosis, more frequent secondary pulmonary hypertension and increased risk 

of fatal evolution107. 

 

Therefore, a complex interplay between structural, genetic an immunological 

deficiency exist in people with DS which can result in the evolution of PH.  
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Figure 1.4: Aetiology of early and late pulmonary hypertension in Down syndrome.  

This illustration depicts the aetiological factors of early and late pulmonary hypertension in 

infants and children with Down syndrome73.  
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1.7 Impact of PH on Myocardial Function in Infants and Children with Down syndrome  

 

PH results from a spectrum of cardiopulmonary factors and interactions that can 

impair the cardiac response to changes in loading conditions108. The challenge for the right 

ventricle (RV) and left ventricle (LV) in children with DS is to remain haemodynamically 

coupled to their respective circulations. Initially, the RV adapts to the increasing vascular 

load by enhancing contractility to maintain pulmonary blood flow (PBF). Important adaptive 

mechanisms that enhance contractile capabilities of the RV include muscle hypertrophy 

with increased wall thickness. Prolonged exposure to increased pulmonary vascular 

resistance and progressive pressure loading on the RV can lead to maladaptive ventricular 

remodelling, in which the RV dilates, stroke volume decreases, and heart rate increases to 

maintain cardiac output. RV systolic and diastolic dysfunction decrease stroke volume and 

lead to an overall reduction in cardiac output. Additionally, LV filling may also be affected by 

RV dilatation and septal bowing, with varying degrees of LV dysfunction manifesting due to 

the phenomenon of interventricular dependence.  

 

Biventricular myocardial impairment is evident from infancy to adulthood in patients 

with DS, irrespective of the presence of CHD9-11. Breatnach et al documented that infants 

with DS and structurally normal hearts had more severe echocardiography-derived 

measures of early PH, including altered RV longitudinal strain values when compared with a 

healthy infant population without a diagnosis of DS9. Interestingly, RV longitudinal strain 

rate (SR) values were preserved in this study9. Strain measurements are influenced by 

myocardial loading conditions, and SR values are relatively load independent and a more 

accurate indicator of inherent myocardial contractility30. Therefore, the decrease in the 

magnitude of RV longitudinal strain values with preserved RV longitudinal SR values 

suggested that adverse loading conditions were the predominant cause for impaired 

function. Left ventricular rotation mechanics were also adversely affected in infants with DS 

over the first week of age in this 2019 study which demonstrated impaired LV basal rotation, 

resulting in reduced LV twist, torsion and twist rate9.  
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1.8 Rationale for the Study 

 

Life expectancy for individuals with DS is increasing with a median survival now 

estimated at 60 years of age96, 109. At present, cardiovascular and pulmonary disease 

account for an estimated 75% of mortality in individuals with DS. While most of the deaths 

occur in young adults, neonatal and infant mortality rates are higher in DS than the general 

population 110-113. Furthermore, children with DS account for the most hospitalisations 

among all individuals with DS 110.  

 

Neonates with DS represent a vulnerable patient cohort with a heterogeneous PH 

phenotype that confers a significant risk of morbidity and mortality. Overall, there is a 

growing appreciation of the high prevalence of PH in neonates, infants and children, both 

acute and chronic, and its association with serious adverse outcomes8, 77, 100. Despite the 

increased acknowledgement of the development of recurrent and later PH in children with 

DS, with and without CHD, there are no formalised guidelines that address how infants with 

DS with structurally normal hearts should be screened and followed as they mature. Bush et 

al recommended annual echocardiograms until school age for all individuals with CHD, early 

PH in the neonatal period, or who developed respiratory morbidities including chronic 

aspiration, recurrent pneumonias or obstructive sleep apnoea77. With increased recognition 

that the true incidence of PH is much higher than previously reported, the detrimental 

impact of PH on myocardial function in children with DS requires further clarification. 

Countries with a high incidence of DS are distinctly primed to evaluate this vulnerable 

population further.  

 

The rationale for utilising novel echocardiography modalities including tissue 

Doppler imaging (TDI) and 2D STE is that such tools provide a more objective, sensitive, and 

accurate appraisal of myocardial performance than conventional echocardiography 

measurements. TDI and STE have been validated in adult, paediatric and neonatal 

populations, and offer the ability to assess systolic and diastolic function of both ventricles. 

Normative reference values now exist for preterm and term infants31, 33, 37, 39, 40. In addition, 

assessment of pulmonary pressures via echocardiography surrogates is also feasible. The 

PAAT is a validated echocardiographic measurement which is inversely correlated to 
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pulmonary artery pressure and pulmonary vascular resistance44. Such new 

echocardiography techniques provide an opportunity for the critical early detection and 

quantification of sub-clinical myocardial impairment and PH, with potential for therapeutic 

intervention prior to the evolution of fulminant global myocardial impairment114, 115.  

 

1.9 Study Hypothesis 

 

Our study hypothesis was that babies with DS both have persistent myocardial 

impairment and develop PH more frequently and to a more severe extent than their non-DS 

counterparts independent of structural cardiac disease. Preliminary research suggested that 

PH impacts negatively on myocardial function, LV basal rotation and LV twist overall. This 

may be attributed to adverse loading conditions; however, impaired intrinsic contractility 

can also play a vital role.  

 

1.10 Study Aim 

 

The aim of this prospective, tri-centre, observational cohort study was to serially 

assess left ventricular (LV) and right ventricular (RV) performance and measurements of 

pulmonary haemodynamics in babies with DS with and without CHD utilising advanced 

echocardiography techniques over the first two years of age and to compare those 

measurements to a cohort of non-DS healthy controls. I also sought to evaluate the ability of 

echocardiography derived markers to predict important clinical outcomes including 

respiratory morbidity, clinically evident PH, hospital admissions, admission to a paediatric 

intensive care unit, necessity for ECMO and death.  
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Chapter 2 : Methodology 

 

2.1 Ethical Approval  

 

Ethical approval for this study was sought for both the Down Syndrome (DS) and 

control cohorts from the ethics committees of each of the three participating maternity 

hospitals in Dublin, Ireland: The Rotunda Hospital, The National Maternity Hospital, Holles 

Street and The Coombe Women & Infants University Hospital. Ethical approval was granted 

from each site following application on the ‘Standard Application Form for the Ethical 

Review of Health-Related Research Studies, which are not Clinical Trials of Medicinal 

Products for Human Use as defined in S.I. 190/2004’.  

 

2.2 Study Design and Study Population 

 

This was a prospective observational cohort study performed across the three tertiary 

neonatal intensive care units of Dublin: The Rotunda Hospital, The National Maternity 

Hospital, Holles Street and The Coombe Women & Infants University Hospital. Each of the 

three maternity hospitals deliver 8,000 – 8,500 infants per year of which approximately 80 

infants with DS are born annually. As such a city wide approach to recruitment of babies 

with provided the best opportunity for study enrolment. Consent, enrolment, and the initial 

echocardiography scans over the first week of age were performed in the neonatal 

department of recruitment. Longitudinal scans at 6 months, 1 year and 2 years of age were 

carried out in The Rotunda Hospital.  

 

❖ Down Syndrome population 

All infants with a diagnosis of DS made antenatally or postnatally (later confirmed 

with Karyotyping) were eligible for inclusion. This included babies with DS with both 

congenital heart defects (CHD) and structurally normal hearts. 
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❖ Control population 

In addition, a cohort of healthy term infants without a diagnosis of DS were enrolled 

in The Rotunda Hospital to serve as a control population. Healthy controls were 

infants born without clinical features of DS (and birth > 37 weeks gestation) and had 

no congenital anomalies, no maternal history of illness in pregnancy (diabetes of any 

type, pre-eclampsia, hypertension, clinical chorioamnionitis, polyhydramnios, 

oligohydramnios, pre-labour rupture of membranes, antepartum haemorrhage,) and 

did not require neonatal unit admission. The control cohort underwent 

echocardiography assessments at the same six time points as the DS cohort. 

 

2.2.1 Sample Size  

 

I planned a study of a continuous outcome variable from independent control and 

experimental subjects with 1 control per experimental subject. In our study, the continuous 

outcome variable used to determine the sample size was PAAT. In a previous pilot study, we 

observed a difference of 6ms in PAAT between infants with and without Down syndrome at 

birth (a 10% relative difference)9. PAAT within each group was normally distributed with a 

standard deviation of 10ms. If the true difference in the experimental and control means is 

6ms, we will need to study 59 experimental subjects and 59 control subjects to be able to 

reject the null hypothesis that the population means of the experimental and control groups 

are equal with probability (power) 0.9. The Type I error probability associated with this test 

of this null hypothesis is 0.05. Based on this estimation, the number of infants recruited in 

each group was more than enough to demonstrate significant differences.  

 

2.2.2 Information and Consent 

 

Following approval from the consulting physician, parents of infants with DS and 

parents of control infants were approached and provided with verbal and written 

information regarding the study. Parents were given up to 12 hours to consider the 

participation of their infant in the study and written, informed consent was obtained prior 

to enrolment.   
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2.2.3 Exclusion Criteria 

 

Infants were excluded if there was a lack of parental consent, or if there was a high 

likelihood of death over the first week of age. 

 

2.3 Clinical Team 

 

When a significant clinical finding was identified on echocardiography assessment in 

either the DS or control cohort I notified the treating physician and parents immediately and 

referred the patient to a consultant cardiologist for further evaluation.  

 

2.4 Clinical Parameters  

 

Clinically relevant parameters such as age (hours post delivery) and cardio-

respiratory parameters were recorded including systolic blood pressure, diastolic blood 

pressure, mean blood pressure, mode of respiratory support, supplemental oxygen status, 

oxygen saturation measurements, intravenous fluid management and enteral feeding 

method. These were recorded during each echocardiography assessment over the first 

week of age.  

 

2.5 Clinical Characteristics and Outcomes  

  

Important antenatal, birth and neonatal characteristics as well as outcome data 

were collected for both the DS and control cohorts. This data collection was performed in 

the local neonatal unit of recruitment (Table 2.1, Table 2.2). Longitudinal echocardiograms 

were performed in The Rotunda Hospital at 6 months, 1 year and 2 years of age for both the 

DS and control populations. Clinical data was recorded as per parental response at each 

follow up assessment (Table 2.3). 
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Table 2.1: Clinical characteristics and outcome data collected over the first week of age. 

Y: Yes; N: No; Kg: Kilograms; DS: Down Syndrome  

 

Clinical Characteristics & Maternal Data 

Data Output  

Gestational age (Weeks)  

Birth weight (Kg)  

Maternal age (Years)  

Parity (Number)  

Male (Y/N)  

Multiple pregnancy (Y/N)  

Caesarean section (Y/N)  

1 and 5 Minute Apgar score (1-10)  

Cord pH (Number)  

Surfactant administration (Y/N)  

Cardiopulmonary resuscitation at delivery (Y/N)  

Adrenaline at delivery (Y/N)  

Chorioamnionitis (Y/N)  

Pre-eclampsia (Y/N)  

Absent end diastolic flow (Y/N)  

Polyhydramnios (Y/N)  

Oligohydramnios (Y/N)  

Antepartum haemorrhage (Y/N)  

Prolonged rupture of membranes (Y/N)  

Antenatal steroids x 2 (Y/N)  

Antenatal diagnosis of DS (Y/N)  

Atrioventricular Septal Defect (AVSD) (Y/N)  

Ventricular Septal Defect (VSD) (Y/N)  

Atrial Septal Defect (ASD) (Y/N)  

Other Cardiac Lesion (Narrate)  
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Table 2.2: Outcome data collected over the first week of age. 

Y: Yes; N: No 

 

Outcome Data 

Data Output  

Culture positive sepsis (Y/N)  

Inotropes (Y/N)  

Inhaled Nitric Oxide (iNO) (Y/N)  

Intubation (Y/N)  

Ventilation (Y/N)  

Ventilation days (Number)  

Continuous Positive Airway Pressure (CPAP) 
Days (Number) 

 

Oxygen days (Number)  

Total Parenteral Nutrition Days (TPN) (Number)  

Days to full enteral feeds (Number)  

Hospital days (Number)  

Extracorporeal Membrane Oxygenation (ECMO) 
referral (Y/N) 

 

First Full Blood Count (FBC) 
(Haemoglobin/Platelets/ 
White Cell Count/Neutrophils) 

 

First oxygen saturation (Number)  

Discharge medications (Narrate)  

Died pre-discharge home (Y/N)  
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Table 2.3: Clinical characteristics and outcome data collected over the first two years of 

age.  

Y: Yes; N: No; Kg: Kilograms. 

 

Data Output  

Age (months)  

L-thyroxine (Y/N)  

Normal FBC (Y/N)   

Hospital Admission (Y/N)  

Reason for Hospital Admissions (Narrate)  

Intensive Care Unit Admission (Y/N)  

Surgical Correction of Heart Defect (Y/N)   

Weight (Kg)  

Echocardiogram Findings (Narrate)  
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2.6 Echocardiography Assessment  

  

Echocardiography scans were performed at six time points over the first two years of 

age for both the DS and control cohorts. Three echocardiograms were carried out over the 

first week of age: Day 1, Day 2 and Day 3-5 and at three further time points over the first 

two years of age: 6 months, 12 months, and 24 months. Evaluations were performed using 

the Vivid echocardiography system (GE Medical, Milwaukee) and a cardiology multi-

frequency probe. Echocardiography image acquisition was compliant with previously 

published guidelines with haemodynamically stable infants’ supine position116. 

Echocardiograms were recorded on the echocardiography machine’s internal hard drive and 

subsequently transferred to the Echo PAC archiving system for offline analysis.  

 

The first echocardiogram of each infant included formal assessment for any 

congenital heart disease. Standard neonatal echocardiography windows including subcostal, 

parasternal long axis, parasternal short axis, apical, high parasternal, aortic arch and ductal 

views were utilised to perform a thorough evaluation of myocardial structure and function. 

No sedation was used during image acquisition at any age. 

 

Examination of myocardial structure and function, pulmonary haemodynamics and 

patent ductus arteriosus (PDA) shunt characteristics were performed. Myocardial 

performance evaluation included both conventional and novel echocardiography 

techniques. Our research group and collaborators have previously reported the feasibility, 

reliability, and validity of tissue Doppler Imaging (TDI), deformation analysis by STE and 

rotation mechanics in the neonatal population40, 41. Details of the requisite techniques to 

obtain the echocardiography images and methods of offline analysis have been previously 

published40, 41, 117-124. All echocardiography images were used with permission from the 

‘Neonatologist Performed Echocardiography Teaching Manual’ 2019 Edition by Prof. Afif EL-

Khuffash125.  
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2.7 Echocardiography Measurements 

 

Anthropometric Measurements: 

 

1. Aortic root diameter  

2. Pulmonary artery diameter  

3. Left ventricular dimensions; mitral valve annulus diameter and left ventricular length  

4. Right ventricular dimensions; tricuspid valve annulus diameter, right ventricular 

basal diameter, right ventricular mid-cavity diameter and right ventricular length 

 

Novel measures of myocardial performance: 

 

1. Tissue Doppler velocities of the mitral, septal and tricuspid annuli 

2. Tissue Doppler measured event timings; systolic time, diastolic time, isovolumic 

relaxation time and isovolumic contraction time  

3. Tissue Doppler measured isovolumic relaxation velocity and isovolumic contraction 

velocity  

4. Left ventricular longitudinal strain and longitudinal strain rate by speckle tracking 

echocardiography  

5. Left ventricular rotation mechanics; basal rotation, apical rotation, left ventricular 

twist, left ventricular torsion, left ventricular twist rate and left ventricular untwist 

rate 

6. Right ventricular longitudinal strain and longitudinal strain rate by speckle tracking 

echocardiography  

7. Right ventricular pulmonary vascular coupling  

 

Assessment of pulmonary haemodynamics: 

 

1. Pulmonary artery acceleration time (PAAT) 

2. Right ventricular ejection time (RVET) 

3. PAAT:RVET ratio 

4. Left ventricular eccentricity index 

 

Assessment of patent ductus arteriosus parameters: 

 

1. Patent ductus arteriosus diameter size in 2D 

2. The direction and peak velocity of flow across the patent ductus arteriosus  

3. Pressure gradient across the patent ductus arteriosus shunt 

  



56 
 

2.8 Anthropometric Measurements  

 

2.8.1 Aortic Root Diameter  

 

The aortic root diameter was measured in millimetres from the long axis parasternal 

view at the valve tips at the start of systole. Normal values for term infants on day one of 

age are 6.9 ±0.6 mm (mean (SD)) 31.  

 

2.8.2 Pulmonary Artery Diameter  

 

The pulmonary artery diameter was measured in millimetres from the long axis 

parasternal view at the valve tips at the start of systole. Normal values derived from the 

term control cohort of this project are 9 ± 1 mm. 

 

2.8.3 Left Ventricular Measurements  

 

The mitral valve annulus diameter was obtained in the 4 chamber view by measuring 

the distance between the mitral valve leaflets at the point of maximum opening in diastole 

in millimetres. The left ventricular (LV) length was obtained in the 4 chamber view by 

measuring the distance from the mitral valve and the LV apical wall at end diastole. 

Measurements were recorded in millimetres and normative data on LV dimensions have 

been previously published31.  

 

2.8.4 Right Ventricular Measurements  

 

The tricuspid valve annulus diameter was obtained in the 4 chamber view by 

measuring the distance between the tricuspid valve leaflets at the point of maximum 

opening in diastole. The right ventricular (RV) basal diameter was obtained in the 4 chamber 

view by measuring the distance between RV base at the point of maximum tricuspid valve 

opening in diastole. The RV mid-cavity diameter was obtained in the 4 chamber view by 

measuring the mid-cavity distance at the point of maximum tricuspid valve opening in 
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diastole. The RV length was obtained in the 4 chamber view by measuring the distance 

between the tricuspid valve and the right ventricular apical wall at end diastole. 

Measurements were recorded in millimetres and normative data on RV dimensions have 

been previously described33  

 

2.9 Novel Measures of Myocardial Performance 

 

2.9.1 Tissue Doppler Velocities of the Mitral, Septal and Tricuspid Annuli 

 

Pulse wave tissue Doppler velocities provide an objective and accurate evaluation of 

biventricular systolic and diastolic function. Tissue Doppler velocities may be obtained from 

the apical 4 chamber view at the basal segment of the left ventricular (LV) lateral wall, the 

interventricular septum and the right ventricular (RV) free wall using pulse wave (Figure 

2.1). This technique determines the systolic and diastolic velocities of myocardial motion 

from the base to the apex at the point of the mitral valve annulus, interventricular septum 

and tricuspid valve annulus thereby providing assessment of left and right ventricular 

function. The peak systolic velocity (s’), early diastolic velocity (e’) and late diastolic velocity 

(a’) were recorded in centimetres/second. The e’ and a’ diastolic velocities reflect active 

ventricular relaxation and atrial contraction phases of diastole respectively. If fusion of the 

e’ and a’ waves occurred, the single wave was documented as an a’ wave. Details on image 

acquisition, measurement, interpretation, and reference ranges have been previously 

published31, 40. 

 

Measurements including the ea’ ratio and Ee’ ratio are also possible via tissue 

Doppler assessment. The early diastolic to late diastolic velocity ratio (ea’) is an assessment 

of diastolic function with a low ea’ ratio indicating the presence of diastolic impairment. The 

Ee’ ratio provides an estimate of left atrial filling pressure utilising the ratio of transmitral 

pulse wave Doppler early filling velocity (E) to tissue Doppler derived early diastolic mitral 

annular velocity (e’)126, 127. Higher values of Ee’ ratio indicate elevated left atrial pressures.  
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Figure 2.1: Measurement of tissue Doppler velocities.  

Pulse wave tissue Doppler imaging (TDI) provides accurate assessment of myocardial 

velocities during systole (s’), early diastole (e’) and late diastole (a’) in the apical 4 chamber 

view at the left ventricular lateral wall, the interventricular septum and the right ventricular 

free wall. Myocardial movement towards the echocardiography probe is displayed as a 

positive wave and movement away from the probe is depicted as a negative wave. TDI also 

measures cardiac cycle event timings including systolic time, diastolic time, isovolumic 

relaxation time and isovolumic contraction time and their associated velocities of isovolumic 

relaxation velocity and isovolumic contraction velocity.  
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2.9.2 Tissue Doppler Measured Event Timings 

 

Tissue Doppler imaging (TDI) also provides cardiac cycle event timings including 

systolic time, diastolic time, isovolumic relaxation time (IVRT) and isovolumic contraction 

time (IVCT) (Figure 2.1). Isovolumic contraction time is the interval of the cardiac cycle 

between the closing of atrioventricular valves (mitral and tricuspid valves) and the opening 

of the semi-lunar valves (aortic and pulmonary valves). Isovolumic relaxation time is the 

interval of the cardiac cycle between aortic valve closure and mitral valve opening. 

Evaluation of cardiac timing events is a method of myocardial performance evaluation. For 

example, an elevated systolic time: diastolic time ratio is a marker of diastolic dysfunction 

and a short IVRT may indicate the presence of a haemodynamically significant PDA which is 

forcing premature opening of the mitral valve in diastole due to left atrial volume loading128. 

Normative ranges of TDI event timings for term neonates are available31.  

 

2.9.3 Left Ventricular Longitudinal Strain and Longitudinal Strain Rate  

Deformation refers to the change in shape of the myocardium from diastole to 

systole. 2D STE is a novel echocardiography technique which provides an objective and 

reliable evaluation of left and right ventricular systolic and diastolic function through 

deformation analysis. Myocardial strain (ε) is the term which quantifies the degree of 

myocardial deformation occurring during systole and is expressed as a percentage. Strain 

rate (SR) refers to the rate at which myocardial deformation occurs (s-1). Myocardial strain is 

influenced by loading conditions; strain will increase with increasing preload and will 

decrease with an increase in afterload45. However, strain rate is relatively load independent 

and therefore a closer surrogate of inherent myocardial contractility45-48.  

 

To derive the deformation indices of strain and strain rate specialised 2D STE 

software is utilised which tracks the motion of myocardial speckles. Myocardial speckles 

result from acoustic backscatter generated by the ultrasound beam. By tracking the 

movement of myocardial speckles frame by frame over the cardiac cycle 2D STE software 

will provide strain (the relative change in distance between those speckles) and strain rate 

(the speed at which the change in distance is occurring) measurements. Left ventricular (LV) 
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longitudinal deformation evaluation uses standard B-mode images of the LV in the 4, 3 and 

2 chamber views. Each of the three views bisects the LV in a different plane to permit global 

assessment of LV performance (Figure 2.2). To ensure accurate 2D STE evaluation the 

echocardiography images clearly outlined the cardiac walls, the frame rate was optimised, 

and a steady ECG signal was available to assess the event timings of the cardiac cycle. During 

offline analysis the endocardial border of the LV wall was traced in each of the 4, 3 and 2 

chamber views. The 2D STE software algorithm divides the LV myocardial wall of the 4, 3 

and 2 views into six segments. Six coloured curves for each view are generated based on the 

timing of the opening and closure of the semilunar valves. Each coloured curve represents 

the individual strain measurement of each of the six myocardial segments (basal septum, 

mid-septum, apical septum, basal lateral, mid-lateral, and apical lateral) and provides 

measurements of strain, systolic strain rate, early diastolic strain rate and late diastolic 

strain rate. The white dashed curve represents the average, global value strain or strain rate 

value calculated across the six myocardial segments within each specific echocardiographic 

view. The software calculates the global LV strain values as the average of the peaks from 

the curve for the entire region of interest from each of the 4 chamber, 2 chamber and 3 

chamber views. A similar process was applied to the RV for calculation of RV longitudinal 

strain and longitudinal strain rate measurements. Detailed reports on echocardiography 

image acquisition, optimisation, interpretation, and normative ranges for neonatal 

deformation analysis have been previously published31, 39, 41, 129. Throughout the remainder 

of the thesis, we will report peak systolic strain and strain rate values without the negative 

sign for ease of graphical presentation. Therefore, a higher value indicates better myocardial 

function.  
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Figure 2.2: Measurement of 2D speckle tracking echocardiography derived strain of the 

left ventricle.  

The speckle tracking echocardiography software divides the myocardial wall of the 4, 3 and 

2 left ventricular (LV) views into six segments each and provides a global appraisal of LV 

strain by averaging the measurements across all the 17 segments41. The strain values from 

the individual segments are displayed in the ‘bulls eye’ illustration in the bottom right 

section of the diagram.   
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2.9.4 Left Ventricular Rotation Mechanics 

 

Left ventricular (LV) rotation mechanics are an emerging echocardiography 

technique for further evaluation of LV performance. Rotation mechanics measure the 

degree of clockwise, basal rotation at the level of the mitral valve and the degree of anti-

clockwise, apical rotation at the LV apex. The net effect of these two opposing rotation 

forces is called LV twist. LV twist supports ejection of blood from the LV during systole. LV 

untwist augments early diastolic filling by generating a negative pressure gradient and a 

‘suction’ effect which promotes early diastolic LV filling. The speed at which the LV twists is 

termed the LV twist rate and the speed at which the LV untwists at is termed the LV untwist 

rate. 

 

Measurements for LV rotation mechanics are obtained from the short axis 

parasternal view at the level of the mitral valve and apex with an appropriate frame rate 

(Figure 2.3). Offline analysis of the echocardiography images permits evaluation of both 

basal and apical rotation. Clockwise rotation is depicted as a negative deflection while anti-

clockwise rotation is depicted as a positive deflection. LV twist is calculated as the difference 

between clockwise, basal rotation and anti-clockwise apical rotation and is expressed in 

degrees of rotation. LV torsion is LV twist indexed to LV length and permits comparison of 

LV twist across varying LV sizes. Detailed information on echocardiography image 

acquisition and interpretation for LV rotation mechanics is available41. 
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Figure 2.3: Measurement of left ventricular rotation mechanics.  

This illustration depicts the clockwise, basal rotation and anti-clockwise apical rotation of 

the left ventricle (LV) at the level of the mitral valve and LV apex respectively. The degree of 

basal rotation is displayed as a negative deflection while the degree of apical rotation is 

displayed as a positive deflection. Peak values of basal and apical rotation may be measured 

from these deflections. LV twist is the net effect of basal and apical rotation and LV twist 

and LV untwist rates are the speed at which these events are occurring.   
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2.9.5 Right Ventricular Longitudinal Strain and Longitudinal Strain Rate by Speckle Tracking 

Echocardiography  

 

As per deformation analysis of the left ventricle, 2D speckle tracking 

echocardiography may be utilised to provide longitudinal strain and longitudinal strain rate 

measurements of the right ventricle (RV). A focused 4 chamber view of the RV free wall is 

obtained for deformation analysis (Figure 2.4). The requirements and techniques of offline 

analysis to derive RV longitudinal strain and longitudinal strain rate measurements are as 

per the left ventricular analysis described above41. Normative ranges are available33. 

 

2.9.6 Right Ventricular Pulmonary Vascular Coupling  

 

Right ventricular pulmonary vascular coupling (RV-PV coupling) describes the ability 

of the RV to increase its contractility in tandem with increasing RV afterload130. There are 

three stages of RV-PV coupling (Figure 2.5). Stage 1 represents normal conditions where the 

RV-PV axis is appropriately coupled. In stage 2 an increase in RV afterload has occurred. This 

is matched with a concomitant increase in RV contractility through the development of RV 

hypertrophy and RV-PV coupling is maintained. However, by stage 3, in the face of 

unrelenting increases in RV afterload the RV is no longer able to sustain normal contractility. 

As a result, the RV dilates, RV dysfunction ensues and now the RV is uncoupled from its 

afterload with an associated decrease in RV efficiency.  

 

Assessments of RV-PV coupling may be derived from echocardiography surrogates. 

RV strain is utilised as a marker of RV performance and PAAT represents RV afterload. RV-PV 

assessments provide important insights into pulmonary haemodynamics and RV function in 

many populations131, 132. Lower values indicate diminished RV-PV coupling.  
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Figure 2.4: Speckle tracking echocardiography of the right ventricle.  

Speckle tracking echocardiography of the right ventricle (RV) is derived from a focussed 

image of the RV in the 4 chamber view. The software calculates the global RV strain values 

as the average of the peaks from the curve for the entire region of interest. 
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Figure 2.5: Right ventricular pulmonary vascular coupling.  

There are three stages of right ventricular (RV) pulmonary vascular (PV) coupling. RV-PV 

coupling describes the ability of the RV to increase its contractility in tandem with increasing 

RV afterload.  
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2.10 Assessment of Pulmonary Haemodynamics 

 

2.10.1 Pulmonary Artery Acceleration Time  

 

PAAT is the time in milliseconds from the onset of the pulmonary artery wave to its 

maximum velocity as measured on the pulmonary artery velocity time integral (VTI) 

envelope (Figure 2.6). PAAT is derived from the long axis parasternal view of the pulmonary 

artery. The PAAT is inversely correlated to pulmonary vascular resistance and has been 

validated against right heart catheter-derived measurements44. It is therefore a useful, non-

invasive echocardiography derived marker of pulmonary hypertension. Normative ranges 

within the term neonatal population over the early newborn period are available33. Our 

research group defined a PAAT < 40 milliseconds as part of the diagnostic criterion for 

pulmonary hypertension in this study44. 

 

2.10.2 Right Ventricular Ejection Time  

 

RV ejection time (RVET) is the time in milliseconds over which pulmonary artery flow 

occurs. This measurement is also obtained from the long axis parasternal view of the 

pulmonary artery from the pulmonary artery VTI envelope (Figure 2.6).  

 

2.10.3 PAAT:RVET ratio 

 

The PAAT:RVET ratio correlates negatively with pulmonary hypertension and 

provides a semi-quantitative measure of the severity of pulmonary hypertension133. Our 

research group defined a PAAT:RVET ratio < 0.25 as part of the diagnostic criterion for 

pulmonary hypertension in this study134. 
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Figure 2.6: Measurement of pulmonary artery acceleration time and right ventricular 

ejection time.  

The PAAT and right ventricular ejection time (RVET) measurements are captured from the 

long axis parasternal view of the pulmonary artery using pulse wave Doppler to produce the 

velocity time integral (VTI). PAAT is the time from the onset of the pulmonary artery wave to 

its maximum velocity as measured on the pulmonary artery VTI envelope. RVET is the total 

time over which pulmonary artery flow occurs and is also measured via the pulmonary 

artery VTI envelope.  
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2.10.4 Left Ventricular Eccentricity Index 

 

Examination of the interventricular septum wall in systole from the short axis 

parasternal view can provide insight into the presence and degree of pulmonary 

hypertension. Typically, the septal wall curves into the right ventricle (RV) as systemic, left 

ventricular (LV) pressures exceed those of the RV. However, if RV pressures rise to half 

systemic or systemic levels the interventricular septum will become flat. If RV pressures 

exceed systemic pressures the interventricular septum will bow into the LV. Therefore, 

assessment of interventricular septum morphology can provide useful insights into the 

presence and severity of pulmonary hypertension.  

 

LV eccentricity index (LV EI) is a quantitative assessment of the degree of 

interventricular septal flattening in systole from the short axis parasternal view (Figure 2.7). 

The LV EI was defined as the ratio between the septal-posterolateral (D1) and anterior-

inferior (D2) cavity dimensions at the mid-ventricular level of the papillary muscles (D2)135. 

The higher the ratio the higher the degree of interventricular septal flattening and 

associated elevation of RV pressures. Our research group defined an LV EI ratio > 1.8 as part 

of the diagnostic criterion for pulmonary hypertension (PH) in this study. This cut-off to 

define PH was ascertained from the control cohort data as an LV EI of 1.8 was the upper 

value of the mean + 2SD in this group. Therefore, 97.8% of the control cohort were below 

this cut off value of 1.8.  
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Figure 2.7: Measurement of the left ventricular eccentricity index.  

Left ventricular end-systolic eccentricity index (EI) was assessed from the short axis 

parasternal view. EI is defined as the ratio between the septal-posterolateral (D1) and 

anterior-inferior (D2) cavity dimensions at the mid-ventricular level of the papillary muscles 

(D2)135.  
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2.11 Assessment of Patent Ductus Arteriosus Parameters 

 

2.11.1 Patent Ductus Arteriosus Diameter Size in 2D 

 

The patent ductus arteriosus (PDA) was evaluated from the ductal view in the high 

parasternal window (Figure 2.8). The diameter of the PDA was measured using 2D mode at 

the pulmonary artery end in millimetres. 

 

2.11.2 The Direction and Peak Velocity of Flow across the Patent Ductus Arteriosus 

 

If systemic pressures exceed pulmonary pressures the blood flow across the PDA will 

be aortic to pulmonary; left to right flow. If pulmonary pressures exceed systemic pressures 

the blood flow across the PDA will be pulmonary to aortic; right to left flow. The direction of 

blood flow across the PDA was assessed using colour Doppler and continuous wave Doppler 

imaging. Left to right flow (aortic to pulmonary flow) will be red on colour Doppler imaging 

and possess an upward deflection on continuous wave Doppler imaging. Right to left flow 

(pulmonary to aortic) will be blue on colour Doppler imaging an possess a downward 

deflection on continuous wave Doppler imaging.  

 

Bidirectional blood flow across the PDA occurs when pulmonary pressures exceed 

systemic pressures in systole. In this case colour Doppler imaging will be blue in systole and 

red in diastole. The continuous wave Doppler imaging will depict a downward deflection in 

systole and an upward deflection in systole (Figure 2.9).  

 

2.11.3 Pressure Gradient across the Patent Ductus Arteriosus Shunt 

 

The systolic and diastolic velocities of the PDA were measured using pulse wave and 

continuous wave Doppler with the cursor aligned parallel to the ductal flow (Figure 2.8, 

Figure 2.9). 
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Figure 2.8: Measurement of patent ductus arteriosus diameter, colour Doppler flow and 

continuous wave Doppler flow.  

The patent ductus arteriosus (PDA) was assessed from the ductal view in the high 

parasternal window. The diameter was measured in 2D mode at the pulmonary artery end 

(top panel). Colour Doppler imaging permitted evaluation of the direction of ductal flow 

(middle panel). Pulse and continuous wave Doppler imaging was utilised to assess peak 

systolic and diastolic flow velocities (bottom panel). The timing of the cardiac cycle is 

identified via the electrocardiography (ECG) trace.   
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the assessment of a patent ductus arteriosus. Pediatr Res. 2018;84(Suppl 1):46-56 

 

Figure 2.9: Measurement of patent ductus arteriosus colour Doppler flow and continuous 

wave Doppler flow patterns.  

The top panel illustrates blue, right to left flow across the patent ductus arteriosus (PDA) in 

colour Doppler imaging; a marker of suprasystemic pulmonary pressures. The bottom panel 

illustrates the four common flow patterns across the PDA; a) non-restrictive left to right flow 

indicates an open PDA with aortic to pulmonary flow, b) a restrictive left to right flow 

indicates a PDA which is almost closed with aortic to pulmonary flow, c) bidirectional flow 

across the PDA indicates that the pulmonary pressures are suprasystemic in systole with 

pulmonary to aortic flow in systole and d) pure right to left flow indicates that pulmonary 

pressures exceed systemic pressures entirely with pure pulmonary to aortic flow throughout 

the cardiac cycle.   
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2.12 Outcome Measures 

 

Our primary outcome was the assessment of indices of pulmonary hypertension and 

myocardial function using advanced echocardiography techniques over the first two years of 

age in infants born with Down syndrome.  

 

At present there is no specific definition of PH based on echocardiography derived 

markers. However, the PAAT has been validated against right heart catheter derived 

measurements and normative ranges within the term neonatal population over the early 

newborn period are available33. It is accepted that a PAAT < 40 defines abnormally elevated 

pulmonary pressures44. Similarly, normative ranges of right ventricular ejection time (RVET) 

within the Day 1 neonatal population have been published33. A cut-off of PAAT:RVET ratio of 

< 0.25 is now also accepted as an echocardiography derived marker of abnormally high 

pulmonary pressures134. As 97.8% of left ventricular eccentricity index (LV EI) measurements 

within the control cohort were < 1.8 our research group defined an LV EI ratio > 1.8 as part 

of the diagnostic criterion for pulmonary hypertension (PH) in this study. Tricuspid 

regurgitation (TR) was not included in this criterion for several reasons; a TR jet was not 

present in the majority of scans in both the DS and control groups, TR jet measurements 

have poor agreement with right heart catheter measures of PH and TR jets in some 

instances may underestimate RV pressure in the context of RV functional impairment (which 

is the case in the DS cohort).  

 

Therefore, in this study a diagnosis of PH was made if two or more of the PH markers 

defined as follows were present: 

 

• A PAAT < 40ms 

• A PAAT:RVET < 0.25134 

• In the presence of a patent ductus arteriosus (PDA), the demonstration of 

bidirectional flow across the vessel or right to left flow 

• A left ventricular eccentricity index > 1.8  
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In addition, I also assessed any associations present between the development of 

pulmonary hypertension and myocardial impairment and important clinical outcomes 

during the study period as follows:  

 

• Respiratory morbidity  

• clinically evident PH  

• Hospital admissions 

• Admission to a paediatric intensive care unit 

• Necessity for Extracorporeal membrane oxygenation (ECMO) 

• Death within the first two years of age 

 

2.13 Statistical Analysis 

 

The cohort was divided into two groups, infants with DS and control infants or three 

groups, infants with DS and congenital heart disease (CHD) (DS-CHD), infants with DS and no 

CHD (DS-no CHD) and controls. Continuous data was tested for normality using the Shapiro-

Wilk test and a histogram representation of data and summarised as means (standard 

deviation) or medians [inter-quartile range] as appropriate. If the Shapiro-Wilk test 

indicated a skewed distribution but the histogram demonstrated normal distribution I used 

the histogram to assign normality. Categorical data was summarised as counts (%). Two 

group analyses were conducted using the student t-test, the Mann Whitney U test as 

appropriate, or Chi square test as appropriate. Three group analyses was conducted using 

one way ANOVA or the Kruskal-Wallis Test. Serial data was compared using two way ANOVA 

with repeated measures. Correlations were examined using Pearson’s or Spearman’s 

correlation coefficients as appropriate. Regression analysis was conducted to assess the 

independent effect of predictor variables on important outcomes. We used SPSS version 23 

to conduct the analyses. Statistical significance is achieved with a p value < 0.05. 
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Chapter 3 : Clinical Outcomes of Infants with Down Syndrome over 

the First Two Years of Age 

 

3.1 Background 

 

Down syndrome (DS) has a multisystemic phenotype characterised by over 80 

clinical features with significant variability in their frequency and severity3. Babies with DS 

are a vulnerable patient cohort who require increased respiratory support, intensive care 

and longer hospital admissions when compared to the general neonatal and paediatric 

population4-7. A 2018 study by our group identified the most common reason for neonatal 

unit admission of infants with DS as low oxygen saturations, the differential diagnosis for 

which context of DS includes sepsis, congenital heart disease (CHD) and pulmonary 

hypertension (PH)8. Approximately half of neonates born with DS will have some form of 

congenital heart disease (CHD) with atrioventricular septal defect (AVSD), ventricular septal 

defect (VSD), secundum atrial septal defect (ASD) and Tetralogy of Fallot (TOF) the most 

common lesions49. In addition, recent data indicates that between 27% and 34% of 

newborns with DS will have PH, a figure much higher than previous estimates77, 78.  

 

Our hypothesis was that babies with DS will display higher rates of prematurity, 

respiratory and cardiac morbidity, hospital admissions and mortality when compared to 

non-DS control babies. The aim of this chapter was to examine such clinical parameters in 

the DS and control cohorts enrolled in our study over the first two years of age.  
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3.2 Specific Methodology Employed 

 

3.2.1 Study Design and Study Population 

 

This was a prospective observational cohort study performed across the three 

tertiary neonatal intensive care units of Dublin: The Rotunda Hospital, The National 

Maternity Hospital, Holles Street and The Coombe Women & Infants University Hospital. All 

infants with a diagnosis of DS made antenatally or postnatally (later confirmed with 

Karyotying) were eligible for inclusion. The DS cohort consisted of both babies with DS born 

with CHD and structurally normal hearts. In addition, a cohort of healthy term infants 

without a diagnosis of DS were enrolled in The Rotunda Hospital to serve as a control 

population. Significant antenatal, birth and neonatal characteristics and outcome data were 

recorded for both the DS and control cohorts at the local neonatal unit of recruitment. 

Clinical data was recorded as per parental response at each follow up assessments 

performed in The Rotunda Hospital at 6 months, 1 year and 2 years of age for both the DS 

and control populations. Enrolment criteria and data collection techniques are fully detailed 

in the methodology chapter (Chapter 2).  

 

3.2.2 Statistical Analysis 

 

Continuous data was tested for normality using the Shapiro-Wilk test and a 

histogram representation of data and summarised as means (standard deviation) or 

medians [inter-quartile range] as appropriate. Categorical data was summarised as counts 

(%). Two group analyses were conducted using the student t-test, the Mann Whitney U test 

as appropriate, or Chi square test as appropriate. SPSS version 23 was used to conduct the 

analyses. Statistical significance is achieved with a p value < 0.05. 
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3.3 Our Findings 

 

Our original aim was to recruit 120 infants with DS and 60 non-DS control infants 

over a two year period. Many infants born with DS have acute cardiac and gastrointestinal 

diagnoses that necessitate prompt transfer to paediatric intensive care units in Children’s 

Health Ireland at Temple Street or Children’s Health Ireland at Crumlin. Such transfers 

prohibited enrolment into this study as our ethically approved recruitment sites were the 

three tertiary Dublin neonatal units. Furthermore, the goal of the study was to assess 

longitudinal myocardial function and pulmonary haemodynamics I wanted to ensure that I 

had the necessary time to complete 6 month, 12 month and 24 month echocardiograms on 

the majority of infants recruited. With the Covid-19 pandemic striking in early 2020 our 

ability to perform longitudinal echocardiograms on outpatient infants with DS and infants in 

the control cohort was significantly hindered. The current data set reflects our best efforts 

at performing as many longitudinal echocardiograms at 6 months, 12 months and 2 years as 

possible given the circumstances.  

 

Therefore, a total of 130 infants were enrolled during the study period: 70 infants 

with a confirmed diagnosis of DS and 60 infants born without DS (controls). An antenatal 

diagnosis of DS was made for 23 (33%) infants (Table 3.2).  
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3.3.1 Basic Characteristics of the Down Syndrome and Control Populations 

 

Babies born with DS were delivered at an earlier gestational age, 37.7 ± 2.1 vs 39.6 ± 

1.2 weeks (p <0.01), with 20 (29%) of the DS cohort born before 37 weeks gestation. There 

were more infants born male in the DS cohort than the control cohort; 46 (66%) vs 25 (42%) 

(p <0.01). Babies born with DS had a lower birth weight, 3.02 ± 0.68 vs 3.56 ± 0.42 Kg 

(p<0.01), were born to women with a higher maternal age, 37 ± 4 vs 34 ± 4 years (p <0.01) 

and a lower rate of Caesarean Section (CS) delivery, 36 (51%) vs 41 (68%) (p = 0.05) 

compared to the control cohort. The control cohort were enrolled entirely within the 

Rotunda Hospital where the Caesarean section rate is 40%. To capture as many Day 3 

echocardiograms as possible in the control population I decided to enrol more infants 

delivered by Caesarean section in this group. This decision was made as infants delivered by 

vaginal delivery are typically discharged home on day 2 of age precluding a day 3 

echocardiogram (Table 3.1).  
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3.3.2 Pre-Discharge Clinical Outcomes 

 

Forty-eight (69%) of infants with DS were born with structural congenital heart 

disease (CHD). Ventricular septal defect (VSD) was the most common CHD lesion in the DS 

cohort detected in 34 infants followed by atrial septal defect (ASD), atrioventricular septal 

defect (AVSD) and Tetralogy of Fallot in 17, 7 and 1 infants respectively (Table 3.2). 

 

In the DS cohort 3 (4%) infants required inotropes to support haemodynamic 

stability following delivery and 4 (6%) required inhaled nitric oxide (iNO) for treatment of 

pulmonary hypertension (PH). Six (9%) of babies with DS were intubated and placed on 

invasive ventilation for a median of 6 days [4 – 17]. Nine (13%) required continuous positive 

airway pressure (CPAP) following delivery for a median of 3 days [1 – 3]. Twenty-eight 

babies (40%) with DS required supplemental oxygen for a median of 4 days [1 – 8] to 

maintain adequate oxygen saturation measurements. Infants with DS were established on 

full enteral feeds within a median of 2 days [1 – 4]. Hospital admission days pre discharge in 

the DS cohort were a median of 9 days [5 – 18] and 1 (1%) infant died before discharge 

home from their maternity hospital of birth (Table 3.2).  

 

3.3.3 Clinical Outcomes of Infants with DS over the First Two Years of Age 

 

Thirty-one (44%) infants with DS required hospitalisation over the first two years of 

age. Fourteen (20%) were hospital admissions for surgical corrections of CHD and 17 (24%) 

hospitalisations were non-CHD related. Thirteen (18%) of babies with DS requiring surgical 

corrections of CHD were admitted to the paediatric intensive care unit post operatively. The 

non-CHD related hospitalisations were for the following reasons: pneumonia, bronchiolitis, 

obstructive sleep apnoea investigations, vomiting, insertion of percutaneous endoscopic 

gastrostomy (PEG) tube, investigation for suspected seizures and management of infantile 

spasms. Eleven (16%) of the DS cohort required L-thyroxine for hypothyroidism 

management and 10 (14%) required diuretic therapy over the first two years of age. There 

were no deaths in the DS cohort following discharge home from their maternity hospital of 

birth (Table 3.3).  
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3.3.4 Down Syndrome Cohort 

 

Overall, our cohort of babies with DS was a relatively healthy population (Table 3.1). 

Although 48 (69%) of babies with DS in our study were born with CHD and 20 (29%) were 

premature, the mortality rate and number of babies with DS requiring mechanical 

ventilation, inotropic support and iNO administration were low. This particularly healthy 

population of enrolled infants with DS is likely multifactorial. First, infants born with DS and 

time critical cardiac or gastrointestinal disorders were transferred promptly from their 

maternity hospital of birth to an appropriate paediatric intensive care (PICU) or paediatric 

surgical centre and not enrolled in this study. Second, infants were not enrolled if there is a 

high likelihood of death over the first week of age. Third, the consultant physician was 

always contacted prior to approaching parents of babies with DS regarding study enrolment. 

If the consultant physician did not deem it appropriate to approach parents during such a 

sensitive time, particularly for infants with a post-natal diagnosis of DS, the baby was not 

enrolled. Forth, study enrolment took place across the three Dublin tertiary neonatal units 

who care for high numbers of babies born with DS annually and have vast expertise in the 

specific needs of this population. As such our DS cohort reflects an essentially healthy 

population of newborns with DS who did not possess time critical cardiac or gastrointestinal 

issues, received expert care in tertiary neonatal units and had relatively stable post-natal 

courses pre discharge home.  
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Table 3.1: Basic characteristics of the Down syndrome and control populations. 

Values are presented as means (SD), medians [IQR] or absolute count (%). 

 

 Down Syndrome 
n=70 

Controls 
n=60 

p 

Gestation (Weeks) 37.7 ± 2.1 39.6 ± 1.2 <0.01 

Birth before 37 weeks  20 (29%) 0 <0.01 

Birth Weight (Kg) 3.02 ± 0.68 3.56 ± 0.42 <0.01 

Maternal Age (Years) 37 ± 4 34 ± 4 <0.01 

Parity  2 [2 – 3] 2 [1 – 2] 0.02 

Male  46 (66%) 25 (42%) <0.01 

Caesarean Section  36 (51%) 41 (68%) 0.05 
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Table 3.2: Pre-discharge clinical outcomes.  

Values are presented as means (SD), medians [IQR] or absolute count (%).  

 

 Down Syndrome 
n=70 

Antenatal Diagnosis 23 (33%) 

  

Congenital Heart Disease 48 (69%) 

Atrial Septal Defect 17 

Ventricular Septal Defect 34 

Atrioventricular septal defect 7 

Tetralogy of Fallot  1 

  

Inotropes  3 (4%) 

Nitric Oxide  4 (6%) 

Invasive ventilation  6 (9%) 

CPAP 9 (13%) 

Oxygen 28 (40%) 

Ventilation Days  6 [4 – 17] 

CPAP Days  3 [1 – 3] 

Oxygen Days  4 [1 – 8] 

Days to Enteral Feeds 2 [1 – 4] 

Hospital Stay  9 [5 – 18] 

Mortality  1 (1%) 
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Table 3.3: Clinical outcomes over the first two years of age.  

Values are presented as absolute count (%).  

 

 Down Syndrome 
n=70 

Hospital Admissions 31 (44%) 

CHD Surgical Correction  14 (20%) 

Non-CHD Cause 17 (24%) 

  

CHD Post OP ICU admission  13 (18%) 

Hypothyroidism requiring L-thyroxine  11 (16%) 

Diuretic Use 10 (14%) 

Mortality  0 
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Chapter 4 : The Relationship between Diastolic Impairment and 

Pulmonary Hypertension in Infants with Down Syndrome over the 

First Week of Age  

 

4.1 Background 

 

The cardiovascular system of infants with DS is characterised by pulmonary 

hypertension (PH) and biventricular systolic dysfunction over the early neonatal period9. The 

DS population is particularly vulnerable to early PH due to developmental lung disorders 

(reduced alveolarisation, decreased vessel density, persistence of the double-capillary 

network and hypertensive arterial remodelling), a blunted response to nitric oxide and the 

presence of congenital heart disease (CHD)49, 77, 101. Early PH is a leading cause of morbidity 

for neonates with DS and is significantly associated with an increased necessity for invasive 

ventilation, more days of inhaled nitric oxide therapy, longer hospital admission and higher 

mortality before discharge8, 79. 

 

Recent foetal studies report that myocardial function in foetuses with DS is often 

abnormal, independent of CHD. Mula et al demonstrated evidence of foetal diastolic 

dysfunction via increased ductus venosus pulsatility index and increased tricuspid 

regurgitation in 28 foetuses with DS when compared to other anuploidal foetuses and 

control foetuses56. Clur et al documented both systolic and diastolic dysfunction in foetuses 

with DS compared to controls which manifest as reduced tricuspid valve (TV) A-wave 

velocity, reduced mitral valve A-wave velocity, reduced aortic valve peak velocity, reduced 

pulmonary valve peak velocity and reduced stroke volume57.  

 

However, the presence of left ventricular (LV) diastolic impairment and its 

relationship with PH in the neonatal DS population remains unexplored. Our hypothesis was 

that infants with DS exhibit early diastolic impairment that is related to the degree of PH in 

the early newborn period. The aim of this work was to assess myocardial performance and 

pulmonary haemodynamics using advanced echocardiography techniques to interrogate the 
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relationship between diastolic function and indices of PH in infants with DS over the first 

week of age, and to compare these measurements to a control cohort. Advanced 

echocardiography modalities provide a more objective and sensitive evaluation of 

cardiovascular parameters than routine measurements, allow serial assessment over time 

and permit detection of sub-clinical myocardial impairment prior to the presentation of 

overt clinical disease.  

 

4.2 Specific Methodology Employed 

 

4.2.1 Study Design and Study Population 

 

This was a prospective, tri-centre, observational cohort study performed across the 

tertiary neonatal intensive care units of Dublin: The Rotunda Hospital, The National 

Maternity Hospital, Holles Street and The Coombe Women & Infants University Hospital. All 

infants with an antenatal or postnatal (later confirmed with Karyotyping) diagnosis of DS 

were eligible for inclusion. Babies with DS with and without congenital heart disease (CHD) 

were enrolled. A cohort of healthy term infants without a diagnosis of DS were recruited 

from The Rotunda Hospital to serve as a control population. Significant antenatal, birth and 

neonatal characteristics and outcome data were recorded for both the DS and control 

cohorts at the local neonatal unit of recruitment. Enrolment criteria and data collection 

techniques are fully detailed in the methodology chapter (Chapter 2).  

 

4.2.2 Echocardiography Assessment 

 

Echocardiography scans were performed at three time points over the first week of 

age for both the DS and control cohorts: Day 1 (Echo 1), Day 2 (Echo 2) and Day 3-5 (Echo 3). 

The first echocardiogram of each infant included formal evaluation for any CHD. 

Echocardiography imaging assessed myocardial structure and function, pulmonary 

haemodynamics and patent ductus arteriosus (PDA) shunt characteristics. Novel 

echocardiography techniques were employed to measure myocardial performance. Novel 

echocardiography techniques included tissue Doppler imaging (TDI) and deformation 
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analysis via 2D STE. A detailed explanation of all advanced techniques utilised in this study is 

available within Chapter 2.  

 

4.2.3 Statistical Analysis 

 

Continuous data was tested for normality using the Shapiro-Wilk test and a 

histogram representation of data and summarised as means (standard deviation) or 

medians [inter-quartile range] as appropriate. If the Shapiro-Wilk test indicated a skewed 

distribution but the histogram demonstrated normal distribution I used the histogram to 

assign normality. Categorical data was summarised as counts (%). Two group analyses were 

conducted using the student t-test, the Mann Whitney U test as appropriate, or Chi square 

test as appropriate. SPSS version 23 was used to conduct the analyses. Statistical 

significance is achieved with a p value < 0.05. Correlations were examined using Pearson’s 

or Spearman’s correlation coefficients as appropriate. We used SPSS version 23 to conduct 

the analyses. Statistical significance was achieved with a p value < 0.05. 
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4.3 Our Findings 

 

Seventy infants with DS and 60 control infants were enrolled into this study. Three 

echocardiograms were performed in both the DS and control cohorts over the first week of 

age. Utilising novel echocardiography techniques significant differences in left ventricular 

(LV) and right ventricular (RV) morphology, indices of pulmonary hypertension and 

biventricular performance were detected between the DS and control cohorts.  

 

4.3.1 Timing and Number of Echocardiograms in the Down Syndrome and Control Cohorts 

over the First Week of Age  

 

 For the DS cohort 58 Day 1, 66 Day 2, and 65 Day 3-5 echocardiograms were 

performed. For the control cohort 60 Day 1, 58 Day 2 and 52 Day 3-5 echocardiograms were 

performed (Table 4.1). 

 

4.3.2 Anthropometric Measurements over the First Week of Age  

 

Day 1 echocardiography assessment revealed that infants with DS had significantly 

smaller left and right ventricular dimensions compared to control infants. Babies with DS 

had smaller mitral valve annuli (mm), 7.4 ± 1.1 vs 9.7 ± 1.1 (p < 0.01), smaller internal left 

ventricular (LV) diastolic diameters (mm), 14 ± 2 vs 17 ± 2 (p < 0.01) and shorter LV lengths 

(mm) 27 ± 4 vs 31 ± 2 (p < 0.01) and compared to control infants. The right ventricle (RV) of 

infants with DS was similarly affected. The DS cohort displayed smaller tricuspid valve 

diameters (mm), 9.8 ± 1.8 vs 10.7 ± 1.2 (p < 0.01), smaller RV mid cavity diameters (mm), 14 

± 2 vs 13 ± 1 (p < 0.01) and shorter RV lengths (mm), 28 ± 3 vs 31 ± 2 (p < 0.01). There were 

no differences detected between the DS and control cohorts in aortic root diameter of 

pulmonary artery root diameter measurements (Table 4.2). 
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4.3.3 Patent Ductus Arteriosus Characteristics over the First Week of Age  

 

Patent ductus arteriosus (PDA) characteristics were evaluated on Day 1 and Day 3 of 

age in both cohorts. On Day 1 echocardiography assessment more infants with DS had a 

PDA compared to controls, 52 (74%) vs 30 (50%) (p < 0.01), and the vast majority of PDAs in 

the DS population were bidirectional, 47/52 (90%) vs 10/30 (33%) (p < 0.01). Importantly, 

these findings persisted on Day 3-5 evaluation. At Day 3-5 assessment 38 (54%) of infants 

with DS still had a PDA compared to 5 (8%) of the control group (p < 0.01) and notably 14 

(37%) of the PDAs in the DS cohort were still bidirectional compared to 0 (0%) of the PDAs in 

the control cohort. Therefore, PDA characteristics reveal continued elevation of pulmonary 

vascular resistance in the DS group that persists at discharge (Table 4.3).  

 

4.3.4 Pulmonary Vascular Resistance Measurements over the First Week of Age  

 

On Day 1 evaluation babies with DS had significantly shorter PAAT (ms) indicating 

higher degrees of PVR compared to control babies; 43 ± 10 vs 62 ± 14 (p < 0.01) (Table 4.4). 

In keeping with the PAAT findings, PAAT:RVET ratios were lower in the DS group compared 

to the control group at 0.21 ± 0.04 vs 0.29 ± 0.06 (p < 0.01) (Table 4.4).Infants with DS had 

higher LV eccentricity measurements of 1.8 ± 0.3 vs 1.4 ± 0.2 (p < 0.01) compared to the 

control population indicating flatter interventricular septum configurations on day 1 

echocardiography assessment (Table 4.4). Notably each of the aforementioned 

echocardiography surrogates of PH, namely the PAAT, PAAT:RVET ratio and LV eccentricity 

index, remained persistently and significantly abnormal in the DS group over the first week 

of age (Figure 4.1).  
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4.3.5 Infants in Down Syndrome and Control Cohorts Meeting Diagnostic Criteria for 

Pulmonary Hypertension on Day 1 and Day 3 Echocardiography Evaluation. 

 

As explained in Chapter 2 there is no specifically delineated criterion currently 

available to diagnose pulmonary hypertension (PH) based on echocardiography derived 

markers. However, it is accepted that a PAAT < 40ms and a PAAT:RVET ratio of < 0.25 are 

markers of abnormally high pulmonary pressures 44, 134. Within our own dataset, as 97.8% of 

left ventricular eccentricity index (LV EI) measurements in the control population were < 1.8 

I defined an LV EI ratio > 1.8 as part of the diagnostic criterion for pulmonary hypertension 

(PH) in this study. Therefore, in this study a diagnosis of PH was made if two or more of the 

PH markers defined as follows were present with each marker possessing equal weight: 

 

• A PAAT < 40ms 

• A PAAT:RVET < 0.25 

• In the presence of a patent ductus arteriosus (PDA), the demonstration of 

bidirectional flow across the vessel or right to left flow 

• A left ventricular eccentricity index > 1.8 

 

This definition of PH was applied to the DS and control cohorts echocardiography 

measurements of pulmonary vascular resistance on Day 1 and Day 3 of age. On Day 1 of age 

84% of babies with DS met this criterion for PH compared to 15% of controls. By Day 3 28% 

of babies with DS still met this criterion for PH compared with 0% of the controls. (Table 

4.5). 
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4.3.6 Tissue Doppler Imaging Event Timings over the First Week of Age  

 

 There was no difference in Day 1 heart rate or diastolic time measurements between 

the DS and control groups. However, babies with DS had longer systolic times (ms) and 

systolic: diastolic ratios (S:D) than control babies; 201 ± 22 vs 188 ± 20 (p < 0.01) and 1.2 ± 

0.3 vs 1.0 ± 0.2 (p < 0.01) respectively. There were no differences detected in isovolumic 

relaxation time or isovolumic contraction time between the DS and control populations 

(Table 4.6). 

 

4.3.7 Tissue Doppler Imaging Measurements over the First Week of Age  

 

At the LV lateral wall TDI s’, e’ and ea’ measurements were lower in the DS cohort 

compared to the control cohort; 4.2 ± 1.0 vs 4.8 ± 1.1, 5.4 ± 1.8 vs 6.3 ± 1.6 and 1.0 ± 0.4 vs 

1.2 ± 0.3, all p < 0.01. In addition, the Ee’ ratio was higher in babies with DS at 14 ± 5 vs 10 ± 

3 (p < 0.01) indicating elevated left atrial pressures. There was no difference detected in LV 

late diastolic TDI velocities (a’) between the groups (Table 4.7). 

 

The interventricular septum displayed decreased s’, 3.0 ± 0.8 vs 3.5 ± 0.7 (p <0.01) 

and e’, 3.9 ± 1.4 vs 4.4 ± 1.3 (p = 0.04), velocities in the DS group on Day 1 evaluation. 

However, there were no differences identified between the groups on septal late diastolic 

TDI velocities (a’) or septal ea’ ratio. The isovolumic contraction velocity was lower in the DS 

group compared to the control group, 3.0 ± 1.4 vs 3.6 ± 1.4 (p < 0.01), however there were 

no differences identified in isovolumic relaxion velocity (Table 4.7). 

 

Regarding Day 1 RV function at the RV free wall, TDI assessment found no 

differences in s’ or e’ velocities between the groups. However, RV a’ velocities were 

significantly higher in the DS group on Day 1 assessment than controls, 10.4 ± 3.6 vs 8.8 ± 

2.1 (p < 0.01), and the RV ea’ ratio was significantly lower in the DS group than controls, 0.9 

± 0.2 vs 1.0 ± 0.2 (p < 0.01), on Day 1 evaluation (Table 4.7). 

 

TDI measurements were further evaluated over the first week of age on Day 2 and 

Day 3-5 echocardiography scans. LV TDI s’ velocities remained impaired on Day 2 but had 
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normalised by Day 3 assessment. Equally, LV e’ and LV ea’ ratio measurements were 

comparable to control values beyond Day 1 (Figure 4.2). Septal s’ and e’ velocities in the DS 

cohort normalised by Day 2 and Day 3 imaging respectively. (Figure 4.3). Regarding RV TDI 

assessment RV systolic velocity (s’) was only significantly different in the DS cohort from 

controls on Day 2 assessment. Day 2 and Day 3 echocardiography evaluation demonstrated 

higher RV e’ and a’ diastolic velocities in the DS cohort compared to controls. The RV ea’ 

ratio was significantly reduced in the DS group on Day 3 of age (Figure 4.4).  

 

4.3.8 Deformation Measurements over the First Week of Age  

 

 Day 1 deformation analysis in the DS population revealed biventricular systolic and 

LV diastolic impairment. LV and RV longitudinal strain was lower in the DS group compared 

to controls with measurements 19.0 ± 2.8 vs 21.8 ± 1.9 and 18.8 ± 3.9 vs 21.7 ± 3.5 (both p < 

0.01) respectively. Longitudinal systolic strain rate, a surrogate of myocardial contractility, 

was also impaired on both LV and RV assessment in the DS cohort compared to controls; 1.6 

± 0.3 vs 1.9 ± 0.2 and 1.4 ± 0.3 vs 1.8 ± 0.4 (both p < 0.01). Both LV early and LV late diastolic 

function was reduced in the DS group when compared to controls, with low early and late 

diastolic strain rate values of 2.5 ± 0.6 vs 3.4 ± 0.7 (p < 0.01) and 1.5 ± 0.4 vs 1.7 ± 0.5 (p = 

0.02). In addition, the LV early to late diastolic strain rate ratio further highlighted impaired 

diastolic performance in infants with DS; 1.8 ± 0.7 vs 2.1 ± 0.6 (p = 0.02). Deformation 

analysis of the RV revealed impaired early diastolic strain rate measurements compared to 

the control population of 2.0 ± 0.8 vs 2.5 ± 0.8 (p < 0.01) with no difference in late diastolic 

strain rate or RV early to late diastolic strain rate ratio measurements between the groups 

(Table 4.8). 

 

 Day 2 and Day 3-5 echocardiography imaging examined the evolution of deformation 

measurements over time. LV global longitudinal strain, LV longitudinal systolic strain rate, 

and both LV early and late diastolic strain rate measurements remained significantly 

impaired on Day 3-5 evaluation in the DS group (Figure 4.5). Similarly, RV deformation 

analysis revealed continuing diminished RV free wall longitudinal strain, RV longitudinal 

systolic strain rate and RV early diastolic strain rate measurements on Echo 3 assessment of 

the DS cohort (Figure 4.6).  
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Focusing specifically on diastolic function, there is persistent biventricular early 

diastolic impairment in the DS cohort as exhibited by significantly lower LV and RV early 

diastolic strain rates over the first week of age compared to controls (Figure 4.5, Figure 4.6).  

 

4.3.9 The Relationship between Left Ventricular Diastolic Impairment and Pulmonary 

Hypertension in Infants with Down Syndrome over the First Week of Age 

 

 Upon evaluation of the relationship between LV diastolic impairment and pulmonary 

hypertension a direct correlation was visualised across several echocardiography derived 

markers.  

 

There was a significant positive correlation between LV early diastolic strain rate and 

PAAT measurements and the PAAT:RVET ratio, r = 0.46 (p < 0.01) and r= 0.41 (p < 0.01) 

respectively. This data demonstrates that with worse diastolic function there is a direct 

correlation with worse indices of PH in the DS population. Importantly, there was also a 

significant negative correlation between Ee’ ratio and PAAT measurements and the 

PAAT:RVET ratio, r = -0.37 (p < 0.01) and r = -0.32 (p < 0.01). (Figure 4.7).  

 

4.3.10 The Relationship between Pulmonary Hypertension and Right Ventricular Systolic 

Function in Infants with Down Syndrome over the First Week of Age 

 

 Following assessment of the relationship between PH and RV systolic function a 

direct correlation was visualised across several echocardiography derived markers. There 

was a significant positive correlation between PAAT measurements and RV free wall strain 

and RV systolic strain rate, r = 0.34 (p < 0.01) and r = 0.32 (p< 0.01). In addition, there was a 

significant negative correlation with LV eccentricity index and RV free wall strain and RV 

systolic strain rate, r = -0.33 (p < 0.01) and r = -0.43 (p < 0.01). (Figure 4.8).  
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4.3.11 The Relationship between Left Ventricular Diastolic Impairment and Right Ventricular 

– Pulmonary Vascular Coupling in Infants with Down Syndrome over the First Week of Age 

 

RV-PV coupling describes the ability of the RV to increase its contractility in tandem 

with increasing RV afterload. The RV can adapt to increasing degrees of RV afterload by 

increasing RV contractility via RV hypertrophy. However, in the face of unrelenting increases 

in RV afterload the challenge of maintaining normal RV performance becomes 

insurmountable. Ultimately the RV uncouples from its afterload with an associated decrease 

in RV efficiency. A significant positive correlation between LV early diastolic strain rate and 

RV-PV coupling, r = 0.55 (p < 0.01) was identified. (Figure 4.9).  

 

4.3.12 Day 3 Clinical characteristics, pulmonary vascular resistance measurements and 

myocardial functional measurements within the control cohort of infants born via Caesarean 

section and vaginal delivery 

 

Day 3 clinical and echocardiographic characteristics were evaluated within the 

control cohort to assess the potential impact of Caesarean section delivery versus vaginal 

delivery. Infants in the control group delivered via Caesarean section were born at an earlier 

gestational age, 39.3 ± 1.1 vs 40.2 ± 1.0 (p < 0.01), and with a higher maternal age, 35 ±4 vs 

32 ± 4 (p = 0.05), than those delivered via vaginal delivery. There were no other detectable 

differences between the Caesarean section and vaginal delivery groups with regards to PVR 

measurements of PAAT, PAATi or LV EI, RV or LV length or LV global longitudinal strain or RV 

free wall longitudinal strain values on Day 3 assessment. As such mode of delivery did not 

have a significant impact on PVR, LV or RV functional parameters in this control cohort 

(Table 4.9).  
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Table 4.1: Timing and number of echocardiograms in the Down Syndrome and control 

cohorts over the first week of age.  

Values are presented as medians [IQR] and absolute counts. 

 

 Echo 1 Echo 2 Echo 3 

Down Syndrome  Hours Hours Hours 

Time  19 [9 – 24] 46 [39 – 52] 95 [71 – 122] 

Number of Scans 58 66 65 

    

Controls     

Time 22 [17 – 25] 44 [38 – 47] 70 [67 – 81] 

Number of Scans 60 58 52 
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Table 4.2: Day 1 Anthropometric measurements.  

Values are presented as means (SD). A p value < 0.05 was considered significant. 

 

 Down Syndrome 
n=70 

Controls 
n=60 

p 

Left Ventricle     

Mitral Valve Annulus (mm) 7.4 ± 1.1 9.7 ± 1.1 <0.01 

Length(mm) 27 ± 4 31 ± 2 <0.01 

Internal Diastolic Diameter (mm) 14 ± 2 17 ± 2 <0.01 

Posterior Wall Thickness (mm) 3.4 ± 0.8 3.5 ± 1.0 0.71 

Septal Wall Thickness (mm) 3.7 ± 0.8 3.6 ± 0.8 0.45 

Aortic Root Diameter (mm) 6.4 ± 0.5 6.5 ± 0.4 0.51 

    

Right Ventricle     

Tricuspid Valve Diameter (mm) 9.8 ± 1.8 10.7 ± 1.2 <0.01 

Length (mm) 28 ± 3 31 ± 2 <0.01 

Basal Diameter (mm) 16 ± 3 16 ± 1 0.06 

Mid Cavity Diameter (mm) 14 ± 2 13 ± 1 <0.01 

Pulmonary Artery Root diameter (mm) 8.6 ± 1.4 8.8 ± 0.9 0.29 
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Table 4.3: Patent ductus arteriosus characteristics.  

Values are presented as means (SD), medians [IQR] and absolute counts (%). A p value < 

0.05 was considered significant. 

 

 Down Syndrome 
n=70 

Controls 
n=60 

p 

Day 1    

PDA Present  52 (74%) 30 (50%) <0.01 

PDA Diameter (mm) 3.3 [2.7 – 4.2] 1.8 [1.5 – 2.4] <0.01 

Systolic Velocity (m/s)  -1.1 [-1.4 – -0.8] 1.4 [-0.9 – 2.2] <0.01 

Diastolic Velocity (m/s)  0.9 [0.6 – 1.3] 1.2 [0.9 – 1.6] 0.05 

Bidirectional Shunting  47/52 (90%) 10/30 (33%) <0.01 

    

Day 3-5    

PDA Present  38 (54%) 5 (8%) <0.01 

PDA Diameter (mm) 2.1 [1.8 – 3.1] 1.7 [1.2 – 1.8] 0.03 

Systolic Velocity (m/s)  -0.9 [-1.4 – 0.7] 1.8 [1.5 – 2.2] 0.03 

Diastolic Velocity (m/s)  1.3 [0.7 – 1.7] 0.8 [0.8 – 0.9] 0.26 

Bidirectional Shunting  14/38 (37%) 0/5 (0%) 0.16 
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Table 4.4: Day 1 Pulmonary vascular resistance measurements.  

Values are presented as means (SD). A p value < 0.05 was considered significant. 

 

 Down Syndrome 
n=70 

Controls 
n=60 

p 

PAAT (ms) 43 ± 10 62 ± 14 <0.01 

RVET (ms) 206 ± 25 210 ± 22 0.30 

PAAT:RVET 0.21 ± 0.04 0.29 ± 0.06 <0.01 

LV Eccentricity index 1.8 ± 0.3 1.4 ± 0.2 <0.01 
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Table 4.5: Infants in DS and control cohorts meeting criteria for diagnosis of PH on Day 1 

and Day 3 echocardiography evaluation.  

Values are presented as absolute counts (%). A p value < 0.05 was considered significant. 

 

 Down Syndrome 
n=70 

Controls 
n=60 

p 

Day 1    

PAAT < 40 ms  24/58 (41%) 4/60 (7%) <0.01 

PAAT:RVET ≤ 0.25 52/58 (90%) 17/60 (28%) <0.01 

Bidirectional PDA Shunt  47/52 (90%) 10/30 (33%) <0.01 

LV EI ≥ 1.8  25/58 (43%) 3/60 (5%) <0.01 

Two or more PH Markers 49/58 (84%) 9/60 (15%) <0.01 

    

Day 3-5    

PAAT < 40 ms  5/65 (8%) 0/51 (0%) 0.04 

PAAT:RVET ≤ 0.25 27/65 (42%) 4/51 (8%) <0.01 

Bidirectional PDA Shunt  14/38 (37%) 0/5 (0%) 0.10 

LV EI ≥ 1.8  17/65 (26%) 1/52 (2%) <0.01 

Two or more PH Markers 18/65 (28%) 0 <0.01 
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Table 4.6: Day 1 Tissue Doppler imaging cardiac cycle event timings.  

Values are presented as means (SD). A p value < 0.05 was considered significant. 

 

 Down Syndrome 
n=70 

Controls 
n=60 

p 

Heart Rate (bpm) 126 ± 17 127 ± 14 0.58 

Systolic Time (ms) 201 ± 22 188 ± 20 <0.01 

Diastolic Time (ms) 176 ± 44 189 ± 44 0.12 

S:D ratio 1.2 ± 0.3 1.0 ± 0.2 <0.01 

Isovolumic Relaxation Time (ms) 62 ± 32 52 ± 16 0.04 

Isovolumic Contraction Time (ms) 57 ± 19 54 ± 12 0.23 
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Table 4.7: Day 1 tissue Doppler imaging measurements.  

Values are presented as means (SD). A p value < 0.05 was considered significant. 

 

 Down Syndrome 
n=70 

Controls 
n=60 

p 

LV Lateral Wall (centimetres/second)    

s` 4.2 ± 1.0 4.8 ± 1.1 <0.01 

e` 5.4 ± 1.8 6.3 ± 1.6 <0.01 

a` 5.3 ± 1.8 5.5 ± 1.7 0.60 

ea` 1.0 ± 0.4 1.2 ± 0.3 <0.01 

Ee` 14 ± 5 10 ± 3 <0.01 

    

Septum (centimetres/second)    

s` 3.0 ± 0.8 3.5 ± 0.7 <0.01 

e` 3.9 ± 1.4 4.4 ± 1.3 0.04 

a` 4.8 ± 1.8 4.7 ± 1.0 0.89 

ea` 0.9 ± 0.3 1.0 ± 0.3 0.11 

    

    

    

RV Free Wall (centimetres/second)    

s` 6.1 ± 1.4 6.3 ± 1.4 0.44 

e` 8.1 ± 2.0 8.4 ± 1.7 0.40 

a` 10.4 ± 3.6 8.8 ± 2.1 <0.01 

ea` 0.9 ± 0.2 1.0 ± 0.2 <0.01 
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Table 4.8: Day 1 Deformation measurements.  

Values are presented as means (SD). A p value < 0.05 was considered significant. 

 

 Down Syndrome 
n=70 

Controls 
n=60 

p 

LV Global Longitudinal Deformation 
Measurements  

   

Systolic Strain (%) 19.0 ± 2.8 21.8 ± 1.9 <0.01 

Systolic Strain Rate (1/s) 1.6 ± 0.3 1.9 ± 0.2 <0.01 

Early Diastolic Strain Rate (1/s) 2.5 ± 0.6 3.4 ± 0.7 <0.01 

Late Diastolic Strain Rate (1/s) 1.5 ± 0.4 1.7 ± 0.5 0.02 

Early to Late Diastolic Strain Rate Ratio 1.8 ± 0.7 2.1 ± 0.6 0.02 

    

RV Free Wall Longitudinal Deformation 
Measurements  

   

Systolic Strain (%) 18.8 ± 3.9 21.7 ± 3.5 <0.01 

Systolic Strain Rate (1/s) 1.4 ± 0.3 1.8 ± 0.4 <0.01 

Early Diastolic Strain Rate (1/s) 2.3 ± 1.1 2.5 ± 0.8 <0.01 

Late Diastolic Strain Rate (1/s) 2.0 ± 0.82 2.1 ± 0.8 0.28 

Early to Late Diastolic Strain Rate Ratio 1.5 ± 1.6 1.7 ± 1.5 0.59 
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Figure 4.1: Measurement of echocardiography surrogates of pulmonary hypertension over 

the first week of age.  

Values are presented as mean and standard error.  
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Figure 4.2 Measurement of left ventricular function by left ventricular tissue Doppler 

velocities over the first week of age.  

Values are presented as mean and standard error.  
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Figure 4.3: Measurement of septal function by septal tissue Doppler velocities over the 

first week of age.  

Values are presented as mean and standard error.  
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Figure 4.4: Measurement of right ventricular function by right ventricular tissue Doppler 

velocities over the first week of age.  

Values are presented as mean and standard error.  
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Figure 4.5: Measurement of left ventricular function by deformation analysis over the first 

week of age.  

Values are presented as mean and standard error.  
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Figure 4.6: Measurement of right ventricular function by deformation analysis over the 

first week of age.  

Values are presented as mean and standard error.  
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Figure 4.7: Correlation between left ventricular diastolic impairment and pulmonary 

hypertension in infants with Down Syndrome over the first week of age.  
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Figure 4.8: Correlation between pulmonary hypertension and right ventricular systolic 

impairment in infants with Down Syndrome over the first week of age.  
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Figure 4.9: Correlation between left ventricular diastolic impairment and right ventricular 
– pulmonary vascular (RV-PV) coupling in infants with Down Syndrome over the first week 
of age.  
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Table 4.9: Day 3 Clinical characteristics, pulmonary vascular resistance measurements and 

myocardial functional measurements within the control cohort of infants born via 

Caesarean section and vaginal delivery.  

Values are presented as means (SD). A p value < 0.05 was considered significant. 

 

 

  

 
Caesarean Section 

(n=41)  

Vaginal Delivery 

(n=19) 

p 

Gestation (weeks) 39.3 ± 1.1 40.2 ± 1.0 <0.01 

Birthweight (Kg) 3.52 ± 0.40 3.63 ± 0.46 0.32 

Maternal age (Years) 35 ±4  32 ± 4 0.05 

PAAT (ms) 68 ± 13 66 ± 11 0.61 

PAATi (ms) 0.34 ± 0.05 0.33 ± 0.04 0.71 

LV Eccentricity Index 1.3 ± 0.2 1.4 ± 0.3 0.36 

LV Length (mm) 31 ± 2 31 ± 2 0.59 

LV GLS (%) 21 ± 2 21 ± 2 0.98 

RV Length (mm) 30 ± 2 31 ± 2 0.52 

RV FW LS (%) 21 ± 2  22 ± 3 0.15 
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Chapter 5 : Longitudinal Assessment of Cardiac Function and 

Pulmonary Haemodynamics in Infants with Down Syndrome using 

Novel Echocardiography Techniques over the First Two Years of Age 

 

5.1 Background 

 

As explored in chapter 1, infants with Down syndrome (DS) are at an increased risk 

for both early and late pulmonary hypertension (PH)136. Biventricular myocardial 

dysfunction has also been documented from the foetal stage to adulthood in individuals 

with DS, irrespective of the presence of CHD9-11, 56, 57. With growing appreciation in the 

paediatric and neonatal communities of the high prevalence of PH in the DS population the 

relationship between PH and myocardial function warranted further elucidation.  

 

There is a dearth of longitudinal data describing the evolution of myocardial 

performance and pulmonary haemodynamics in infants with DS, both with and without 

CHD, over the first two years of age. The interplay between myocardial performance and 

development of PH over time was unclear and I queried if impaired myocardial function 

could be an unexplored contributing factor to the development of PH with age in the DS 

cohort.  

 

To thoroughly assess these phenomena, I utilised advanced echocardiography 

techniques including tissue Doppler imaging (TDI) and STE, full explanations for which are 

detailed in Chapter 2. Such novel modalities are superior to conventional echocardiography 

techniques as they provide a more objective and sensitive appraisal of myocardial 

performance.  

 

My hypothesis was that babies with DS, independent of the presence of CHD, will 

demonstrate biventricular myocardial systolic and diastolic impairment and sustained 

elevation of pulmonary pressures over the first two years of age. I sought to expand on the 

previous work by our group with a particular focus on the assessment of diastolic function in 
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the DS group and to evaluate if the discrepancies between the DS and control cohorts 

regarding RV performance, markers of PH and anthropometric measurements persisted or 

dissipated over time in a larger study cohort. The aim of this prospective, tri-centre, 

observational cohort study was to serially assess left ventricular (LV) and right ventricular 

(RV) anthropometry, biventricular performance, and measurements of pulmonary 

haemodynamics in babies with DS with and without CHD using advanced echocardiography 

techniques over the first two years of age and to compare those measurements to a cohort 

of non-DS healthy controls.  
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5.2 Specific Methodology Employed 

 

5.2.1 Study Design and Study Population 

 

This was a prospective, observational cohort study performed across the three 

tertiary neonatal intensive care units of Dublin: The Rotunda Hospital, The National 

Maternity Hospital, Holles Street and The Coombe Women & Infants University Hospital. All 

babies with a diagnosis of DS made antenatally or postnatally (later confirmed with 

Karyotyping) were eligible for inclusion. Babies with DS with and without congenital heart 

disease (CHD) were enrolled. A cohort of healthy term infants without a diagnosis of DS 

were recruited from The Rotunda Hospital to act as a control population. Pertinent 

antenatal, birth and neonatal characteristics and outcome data were documented for both 

the DS and control cohorts at the local neonatal unit of recruitment. Clinical data was 

recorded as per parental response at each follow up assessments performed in The Rotunda 

Hospital at 6 months, 1 year and 2 years of age for both the DS and control populations. 

Enrolment criteria and data collection techniques are fully detailed in the methodology 

chapter (Chapter 2).  

 

5.2.2 Echocardiography Assessment 

 

Echocardiography scans were performed at six time points over the first two years of 

age for both the DS and control cohorts. Three echocardiograms were carried out over the 

first week of age: Day 1 (Echo 1), Day 2 (Echo 2) and Day 3-5 (Echo 3) and at three further 

time points over the first two years of age: 6 months (Echo 4); 12 months (Echo 5); and 2 

years (Echo 6). The first echocardiogram of each infant included formal evaluation for any 

congenital heart disease. Echocardiography assessed myocardial structure and function and 

pulmonary haemodynamics. Novel echocardiography techniques were utilised to evaluate 

myocardial performance. Novel echocardiography techniques included tissue Doppler 

imaging (TDI) and deformation analysis via 2D STE. A detailed explanation of all advanced 

techniques utilised in this study is available within Chapter 2.   
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5.2.3 Statistical Analysis 

 

The cohort was be divided into three groups: infants with DS and congenital heart 

disease (CHD) (DS-CHD), infants with DS and no CHD (DS-no CHD) and controls. Continuous 

data was tested for normality using the Shapiro-Wilk test and a histogram representation of 

data and summarised as means (standard deviation) or medians [inter-quartile range] as 

appropriate. Categorical data was summarised as counts (%). Three group analyses was 

conducted using one way ANOVA or the Kruskal-Wallis Test. Serial data was compared using 

two way ANOVA with repeated measures. We used SPSS version 23 to conduct the analyses. 

Statistical significance is achieved with a p value < 0.05. 
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5.3 Our Findings  

 

Seventy infants with DS and 60 control infants were enrolled into this prospective, 

tri-centre cohort study. Echocardiography was performed over the first week of age and at 6 

months, 12 months and 2 years of age. Advanced echocardiography modalities were 

employed to evaluate anthropometric measurements, biventricular systolic and diastolic 

performance and pulmonary haemodynamics between the DS and control cohorts.  

 

5.3.1 Timing and Number of Echocardiograms in the Down Syndrome and Control Cohorts 

over the First Two Years of Age  

 

 A total of 626 echocardiograms were performed between the DS and control cohorts 

over the study period. For the DS cohort 58 Day 1, 66 Day 2, and 65 Day 3-5, 41 6-month, 52 

12-month and 40 24-month echocardiograms were performed. For the control cohort 60 

Day 1, 58 Day 2 and 52 Day 3-5, 50 6 month, 45 12 months and 39 24 month 

echocardiograms were performed (Table 5.1). There was a degree of loss to follow up for 

the longitudinal echocardiograms. However, there were no statistically significant 

differences in important clinical parameters between those infants with missing versus 

complete data in the DS cohort at 2 years of age (Table 5.2). 

 

 

5.3.2 Anthropometric Measurements over the First Two Years of Age  

 

 There were significant differences in birth weight between the three cohorts: namely 

the control, the DS-CHD and the DS-no CHD cohort. Although weight measurements in both 

DS cohorts had normalised by 6 months of age there were significant differences between 

the control and DS-CHD cohort at both 12 and 24 months of age and between the control-

and no CHD cohort at 24 months of age. There was no difference in weight detected at any 

time point between the DS-CHD and DS-no CHD groups (Figure 5.1).  
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 Mitral valve annuli measurements were smaller in diameter on Day 1 of age between 

the control and DS-CHD and the control and DS-no CHD infants, a finding which is consistent 

with previous work by our group2. These differences were also evident at the 6 and 24 

month time points. There were no differences in mitral valve annuli diameter 

measurements between the DS-CHD and DS-no CHD babies at any stage (Figure 5.2).  

 Babies with DS, both those with and without CHD, had significantly shorter LV 

lengths throughout the entire study period. There was no difference in LV length between 

the DS-CHD and DS-no CHD groups at any timepoint indicating that structural heart disease 

does not appear to impact LV length (Figure 5.3).  

 

Infants with DS and structurally normal hearts had smaller tricuspid valve annulus 

diameters on Day 1 of age compared to controls, however their measurements normalised 

over time. No differences in tricuspid valve annuli values between the groups at any other 

time point were identified (Figure 5.4).  

 

Similar to LV length measurements, infants with DS, both those with and without 

CHD, had significantly shorter RV lengths consistently throughout the first two years of age. 

The DS -no CHD cohort had shorter RV length measurements than the DS-CHD cohort on 

Day 1 of age, however this difference had dissipated by the 6 month echocardiogram 

(Figure 5.5).  

 

5.3.3 Pulmonary Vascular Resistance Measurements over the First Two Years of Age 

 

Pulmonary vascular resistance (PVR) remained abnormally elevated throughout the 

first two years of age in infants with DS regardless of the presence of structural heart 

disease. The PAAT, an echocardiography marker inversely related to PVR, remained 

significantly lower in both the DS-CHD and the DS-no CHD groups compared to controls 

from birth to 2 years of age (Figure 5.6). The PAAT to right ventricular ejection time ratio 

(PAAT:RVET), a surrogate for PH, also remained persistently low in babies with DS, both with 

and without CHD, compared to controls at each echocardiography assessment (Figure 5.7). 

Similarly, the significantly increased LV eccentricity index measurements in both the DS-CHD 

and DS-no CHD cohorts compared to controls from birth to two years of age document 
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persistent elevation of right ventricular pressures (Figure 5.8). There was no difference 

detected between the DS-CHD and DS-no CHD groups across any of the three 

echocardiography derived surrogates of PH; PAAT, PAAT:RVET or LV eccentricity index at 

any timepoint throughout the study (Figure 5.6, Figure 5.7, Figure 5.8).  

 

5.3.4 Tissue Doppler Imaging Event Timings over the First Two Years of Age 

 

There was no difference in heart rate detected between the groups at any point in 

the study period (Figure 5.9). On Day 1 assessment the systolic: diastolic time ratio was 

significantly elevated in both DS-CHD and DS-no CHD groups compared to controls however 

this normalised on follow up assessment at 6 month, 1 year and 2 years. There was no 

difference in systolic: diastolic time ratio between the DS-CHD and DS-no CHD groups at any 

time point (Figure 5.10). The isovolumic relaxation time was significantly prolonged in 

babies with DS, both with and without CHD, on Day 1 of age compared to controls but these 

differences were not observed on longitudinal assessment (Figure 5.11). 

 

5.3.5 Tissue Doppler Imaging Measurements over the First Two Years of Age 

 

TDI assessment demonstrated significantly reduced LV peak systolic velocities (s’) in 

the DS-CHD group on Day 1 of age, 6 months, 12 months and 24 months of age compared to 

the control group. Regarding the DS-no CHD cohort; their LV s’ velocities were also 

significantly reduced compared to controls at the 6 and 12 month assessments. There was 

no difference in LV s’ measurements between the DS-CHD and DS-no CHD babies at any 

time point over the first two years of age (Figure 5.12). LV early diastolic velocities (e’) were 

similarly affected in the DS-CHD group over the first two years of age with impaired 

velocities compared to controls at each time point. LV e’ velocities were also significantly 

diminished in the DS-no CHD group compared to controls at the 6 month, 12 month and 24 

month echocardiograms. No difference was detected in LV e’ velocities between the DS-

CHD and DS-no CHD groups at on any stage (Figure 5.13). LV late diastolic velocities (a’) 

were significantly lower in the DS-no CHD cohort at 12 months of age and significantly 

higher than both the control and DS-CHD cohort at 24 months of age. No other differences 
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in LV a’ velocities were identified over the study period (Figure 5.14). The LV ea’ ratio 

demonstrated persistent diastolic impairment in the DS-CHD group from birth to 2 years of 

age. There was no difference in LV ea’ values between the two DS groups at any stage 

(Figure 5.15). 

 

 Septal peak systolic velocities (s’) were significantly lower in the DS-CHD group 

compared to the control group throughout the first two years of age. In addition, the DS-

CHD cohort had significantly lower septal s’ velocities compared to the DS-no CHD cohort at 

both 6 and 12 months of age. Babies with DS and structurally normal hearts demonstrated 

impaired septal s’ velocities compared to controls at 12 months of age only (Figure 5.16). 

Ongoing early diastolic impairment in the DS-CHD group was identified in abnormal septal e’ 

velocities on Day 1, 6 month, 12 month and 24 month evaluation. Babies with DS and 

structurally normal hearts also had reduced septal e’ velocities at 6 month and 24 month 

assessment with comparable results to controls on Day 1 and 12 month assessment. There 

was no difference in septal e’ measurements between the DS-CHD and DS-no CHD groups at 

any time point over the first two years of age (Figure 5.17). Regarding septal late diastolic 

function (a’) infants with DS and CHD had significantly lower a’ velocities at 12 months of 

age compared to controls which had normalised by 24 months of age. Septal a’ values were 

otherwise comparable between the three groups over the study period (Figure 5.18). A 

significant difference in septal ea’ ratio was identified between the control and DS-no CHD 

cohort at 6 months of age which normalised on longitudinal assessment. Septal ea’ values 

were comparable between the three groups at all other echocardiography assessments 

(Figure 5.19).  

 

 On TDI assessment of RV systolic performance the peak systolic velocity (s’) revealed 

evolving RV systolic impairment with age in the DS-CHD cohort. While normal on Day 1 

assessment, RV s’ velocities were significantly decreased in infants with DS and CHD at 6 

months, 12 months and 2 years of age compared to controls. Although no difference in RV s’ 

was detected between the control group and DS-no CHD at any time point, the DS-no CHD 

group had significantly greater RV s’ velocities at 12 months of age compared to the DS-CHD 

group (Figure 5.20). RV early diastolic velocities (e’) show a similar trajectory to RV s’ 

evaluation; with impaired RV e’ measurements from 6 months to 2 years of age in the DS-
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CHD cohort compared to controls. Significant differences were also identified in RV e’ values 

between the DS-CHD and DS-no CHD infants at 6 months, 12 months and 2 years of age with 

DS-CHD infants displaying RV early diastolic impairment at each of these time points (Figure 

5.21). RV late diastolic velocities (a’) were abnormally high in the DS-no CHD group 

compared to controls on Day 1 evaluation but this finding had dissipated by 6 month 

assessment. There were no other significant differences in RV a’ velocities detected 

between the three groups over the two year study period (Figure 5.22). On RV ea’ 

assessment babies with DS and CHD had significantly diminished ratios on Day 1 assessment 

and 6 months of age which had normalised at 12 month and 2 year evaluation. The DS-no 

CHD group was equivalent to controls in RV ea’ measurements at all time points (Figure 

5.23).  

 

5.3.6 Deformation Measurements over the First Two Years of Age 

 

 LV global longitudinal strain was significantly reduced in both the DS-CHD and DS-no 

CHD groups compared to control infants at Day 1, 6 months, 12 months and 2 years of age 

indicating sustained systolic impairment in infants with DS over the study period. There was 

no difference in LV global longitudinal strain measurements between infants with and 

without structural cardiac defects and DS over the first two years of age (Figure 5.24). 

Babies in the DS-CHD group also displayed persistently, and significantly low LV longitudinal 

systolic strain rate measurements compared to the control group from birth to 2 years of 

age at each study time point. Babies in the DS-no CHD group recorded abnormally low LV 

systolic strain rate values on Day 1, 6 months and 12 months of age which had normalised 

by 2 years of age. There was no difference in LV systolic strain rate detected between the 

DS-CHD and DS-no CHD groups over the two year period (Figure 5.25). Akin to TDI LV early 

diastolic velocities, the DS-CHD cohort displayed significant, sustained early diastolic 

impairment on LV early diastolic strain rate measurements at each assessment over the two 

year period. LV early diastolic strain rate was also significantly low on Day 1 and 6 months 

for babies with DS-no CHD, however this finding had normalised by the 12 month and 2 year 

assessments. There were no differences in LV early diastolic strain rate values between the 

DS-CHD and DS-no CHD cohorts at any time point over the first two years of age (Figure 
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5.26). On evaluation of LV late diastolic strain rate measurements no difference was 

detected between any of the groups throughout the study period (Figure 5.27). 

 

RV free wall longitudinal systolic strain was significantly reduced in infants with DS-

CHD compared to controls from birth to 2 years of age at each echocardiography 

assessment; data which is consistent with RVI TDI s’ findings. The DS-no CHD group also 

displayed decreased RV free wall systolic strain in comparison to the control group on Day 1, 

6 months at 12 months of age which normalised by 2 years of age. No difference was 

identified in RV free wall systolic strain between DS-CHD and DS-no CHD infants over the 

first two years of age (Figure 5.28). RV systolic longitudinal strain rate was also significantly 

depressed in both the DS-CHD and DS-no CHD groups compared to controls on Day 1, 6 

months and 12 months of age. By 2 years of age RV systolic strain rate was comparable 

across the three groups and no difference was ever detected between the DS-CHD and DS-

no CHD groups (Figure 5.29). RV early diastolic strain rate was significantly lower in the DS-

no CHD cohort compared to the DS-CHD cohort on Day 1 of age. Additionally, RV early 

diastolic strain rate was lower in the DS-no CHD group compared to the control group on 

Day 1. Both the DS-CHD and DS-no CHD groups had significantly reduced RV early diastolic 

strain rate values at 12 months of age, however measurements were equivalent across the 

three groups at 6 months and 2 years of age (Figure 5.30). There were no differences 

identified in RV late diastolic strain rate values over the first two years of age between the 

control, DS-CHD and DS-no CHD babies (Figure 5.31).  
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Table 5.1: Timing and number of echocardiograms in the Down syndrome and control 

cohorts over the first two years of age  

 

 Echo 1 Echo 2 Echo 3 Echo 4 Echo 5 Echo 6 

Down Syndrome  Hours Hours Hours Months Months Months 

Time [IQR] 19 [9 – 24] 46 [39 – 52] 95 [71 – 122] 6 [6 – 6] 12 [12 – 13] 24 [20 – 24] 

Number of Scans 58 66 65 41 52 40 

       

Controls        

Time [IQR] 22 [17 – 25] 44 [38 – 47] 70 [67 – 81] 6 [6 – 6] 12 [12 – 13] 23 [21 – 24] 

Number of Scans 60 58 52 50 45 39 
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Table 5.2: Clinical characteristics of missing versus complete data in the Down syndrome 

cohort at two years of age 

Values are presented as means (SD) or absolute count (%). A p value < 0.05 was considered 

significant. 

 

 Missing  
n=30 

Complete  
n=40 

p 

Gestation (Weeks) 37.2 ± 2.4 38.2 ± 1.72 0.05 

Birth Weight (Kg) 2.9 ± 0.7 3.2 ± 0.7 0.08 

Maternal Age (Years) 37 ± 5 37 ± 4 0.71 

Male  23 (79%) 23 (58%) 0.45 

Caesarean Section  17 (57%) 19 (48%) 0.82 
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Figure 5.1: Measurement of weight over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; kg: kilograms.  
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Figure 5.2: Measurement of mitral valve annulus diameter over the first two years of age.  

Values are presented as mean and standard error.DS: Down syndrome; CHD: congenital 

heart disease; mm: millimetres.  
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Figure 5.3: Measurement of left ventricular length over the first two years of age.  

Values are presented as mean and standard error.DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle; mm: millimetres.  
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Figure 5.4: Measurement of tricuspid valve annulus diameter over the first two years of 

age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; mm: millimetres.  
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Figure 5.5: Measurement of right ventricular length over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; RV: right ventricle; mm: millimetres.  
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Figure 5.6: Measurement of pulmonary artery acceleration time over the first two years of 

age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; PAAT: pulmonary artery acceleration time; ms: milliseconds.  
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Figure 5.7: Measurement of pulmonary artery acceleration time to right ventricular 

ejection time ratio over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; PAAT: pulmonary artery acceleration time; RVET: right ventricular ejection 

time. 
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Figure 5.8: Measurement of left ventricular eccentricity index over the first two years of 

age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle. 
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Figure 5.9: Measurement of heart rate (bpm) over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease. 
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Figure 5.10: Measurement of systolic to diastolic time ratio over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease. 
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Figure 5.11: Measurement of isovolumic relaxation time over the first two years of age. 

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; IVRT: isovolumic relaxation time; mm: millimetres.  
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Figure 5.12: Measurement of left ventricular systolic function by tissue Doppler imaging 

over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle; s’: peak systolic velocity; cm/s: centimetres per second.  
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Figure 5.13: Measurement of left ventricular early diastolic function by tissue Doppler 

imaging over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle; e’: early diastolic velocity; cm/s: centimetres per second.  
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Figure 5.14: Measurement of left ventricular late diastolic function by tissue Doppler 

imaging over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle; a’ late diastolic velocity; cm/s: centimetres per second.  

 

  



139 
 

 

 

Figure 5.15: Measurement of left ventricular early diastolic to late diastolic velocity ratio 

by tissue Doppler imaging over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle; ea’: early diastolic to late diastolic velocity ratio.  
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Figure 5.16: Measurement of septal ventricular systolic function by tissue Doppler imaging 

over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; s’: peak systolic velocity; cm/s: centimetres per second.  
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Figure 5.17: Measurement of septal early diastolic function by tissue Doppler imaging over 

the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; e’: early diastolic velocity; cm/s: centimetres per second.  
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Figure 5.18: Measurement of septal late diastolic function by tissue Doppler imaging over 

the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; a’ late diastolic velocity; cm/s: centimetres per second.  
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Figure 5.19: Measurement of septal early diastolic to late diastolic velocity ratio by tissue 

Doppler imaging over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; ea’: early diastolic to late diastolic velocity ratio.  
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Figure 5.20: Measurement of right ventricular systolic function by tissue Doppler imaging 

over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; RV: right ventricle; s’: peak systolic velocity; cm/s: centimetres per second.  
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Figure 5.21: Measurement of right ventricular early diastolic function by tissue Doppler 

imaging over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; RV: right ventricle; e’: early diastolic velocity; cm/s: centimetres per second.  
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Figure 5.22: Measurement of right ventricular late diastolic function by tissue Doppler 

imaging over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; RV: right ventricle; a’ late diastolic velocity; cm/s: centimetres per second.  
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Figure 5.23: Measurement of right ventricular early diastolic to late diastolic velocity ratio 

by tissue Doppler imaging over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; RV: right ventricle; ea’: early diastolic to late diastolic velocity ratio.  
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Figure 5.24: Measurement left ventricular global longitudinal strain by deformation 

analysis over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle.  
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Figure 5.25: Measurement left ventricular longitudinal systolic strain rate by deformation 

analysis over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle.  
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Figure 5.26: Measurement left ventricular longitudinal early diastolic strain rate by 

deformation analysis over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle.  
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Figure 5.27: Measurement left ventricular longitudinal late diastolic strain rate by 

deformation analysis over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle.  
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Figure 5.28: Measurement right ventricular free wall strain by deformation analysis over 

the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; RV: right ventricle.  

 

  



153 
 

 

 

Figure 5.29: Measurement right ventricular longitudinal systolic strain rate by deformation 

analysis over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; RV: right ventricle.  
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Figure 5.30: Measurement right ventricular longitudinal early diastolic strain rate by 

deformation analysis over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; RV: right ventricle.  
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Figure 5.31: Measurement right ventricular longitudinal late diastolic strain rate by 

deformation analysis over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; RV: right ventricle.  
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Chapter 6 : Left Ventricular Rotational Mechanics in Infants with 

Down Syndrome over the First Two Years of Age 

 

6.1 Background 

 

A summary of left ventricular (LV) rotational mechanics is available in Chapter 2. Left 

ventricular rotation mechanics are an emerging echocardiography technique for detailed 

assessment of LV performance. Specialised echocardiography software measures the degree 

of clockwise, basal rotation at the level of the mitral valve and the degree of anti-clockwise, 

apical rotation at the LV apex. The net effect of these two opposing rotation forces is called 

LV twist. The speed at which the LV twists is termed the LV twist rate and the speed at 

which the LV untwists at is termed the LV untwist rate. 

 

LV twist supports ejection of blood during systole. LV untwist augments early 

diastolic filling by generating a negative pressure gradient and a ‘suction’ effect which 

promotes early diastolic LV filling. Work performed by our group in premature infants born 

< 29 weeks gestation and term infants born to mothers with gestational diabetes mellitus 

suggests that both cohorts evoke LV twist as compensatory mechanism to maintain normal 

myocardial performance in the face of biventricular dysfunction137, 138. However, a 2019 

study with 20 infants with DS and 17 non-DS controls carried out by our group also 

documented that LV rotation mechanics were impaired in infants with DS over the first 

week of age via reduced LV basal rotation compared to non-DS controls. Consequently, 

babies with DS in this 2019 cohort demonstrated reduced LV twist, torsion and twist rate9. 

 

My hypothesis was that infants with DS may have persistently altered LV rotational 

mechanics compared to controls over the first two years of age. I sought to expand upon 

the previous work carried out by our group with a larger cohort of infants with DS. Through 

this prospective, tri-centre, observational cohort study my aim was to establish if 

differences in LV rotational mechanics between DS and control cohorts over the first week 

of age were preserved at two years of age.   
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Specific Methodology Employed 

 

6.1.1 Study Design and Study Population 

 

This was a prospective, tri-centre, observational cohort study performed across the 

tertiary neonatal intensive care units of Dublin: The Rotunda Hospital, The National Maternity 

Hospital, Holles Street and The Coombe Women & Infants University Hospital. All infants born 

with DS, either antenatally or postnatally (later confirmed with Karyotyping) were eligible for 

inclusion. Babies with DS with and without congenital heart disease (CHD) were enrolled. A 

cohort of healthy term infants without a diagnosis of DS were enrolled from The Rotunda 

Hospital to serve as a control population. Enrolment criteria are fully explained in the 

methodology chapter (Chapter 2).  

 

6.1.2 Echocardiography Assessment 

 

Six echocardiograms were performed over the first two years of age for both the DS 

and control cohorts. Three echocardiograms were carried out over the first week of age: 

Day 1 (Echo 1), Day 2 (Echo 2) and Day 3-5 (Echo 3) and at three further time points over the 

first two years of age: 6 months (Echo 4); 12 months (Echo 5); and 24 months (Echo 6). 

Echocardiography assessed LV rotation mechanics using advanced echocardiography 

techniques. A detailed explanation of all novel techniques utilised in this study is available 

within Chapter 2.  

 

6.1.3 Statistical Analysis 

 

The cohort was be divided into three groups: infants with DS and congenital heart 

disease (CHD) (DS-CHD), infants with DS and no CHD (DS-no CHD) and controls. Serial data 

was compared using two way ANOVA with repeated measures. We used SPSS version 23 to 

conduct the analyses. Statistical significance is achieved with a p value < 0.05. 
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6.2 Our Findings 

 

Sixty infants with DS and 70 control infants were enrolled into this prospective, tri-

centre cohort study. Advanced echocardiography techniques were employed to assess 

rotation mechanics in the DS and control groups over the first two years of age.  

 

6.2.1 Left Ventricular Rotation Mechanics in Infants with Down Syndrome over the First 

Two Years of Age 

 

 There were no differences in basal rotation, apical rotation, LV twist or LV torsion 

detected between the three groups at any point over the first two years of age (Figure 6.1, 

Figure 6.2, Figure 6.3, Figure 6.4, Figure 6.5). There were significant differences in LV twist 

rate between control and DS-no CHD and control and DS-CHD infants on Day 1 assessment 

and in LV untwist rate between control and DS-CHD infants on Day 1 , however this had 

dissipated on the longitudinal echocardiograms at 6 months, 12 months and 2 years of age 

(Figure 6.6). 
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Figure 6.1: Measurement of basal rotation over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease.  
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Figure 6.2: Measurement of apical rotation over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease.  
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Figure 6.3: Measurement of left ventricular twist over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle.  

 

  



162 
 

 

 

Figure 6.4: Measurement of left ventricular torsion over the first two years of age.  

Values are presented as mean and standard error. LV torsion is LV twist indexed to LV length 

and permits assessment of twist across varying ventricular lengths. DS: Down syndrome; 

CHD: congenital heart disease; LV: left ventricle.  
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Figure 6.5: Measurement of left ventricular twist rate over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle.  
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Figure 6.6: Measurement of left ventricular untwist rate over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; CHD: congenital 

heart disease; LV: left ventricle.  
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Chapter 7 : Cardiac Function and Pulmonary Haemodynamics in 

Infants with Down Syndrome requiring Surgical Correction for 

Congenital Heart Disease over the First Two Years of Age 

 

7.1 Background 

 

The diagnosis of Down syndrome (DS) confers a high risk of congenital heart disease 

(CHD) with approximately half of all babies with DS affected49. The most common CHD 

lesions in the DS population are atrioventricular septal defects (AVSD) (~45%) , ventricular 

septal defects (VSD)(~35%), secundum atrial septal defects (ASD) (~8%) and Tetralogy of 

Fallot (TOF) (4%) respectively50. CHD carries a high risk of morbidity and mortality and is the 

most common cause of death in children with DS over the first two years of age51, 52. Despite 

surgical correction, structural heart disease confers long term health implications including 

the risk of re-operation and bacterial endocarditis53. CHD also impacts on 

neurodevelopmental outcomes with lower scores for receptive, expressive and composite 

language in infants and toddlers with DS who required corrective surgery in the first year of 

age compared to those children with DS and no CHD54.  

 

My hypothesis was that babies with DS and CHD necessitating surgical correction 

may display reduced biventricular myocardial performance compared to babies with DS not 

requiring surgical correction over the first two years of age. The aim of this prospective, 

observational cohort study was to serially assess left ventricular (LV) and right ventricular 

(RV) function and pulmonary haemodynamics in babies with DS who underwent surgical 

correction for CHD employing advanced echocardiography modalities and compare these 

findings to babies with DS who did not undergo surgical correction for CHD over the first 

two years of age.  
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7.2 Specific Methodology Employed 

 

7.2.1 Study Design and Study Population 

 

This was a prospective, observational cohort study carried out across the three 

tertiary neonatal intensive care units of Dublin: The Rotunda Hospital, The National 

Maternity Hospital, Holles Street and The Coombe Women & Infants University Hospital. All 

infants born with DS, either antenatally or postnatally (later confirmed with Karyotyping) 

were eligible for inclusion. Babies with DS with and without congenital heart disease (CHD) 

were enrolled. A cohort of non-DS, healthy term infants were enrolled from The Rotunda 

Hospital to serve as a control population. Pertinent antenatal, birth and neonatal 

characteristics and outcome data were documented for both the DS and control cohorts at 

the local neonatal unit of recruitment. Clinical data was recorded as per parental response 

at each follow up assessments performed in The Rotunda Hospital at 6 months, 1 year and 2 

years of age for both the DS and control populations. Enrolment criteria and data collection 

techniques are fully detailed in the methodology chapter (Chapter 2).  

 

7.2.2 Echocardiography Assessment 

 

Echocardiography scans were performed at six time points over the first two years of 

age for both the DS and control cohorts. Three echocardiograms were carried out over the 

first week of age: Day 1 (Echo 1), Day 2 (Echo 2) and Day 3-5 (Echo 3) and at three further 

time points over the first two years of age: 6 months (Echo 4); 12 months (Echo 5); and 2 

years (Echo 6). The first echocardiogram of each infant included formal evaluation for any 

congenital heart disease. Echocardiography at each of the six echocardiograms performed 

over the first two years of age evaluated myocardial performance and pulmonary 

haemodynamics. Novel echocardiography techniques were utilised to evaluate myocardial 

function. Novel echocardiography techniques included tissue Doppler imaging (TDI) and 

deformation analysis via 2D STE. A detailed explanation of all advanced techniques utilised 

in this study is available within Chapter 2. 
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7.2.3 Statistical Analysis 

 

The cohort was divided into two groups, infants with DS who required surgical 

correction for congenital heart disease (DS-Surg) and infants with DS who did not require 

surgical correction for CHD over the first two years of age (DS-no Surg). Continuous data was 

tested for normality using the Shapiro-Wilk test and a histogram representation of data and 

summarised as means (standard deviation) or medians [inter-quartile range] as appropriate. 

Categorical data was summarised as counts (%). Two group analyses were conducted using 

the student t-test, the Mann Whitney U test as appropriate, or Chi square test as 

appropriate. Three group analyses was conducted using one way ANOVA or the Kruskal-

Wallis Test. Serial data was compared using two way ANOVA with repeated measures. 

Regression analysis was conducted to assess the independent effect of predictor variables 

on important outcomes. We used SPSS version 23 to conduct the analyses. Statistical 

significance is achieved with a p value < 0.05. 
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7.3 Our Findings 

 

 Fourteen infants with DS required surgical correction for congenital heart disease 

(CHD) over the first two years of age compared with 57 infants with DS who did not (Table 

7.1). One infant with DS had an ASD catheter device closure procedure which did not 

necessitate post-operative paediatric intensive care (PICU) admission. Thirteen of the 14 

infants with DS who underwent surgical correction for CHD required post-operative 

admission to paediatric intensive care, and this is the group we evaluated in detail. All 13 

infants would have undergone cardiopulmonary bypass during CHD surgical correction.  

 

7.3.1 Clinical Characteristics and Outcomes of Infants with Down Syndrome who required 

Surgical Correction for Congenital Heart Disease over the First Two Years of Age. 

 

There were no differences evident in gestational age, birth weight, male sex, 

Caesarean section rate, likelihood of intubation, oxygen requirement or duration, time to 

full enteral feeds or duration of hospital stay post-delivery between infants with DS who 

required surgical correction of CHD (DS-Surg) versus those that did not over the first two 

years of age (DS-no Surg). In addition, there was no differences in feeding type between the 

two groups over the study period (p = 0.72). As expected, surgical corrections were more 

likely to be performed for atrioventricular septal defects (p < 0.01) and Tetralogy of Fallot (p 

= 0.04) cases. There was no difference in hypothyroidism necessitating L-thyroxine 

administration between the DS-Surg and DS-no Surg groups, 1 (8%) vs 10 (18%), p =0.38. 

However, diuretic use was higher in infants with DS who required surgical closure of CHDs, 7 

(54%) vs 3 (5%) (p< 0.01). Weight at 2 years of age was comparable between babies in the 

DS-Surg and DS-no Surg cohorts, 10.4Kg [9.0 – 14.3] vs 11.7Kg [10.6 – 12.8] (p = 0.62) (Table 

7.1).  

  



169 
 

7.3.2 Day 1 Echocardiography Measurements in Infants with Down Syndrome who 

required Surgical Correction for Congenital Heart Disease over the First Two Years of Age. 

 

 Several Day 1 echocardiography derived left ventricular measurements were 

significantly impaired in the DS-Surg cohort. LV global longitudinal strain (%), LV longitudinal 

systolic strain rate (1/s) and LV early diastolic strain rate (1/s) were all significantly lower on 

Day 1 evaluation in the DS-Surg group compared to the DS-no Surg group with 16.3 ± 2.8 vs 

19.6 ± 2.5 (p < 0.01), 1.4 ± 0.2 vs 1.6 ± 0.2 (p = 0.02) and 2.1 ± 0.8 vs 2.6 ± 0.6 (p = 0.04) 

respectively. This data indicates that from Day 1 of age the babies with DS requiring surgical 

correction of CHDs were a markedly different sub-cohort of babies in terms of LV systolic 

and early diastolic performance. There were no differences detected between the DS-Surg 

and DS-no Surg groups with regards to indices of pulmonary hypertension or RV function 

(Table 7.2).  

 

7.3.3 Longitudinal assessment of pulmonary haemodynamics in infants with Down 

syndrome who required surgical correction for congenital heart disease over the first two 

years of age. 

 

 Assessment of the pulmonary artery acceleration time to right ventricular ejection 

time ratio (PAAT:RVET) found no differences between the DS-Surg versus DS-no Surg groups 

over the first two years of age. In addition, the LV eccentricity index measurements from 

birth to 2 years of age were also comparable between the two groups (Figure 7.1, Figure 

7.2).  

 

7.3.4 Longitudinal assessment of cardiac function in infants with Down syndrome who 

required surgical correction for congenital heart disease over the first two years of age. 

 

On evaluation of LV longitudinal data the LV global longitudinal strain was 

significantly lower in the DS-Surg group compared to the DS-no Surg group at Day 1 and 6 

months of age. These differences in LV global longitudinal strain between the groups had 

normalised by the 12 month and 2 years evaluations (Figure 7.3). However, LV longitudinal 
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systolic strain rate measurements remained significantly lower in the DS-Surg vs DS-no Surg 

cohort throughout the first two years of age at all study time points (Figure 7.4). There were 

no differences identified between the DS-Surg and DS-no Surg infants in LV early diastolic 

strain rate measurements over the two year period (Figure 7.3). LV late diastolic strain rate 

values were equivalent between infants with DS who required surgical CHD correction and 

those that did not on Day 1 of age but were significantly lower in the DS-Surg group by 6 

months of age. Longitudinal evaluation revealed this disparity between the groups in LV late 

diastolic strain rate had resolved by 12 months and 2 years. (Figure 7.6).  

 

Longitudinal assessment of RV performance identified significantly compromised RV 

free wall longitudinal strain in the DS-Surg group at 12 months and 2 years of age compared 

to the DS-no Surg group. This impairment in RV free wall longitudinal strain had developed 

over the first two years of age from comparable values to the DS-no Surg group at Day 1 and 

6 months of age (Figure 7.7). This data is further substantiated by significantly diminishing 

RV longitudinal systolic strain rate measurements in the DS-Surg group also at 12 months 

and 2 years of age compared to the DS-no Surg group and points to the evolution of intrinsic 

RV contractility impairment in the DS-Surg group over time despite surgical intervention for 

CHD (Figure 7.8). RV early diastolic strain rate values were significantly decreased in the DS-

Surg group compared to the DS-no Surg group at 12 months of age but were otherwise 

equivalent at all other study time points (Figure 7.9). RV late diastolic strain rate values 

were significantly lower in the DS-Surg group compared to the DS-no Surg group at 6 

months, 12 months and 2 years of age. (Figure 7.10).  
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Table 7.1: Clinical characteristics and outcomes of infants with Down syndrome who 

required surgical correction for congenital heart disease over the first two years of age.  

Values are presented as means (SD), medians [IQR] and absolute counts (%). A p value < 

0.05 was considered significant. 

 

 Surgical 
Correction  

n=13  

No Surgical 
Correction  

n=57 

p 

Gestation at birth (weeks)  37.2 ± 2.1 37.9 ± 2.1 0.32 

Birthweight (Kg) 2.8 ± 0.5 3.1 ± 0.7 0.26 

Male 10 (77%) 36 (63%) 0.35 

Caesarean Section  9 (69%) 27 (47%) 0.16 

Intubation After Delivery  2 (15%) 4 (7%) 0.33 

Any Oxygen Pre-Hospital Discharge  7 (54%) 35 (61%) 0.62 

Oxygen Days  2 [2 – 11] 4 [1 – 8] 0.64 

Time to Full Enteral Feeds (Days) 3 [1 – 8] 2 [1 – 4] 0.56 

Hospital Stay (Days) 8 [6 – 28] 12 [11 – 13] 0.59 

    

Congenital Heart Disease    

Atrial Septal Defect 3 (23%) 14 (25%) 0.91 

Ventricular Septal Defect  6 (46%) 28 (49%) 0.85 

Atrioventricular Septal Defect 7 (54%) 0 (0) <0.01 

Tetralogy of Fallot 1 (8%) 0 (0) 0.04 

Patent Ductus Arteriosus  1 (8%) 6 (11%) 0.76 

    

L-thyroxine Over First 2 Years 1 (8%) 10 (18%) 0.38 

Diuretic Use  7 (54%) 3 (5%) <0.01 

Weight at 2 Years (Kg) 10.4 [9.0 – 14.3] 11.7 [10.6 – 12.8] 0.62 
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Table 7.2: Day 1 echocardiography values in infants with Down syndrome who required 

surgical correction for congenital heart disease over the first two years of age.  

Values are presented as means (SD). A p value < 0.05 was considered significant. 

 

 Surgical 
Correction  

n=13  

No Surgical 
Correction  

n=57 

 
p 

PAAT (ms) 38 ± 10 44 ± 10 0.08 

PAAT:RVET 0.20 ± 0.04 0.21 ± 0.04 0.25 

LV EI 1.7 ± 0.2 1.8 ±0.3 0.53 

LV GLS (%) 16.3 ± 2.8 19.6 ± 2.5 <0.01 

LV SRs (1/s) 1.4 ± 0.2 1.6 ±0.2 0.02 

LV SRe (1/s)  2.1 ± 0.8 2.6 ± 0.6 0.04 

LV SRa (1/s) 1.5 ± 0.4 1.5 ± 0.5 0.94 

RV FW LS (%) 17.3 ± 5.1 19.7 ± 3.6 0.19 

RV SRs (1/s) 1.3 ± 0.3 1.5 ± 0.4 0.33 

RV SRe (1/s) 2.2 ± 0.5 2.0 ± 0.8 0.55 

RV SRa (1/s) 2.4 ± 1.5 2.3 ± 0.9 0.68 
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Figure 7.1: Measurement of pulmonary artery acceleration time to right ventricular 

ejection time ratio in infants with Down syndrome requiring surgical correction for 

congenital heart disease over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; PAAT: pulmonary 

artery acceleration time; RVET: right ventricular ejection time.  
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Figure 7.2: Measurement of left ventricular eccentricity index in infants with Down 

syndrome requiring surgical correction for congenital heart disease over the first two 

years of age.  

Values are presented as mean and standard error. DS: Down syndrome; LV: left ventricle. 
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Figure 7.3: Measurement of left ventricular longitudinal strain by deformation analysis in 

in infants with Down syndrome requiring surgical correction for congenital heart disease 

over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; LV: left ventricle. 
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Figure 7.4: Measurement of left ventricular longitudinal systolic strain rate by 

deformation analysis in infants with Down syndrome requiring surgical correction for 

congenital heart disease over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; LV: left ventricle. 
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Figure 7.5: Measurement of left ventricular longitudinal early diastolic strain rate by 

deformation analysis in infants with Down syndrome requiring surgical correction for 

congenital heart disease over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; LV: left ventricle. 
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Figure 7.6: Measurement of left ventricular longitudinal late diastolic strain rate by 

deformation analysis in infants with Down syndrome requiring surgical correction for 

congenital heart disease over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; LV: left ventricle. 
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Figure 7.7: Measurement of right ventricular free wall longitudinal strain by deformation 

analysis in infants with Down syndrome requiring surgical correction for congenital heart 

disease over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; RV: right ventricle. 
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Figure 7.8: Measurement of right ventricular longitudinal systolic strain rate by 

deformation analysis in infants with Down syndrome requiring surgical correction for 

congenital heart disease over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; RV: right ventricle. 
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Figure 7.9: Measurement of right ventricular longitudinal early diastolic strain rate by 

deformation analysis in infants with Down syndrome requiring surgical correction for 

congenital heart disease over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; RV: right ventricle. 
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Figure 7.10: Measurement of right ventricular longitudinal late diastolic strain rate by 

deformation analysis in infants with Down syndrome requiring surgical correction for 

congenital heart disease over the first two years of age.  

Values are presented as mean and standard error. DS: Down syndrome; RV: right ventricle. 
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Chapter 8 : Discussion 

 

8.1 Our Findings 

 

Ireland is uniquely situated to study the cardiovascular implications of Down 

syndrome (DS) with the highest incidence of DS in Europe. This prospective, observational 

study was conducted across the three tertiary neonatal intensive care units of Dublin with a 

combined delivery rate of 25,000 babies per year: The Rotunda Hospital, The National 

Maternity Hospital, Holles Street and The Coombe Women & Infants University Hospital. I 

enrolled 70 infants with Down syndrome (DS) over the three sites and 60 non-DS controls 

were recruited in the Rotunda Hospital. The DS cohort consisted of both babies with DS 

born with congenital heart disease (CHD) and structurally normal hearts. The aim of the 

study was to utilise advanced echocardiography techniques to serially assess biventricular 

myocardial performance and pulmonary haemodynamics at six time points over the first 

two years of age in infants with DS. Specifically, I wished to interrogate the relationship 

between myocardial function and pulmonary hypertension (PH). I also sought to evaluate 

the ability of echocardiography derived markers to predict important clinical outcomes 

including respiratory morbidity, clinically evident PH, hospital admissions, admission to a 

paediatric intensive care unit, necessity for ECMO and death. This study intended to build 

upon earlier work performed by our research group and to assess if previous findings were 

confirmed or dispelled with a larger study cohort of infants with DS8, 9. To the best of my 

knowledge, this work is the largest prospective study performed to date focusing on 

myocardial function and pulmonary haemodynamics in infants with DS from birth to two 

years of age 

 

This study has succeeded in a thorough assessment of the evolution of myocardial 

function and pulmonary haemodynamics from birth to two years of age in infants with DS. 

In addition, novel physiological mechanisms in the development of PH were revealed with 

correlations identified between both reduced indices of both left ventricular systolic and 

diastolic function as well as left ventricular dimensions and higher degrees of PH in the DS 
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cohort. Our data also supported the functional interdependence of the right and left 

ventricles.  
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8.2 Clinical Outcomes of Infants with Down Syndrome over the First Two Years of Age 

 

8.2.1 Clinical Outcomes of Infants with DS in the Early Newborn period 

 

The antenatal detection rate of DS in this study cohort was 33%. The DS cohort were 

born at an earlier gestational age, had a lower birthweight, were more likely to be male, 

were born to women with a higher maternal age and were less likely to be delivered by CS 

compared to the control cohort in this study. Forty-eight (69%) of infants with DS were born 

with CHD of which VSDs were the most common lesion followed by ASD, AVSD and TOF 

respectively. Although the number of babies with DS requiring inotropic support, intubation, 

iNO, CPAP or supplemental oxygen were low in this study cohort their requirement for such 

interventions was clearly abnormal when such outcomes were non-existent in the control 

cohort. Our findings are consistent with known data documenting the DS population as a 

vulnerable group during the early newborn period due to the presence of congenital 

anomalies and cardiorespiratory morbidity4-7. One baby with DS died before discharge home 

from their maternity hospital of birth indicating a relatively low mortality rate in this study.  

 

8.2.2 Clinical Outcomes of infants with DS over the First Two Years of Age 

 

Thirty-one (44%) infants with DS required hospitalisation over the first two years of 

age. Fourteen (20%) infants required hospital admission for surgical corrections of CHD and 

17 required (24%) hospitalisation for non-CHD related issues. The non-CHD related 

hospitalisations were for the following reasons: pneumonia, bronchiolitis, obstructive sleep 

apnoea investigations, vomiting, insertion of percutaneous endoscopic gastrostomy (PEG) 

tube, investigation for suspected seizures and management of infantile spasms. Such data is 

in keeping with previously published literature documenting that childhood is the period of 

life during which most hospitalisations occur in DS populations and that the rate of 

hospitalisation in children <2 years of age with DS  is significantly greater that for infants 

with a normal chromosome complement 110. Eleven (16%) of the DS cohort required L-

thyroxine for hypothyroidism management and 10 (14%) required diuretic therapy over the 
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first two years of age. There were no deaths in the DS cohort following discharge home from 

their maternity hospital of birth.  

 

One of the study aims was to assess the ability of echocardiography derived markers 

to predict important clinical outcomes including respiratory morbidity, clinically evident PH, 

hospital admissions, admission to a paediatric intensive care unit, necessity for ECMO and 

death. Statistical analysis did not reveal any single echocardiography derived marker which 

could predict the clinical outcomes listed above. I would postulate that the primary reason 

for this was that our study cohort represented a relatively healthy population of babies with 

DS. The mortality rate and number of infants with DS requiring intensive care interventions 

in the neonatal period were low. The reasons for this have been outlined previously and 

include the fact that infants born with DS and time critical cardiac or gastrointestinal 

disorders were transferred promptly out from their maternity hospital of birth for ongoing 

management which precluded study enrolment, babies with a high likelihood of death over 

the first week of age were not enrolled and the three sites involved in this study have 

extensive expertise in the specific needs of babies with DS. In addition, the only admissions 

to PICU over the first two years of age in the DS cohort were those infants who required 

surgical correction of CHDs. There was no PICU admission in our group consequent to acute 

respiratory disease. As such our DS cohort reflects an essentially healthy population children 

with DS who did not possess time critical cardiac or gastrointestinal issues at birth, received 

expert neonatal care in tertiary units and had relatively stable clinical courses over their first 

two years of age. Although this situation precluded the ability of echocardiography derived 

markers to predict clinically important outcomes in the DS cohort it renders my findings of 

sustained myocardial impairment and abnormal indices of PH compared to the control 

cohort over the first two years of age especially striking. My data emphasises that despite 

the absence of clinically overt cardiorespiratory illness in early childhood infants and 

children with DS are a distinct and significantly vulnerable patient cohort with sustained, 

sub-clinical cardiovascular morbidity that is only detectable with advanced functional 

echocardiographic assessment.  
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8.2.3 Conclusion 

 

In conclusion, my work reiterated that infants with DS are a unique patient cohort 

from birth who require more frequent medical interventions including specialist functional 

cardiac assessment over the first two years of age compared to non-DS infants.  
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8.3 The Relationship between Diastolic Impairment and Pulmonary Hypertension in 

Infants with Down Syndrome over the First Week of Age  

 

Early literature estimated the rate of pulmonary hypertension (PH) in children with 

DS between 1% and 5%. However, more recent data indicates that this was a significant 

underestimation with the true figure more likely to range between 27% and 34%77, 78. Left 

and right ventricular dysfunction is evident from infancy to adulthood in patients with DS, 

irrespective of the presence of CHD9-11. While PH and myocardial impairment are well 

recognised entities for cardiorespiratory morbidity in the DS population the exact 

relationship between the two remains to be fully characterised. In particular, how left 

ventricular (LV) diastolic impairment may negatively impact indices of PH. The aim of this 

work was to assess anthropometric measurements, myocardial performance and pulmonary 

haemodynamics using advanced echocardiography techniques to interrogate the 

relationship between left ventricular diastolic function and indices of PH in infants with DS 

over the first week of age and to compare these measurements to a control cohort.  

 

8.3.1 Evaluation of Anthropometric Measurements, Myocardial Performance and 

Pulmonary Haemodynamics in Infants with Down Syndrome over the First Week of Age 

 

A total of 189 and 179 echocardiograms in the DS and control cohorts were 

performed over the first week of age respectively. Echocardiography assessment on Day 1 

of age revealed that infants with DS had significantly smaller mitral valve annuli, internal left 

ventricular (LV) diastolic diameters, shorter LV lengths, tricuspid valve diameters, RV mid 

cavity diameters and shorter RV lengths. My findings of significantly smaller left and right 

ventricular dimensions in babies with DS compared to control infants is consistent with 

previously reported data9.  

 

Serial assessment of pulmonary haemodynamics over the first week of age utilising 

several echocardiography derived markers identified sustained elevation of pulmonary 

pressures in the DS group compared to controls. This was evidenced by each of the 

echocardiography surrogates of PH evaluated remaining persistently and significantly 

abnormal in the DS group over the first week of age compared to controls; namely 
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significantly shorter PAAT times, lower PAAT:RVET ratios, higher LV EIs and ongoing 

bidirectional PDAs in over half of the DS cohort on Day 3-5 evaluation.  

 

Currently, there are no specifically delineated, internationally accepted criteria with 

which to diagnose pulmonary hypertension (PH) based on echocardiography derived 

markers. However, it is accepted that a PAAT < 40ms and a PAAT:RVET ratio of < 0.25 are 

markers of abnormally high pulmonary pressures 44, 134. Within my own dataset, as 97.8% of 

left ventricular eccentricity index (LV EI) measurements in the control population were < 1.8 

I defined an LV EI ratio > 1.8 as part of the diagnostic criterion for pulmonary hypertension 

(PH) in this study. Therefore, in this study a diagnosis of PH was made if two or more of the 

PH markers defined as follows were present: 

 

• A PAAT < 40ms 

• A PAAT:RVET < 0.25 

• In the presence of a patent ductus arteriosus (PDA), the demonstration of 

bidirectional flow across the vessel or right to left flow 

• A left ventricular eccentricity index > 1.8 

 

This definition of PH was applied to echocardiography measurements in the DS and 

control groups on Day 1 and Day 3 of age. On Day 1 of age 84% of babies with DS met this 

criterion for PH compared to 15% of controls. By Day 3 28% of babies with DS still met this 

criterion for PH compared with no controls. Such findings indicate sustained elevation of 

pulmonary pressures in newborns with DS which persists at discharge. Such persistent 

elevation of pulmonary pressures will expose both the right and left ventricular myocardium 

to abnormal loading conditions. 

 

Babies with DS had longer systolic times (ms) and systolic: diastolic ratios (S:D) than 

control babies; a marker of diastolic impairment. On Day 1 TDI assessment LV s’, LV e’, LV 

ea’, septal s’, septal e’ and RV ea’ velocities were significantly lower and RV a’ velocities 

were significantly higher in the DS cohort compared to the control cohort. In addition, the 

Ee’ ratio was higher in babies with DS signalling elevated left atrial pressures. However, all 
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LV and septal TDI measurements in the DS cohort had normalised by Day 3 of age. RV TDI 

evaluation on Day 3-5 demonstrated significantly higher RV e’ and a’ diastolic velocities and 

reduced RV ea’ ratio in infants with DS versus controls. Day 1 deformation analysis in the DS 

population revealed biventricular systolic and diastolic impairment with reduced LV and RV 

longitudinal strain, LV and RV longitudinal systolic strain rate, early and late LV diastolic 

strain rate and RV early diastolic strain rate measurements in the DS group compared to the 

control group. LV global longitudinal strain, LV longitudinal systolic strain rate, and both LV 

early and late diastolic strain rate measurements remained significantly impaired on Day 3-5 

evaluation in the DS group Similarly, RV deformation analysis revealed continuing 

diminished RV longitudinal free wall strain, RV longitudinal systolic strain rate and RV early 

diastolic strain rate values on Echo 3 assessment of the DS cohort. TDI measures myocardial 

wall velocity while STE analysis measures ventricular deformation; STE appears to be a more 

sensitive tool for serial assessment of myocardial performance41. In summary, TDI and STE 

measurements identified abnormal biventricular systolic and diastolic function in the DS 

cohort on Day 1 with continuing impairment evident on STE measurements on Day 3-5 of 

age compared to controls.  

 

This data establishes that neither pulmonary pressures nor systolic or diastolic 

myocardial performance have normalised by discharge home for infants with DS, 

independent of CHD. Focusing specifically on diastolic function; there was persistent 

biventricular early diastolic impairment in the DS cohort as exhibited by significantly lower 

LV and RV early diastolic strain rates over the first week of age compared to controls. As 

strain rate measurements are reflective of inherent myocardial contractility such impaired 

diastolic values are indicative of stiff, non-compliant ventricles. This data informs us that the 

diastolic impairment apparent in babies with DS may be attributed to the combination of a 

stiff, non-compliant ventricular myocardium (as per abnormal strain rate values) and the 

abnormal loading conditions (as per abnormal strain values) to which that myocardium is 

exposed. It is likely that LV myocardial pathology as evidenced by reduced LV volumes, 

reduced LV GLS values and impaired LV diastolic function are significant drivers of PH in the 

DS population. These adverse findings combine to generate PH in the DS cohort 

independent of the co-existence of CHD.   
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8.3.2  Biventricular Impairment and its Relationship with Pulmonary Hypertension 

demonstrating Ventricular Interdependence in Infants with Down Syndrome over the First 

Week of Age 

 

 Upon evaluation of the relationship between LV diastolic impairment and indices of 

PH, a direct correlation was visualised. To reiterate, strain rate is relatively load independent 

and therefore a closer surrogate of inherent myocardial contractility. PAAT is inversely 

related to PVR and the Ee’ ratio provides an estimate of left atrial filling pressure with higher 

values indicating elevated left atrial pressures126, 127. A significant positive correlation was 

observed between LV early diastolic strain rate and PAAT measurements and LV early 

diastolic strain rate and the PAAT:RVET ratio. This data demonstrates that with worse 

diastolic function, there is a direct correlation with more concerning indices of PH in the DS 

population. Importantly, there was also a significant negative correlation between Ee’ ratio 

and PAAT measurements and the PAAT:RVET ratio. This emphasises that with increasing left 

atrial (LA) pressure there is a direct correlation with poorer indices of PH. I propose that the 

physiological mechanism to explain these findings is that, in the presence of a stiff, non-

compliant LV, there is abnormally elevated LA pressure and subsequent elevated pulmonary 

venous pressure. This elevated pulmonary venous pressure can lead to an increase in 

pulmonary vascular resistance with a consequent negative impact on PAAT and PAAT:RVET 

measurements. As such the diastolic impairment demonstrated in babies with DS is directly 

contributing to their PH phenotype. A 2019 study of 154 adolescents with DS compared to 

102 non-DS controls documented reduced LV mass and higher Ee’ values in the DS group 

despite adjustment for age, height, heart rate, systolic blood pressure and body mass index 

(β = 2.6, p < 0.0001) and inferred that DS is associated with a lifelong impairment of left 

ventricular diastolic function139. Such findings suggest that the smaller ventricular size and 

diastolic impairment identified in our study cohort compared to controls may persist into 

early adulthood.  

 

I next sought to assess the impact of an increased PVR environment on RV function 

in infants with DS. Significant positive correlations between PAAT measurements and RV 

longitudinal free wall strain and RV longitudinal systolic strain rate measurements and a 

significant negative correlation between LV eccentricity index and RV free wall strain and RV 
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systolic strain rate measurements were identified. Overall, these data clearly demonstrate 

that with higher degrees of PVR there is a direct association with diminishing RV systolic 

function. Since both RV strain and RV systolic strain rate were significantly abnormal in the 

DS cohort, the correlations imply that their elevated PVR is driving a high RV afterload 

environment which actively suppresses adequate RV systolic function; a phenomenon which 

is occurring in the context of pre-existing impaired RV ventricular contractility.  

 

With elevated pulmonary pressures exerting a negative influence on RV systolic 

function I also examined the ability of the RV in infants with DS to respond to this high 

afterload state. This was evaluated via RV-PV coupling. RV-PV coupling expresses the ability 

of the RV to increase its contractility in tandem with increasing RV afterload. The RV can 

adapt to increasing degrees of RV afterload by increasing RV contractility via RV 

hypertrophy. However, in the face of unrelenting increases in RV afterload the challenge of 

maintaining normal RV performance becomes insurmountable and ultimately the RV 

uncouples from its afterload, with an associated decrease in RV efficiency. Following 

evaluation of RV-PV coupling, a significant positive correlation between LV early diastolic 

strain rate and RV-PV coupling was identified. This demonstrates that worse early LV 

diastolic function is associated with poorer RV-PV coupling. Physiologically, this implies that 

infants with DS have a diminished capacity to mount RV adaptations to high afterload 

conditions because of inherent myocardial diastolic impairment.  

 

8.3.3 Conclusion 

 

Over recent years, the concept of ventricular interdependence is coming to the fore 

as clinicians gain further insights into how vulnerabilities of one ventricle may impose 

negative effects on its co-ventricle, especially in the context of PH140-143. This work has 

confirmed that elevated pulmonary pressures and impaired biventricular systolic and 

diastolic function persist at hospital discharge home in babies with DS compared to non-DS 

controls. The small, stiff LVs of the DS group exhibit inherent diastolic impairment that 

increases LA pressure and pulmonary venous pressure. This is a novel explanation for an 

additional physiological mechanism contributing to the early PH phenotype frequently 

observed in the DS population. This intrinsic LV diastolic impairment is directly associated 
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with worsening indices of PH, which in turn depress RV systolic performance. In addition, 

the ability of the RV in babies with DS to respond efficiently to such conditions is hindered 

by diminished RV-PV coupling. Such findings highlight ventricular interdependence and the 

importance of biventricular appraisal when evaluating the relationship between PH and 

myocardial performance. These findings have significant implications for the ICU treatment 

of DS infants with PH as it demands therapies directed at RV and LV dysfunction as well as 

the traditional therapies directed at the pulmonary vascular bed. In conclusion, this work 

emphasises the abnormal pulmonary vascular state and sustained impairment of 

biventricular myocardial function in babies with DS over the first week of age and, 

specifically, how impaired LV diastolic performance imposes detrimental effects on 

pulmonary haemodynamics and RV systolic performance through ventricular 

interdependence.  
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8.4 Longitudinal Assessment of Cardiac Function and Pulmonary Haemodynamics in 

Infants with Down Syndrome using Novel Echocardiography Techniques over the First Two 

Years of Age 

 

There is a growing evidence base purporting the presence of biventricular 

myocardial dysfunction in people with Down syndrome (DS) from foetal to adult life, 

independent of structural cardiac disease9-11, 56, 57. There is also increasing recognition in the 

medical profession of the high risk of pulmonary hypertension (PH) at any age in the DS 

population which may accelerate cardiorespiratory morbidity136. In a study of 20 infants 

with DS and structurally normal hearts and 17 non-DS controls, our group previously 

reported that this study cohort with DS had smaller LV dimensions, significantly lower RV 

strain values on day 2 and days 5-7 of age and higher indices of PH when compared to non-

DS controls over the first week of age9. However, there is a paucity of longitudinal data 

describing the evolution of myocardial performance and pulmonary haemodynamics in 

infants with DS with and without congenital heart disease (CHD) over the first two years of 

age. My hypothesis was that babies with DS, independent of the presence of CHD, would 

demonstrate biventricular myocardial systolic and diastolic impairment, and sustained 

elevation of pulmonary pressures, over the first two years of age. I sought to expand on 

earlier work by our group by evaluating if the differences between the DS and control 

cohorts in anthropometric measurements, PH indices and markers of biventricular 

performance observed over the first week of age were sustained or dissipated over time in a 

larger study cohort.  

 

8.4.1 Evaluation of Anthropometric Measurements, Myocardial Performance and 

Pulmonary Haemodynamics in Infants with Down Syndrome over the First Two Years of Age 

 

A total of 626 echocardiograms were performed over the study period: 322 for the 

DS group and 304 for the control group. Significant differences in birth weight were 

observed between the control, infants with DS and CHD (DS-CHD) and infants with DS and 

no CHD (DS-no CHD) cohorts. Although weight measurements in both DS cohorts had 

normalised by 6 months of age there were significant differences between the control and 

DS-CHD cohort at both 12 and 24 months of age and between the control-and no CHD 
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cohort at 24 months of age. This is consistent with well-established knowledge confirming 

slower growth trajectories of infants and children with DS144.  

 

Regarding anthropometric assessment, infants with DS had significant differences in 

LV and RV dimensions compared to controls over the first two years of age. Mitral valve 

annuli measurements were smaller in diameter on Day 1 of age between the control and 

DS-CHD and the control and DS-no CHD infants. These differences were also evident at the 6 

and 24 month echocardiograms. Babies with DS, both those with and without CHD, had 

significantly shorter LV lengths throughout the entire study period. Our group had 

previously reported that babies with DS had smaller mitral valve annuli and shorter LV 

lengths at birth2. These data now confirms that this phenotype persists over the first two 

years of age. Infants with DS and structurally normal hearts had smaller tricuspid valve 

annulus diameters on Day 1 of age compared to controls, however their measurements 

normalised over time. Similar to LV length measurements, infants with DS, both those with 

and without CHD, had significantly shorter RV lengths consistently throughout the first two 

years of age. There was no significant difference in LV or RV length between the DS-CHD and 

DS-no CHD groups from 6 months to 2 years of age indicating that structural heart disease 

does not appear to impact ventricular length over 6 months of age. 

 

Pulmonary vascular resistance (PVR) indices were significantly worse throughout the 

first two years of age in infants with DS independent of the presence of structural heart 

disease. This was identified through evaluation echocardiography surrogates of PH revealing 

ongoing and significantly abnormal measurements in the DS group; namely significantly 

shorter PAAT times in both the DS-CHD and the DS-no CHD groups, lower PAAT:RVET ratios 

in both the DS-CHD and DS-no CHD groups, and significantly increased LV eccentricity index 

measurements in both the DS-CHD and DS-no CHD groups compared to controls over the 

first two years of age. There was no difference detected between the DS-CHD and DS-no 

CHD groups across any of the three echocardiography derived surrogates of PH; PAAT, 

PAAT:RVET or LV eccentricity index at any timepoint throughout the study. This 

corroborates the theory that infants with DS, regardless of the presence or absence of 

structural cardiac disease, have persistent, abnormal elevation of PVR over the first two 

years of age.   
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Tissue Doppler imaging demonstrated significantly impaired LV s’, LV e’ and LV ea’ 

ratio values in the DS-CHD cohort at each evaluation from birth to two years of age 

compared to the control cohort. In comparison to the control group the infants in the DS-no 

CHD group displayed significantly lower LV s’ velocities at 6 months and 12 months, 

significantly lower LV e’ velocities at the 6 month, 12 month and 24 month timepoints and 

significantly lower LV ea’ ratio at 2 years of age. No differences were detected in LV s’ or LV 

e’ values between the DS-CHD and DS-no CHD groups at any stage. Septal s’ and e’ 

measurements were significantly reduced in the DS-CHD group compared to the control 

group at each evaluation throughout the first two years of age. Septal e’ values were also 

significantly reduced in the DS-no CHD group at 6 months and 2 years of age compared to 

controls. RV s’ and RV e’ velocities in infants with DS and CHD were significantly impaired at 

6 months, 12 months and 2 years of age in comparison to infants in the control group. In 

addition, RV e’ values were significantly lower from birth to 2 years of age in the DS-CHD 

group in comparison to the DS-no CHD group.  

 

On deformation analysis, LV global longitudinal strain, LV systolic strain rate and LV 

early diastolic strain rate measurements were significantly impaired at each evaluation from 

birth to two years of age in the DS-CHD group compared to controls. In the DS-no CHD 

group LV global longitudinal strain was also significantly reduced at each assessment from 

birth to two years of age, LV systolic strain rate was significantly lower from birth to 12 

months of age and LV early diastolic strain rate was significantly impaired at birth and 6 

months of age in comparison to control infants. There was no difference detected at any 

point over the study period in LV global longitudinal strain, LV systolic strain rate or LV early 

diastolic strain rate measurements between the DS-CHD and DS-no CHD cohorts. Regarding 

RV functional assessment, RV free wall strain values were significantly impaired at each 

echocardiogram performed over the first two years of age in the DS-CHD cohort and at 

birth, 6 months and 12 months of age in the DS-no-CHD cohort compared to controls. RV 

systolic strain rate measurements were significantly abnormal in comparison to control 

infants for both the DS-CHD and DS-no CHD groups from birth to 12 months of age. RV early 

diastolic strain rate measurements were significantly lower for both the DS-CHD and DS-no 

CHD groups at the 12 month assessment.  
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This longitudinal assessment of cardiac function and pulmonary haemodynamics has 

produced noteworthy results. Babies with DS had significantly smaller LV and RV 

measurements, sustained abnormal elevation of pulmonary pressures and biventricular 

systolic and diastolic impairments in comparison to non-DS controls over the first two years 

of age. Persistently high pulmonary pressures were not influenced by the presence of 

structural heart disease in the DS group. Both TDI and STE appraisal of myocardial function 

identified persistent systolic and early diastolic impairment over the first two years of age in 

infants with DS. Across evaluation of TDI derived LV s’ and LV e’ and STE derived LV global 

longitudinal strain, LV systolic strain rate and LV early diastolic strain rate measurements 

there was no difference between the DS-CHD and DS-no CHD groups detected, indicating 

that the sustained impairment in LV systolic and early diastolic performance over the first 

two years in comparison to controls is occurring irrespective of structural cardiac disease. 

TDI evaluation of RV function detected systolic and early diastolic impairment in the DS-CHD 

cohort only, However, STE evaluation of RV function detected reduced RV free wall systolic 

strain and RV systolic strain rate values in both the DS-CHD and DS-no CHD cohorts, 

suggesting STE is capable of more sensitive appraisal of myocardial impairment.  

 

Notably, both LV and RV strain and systolic strain rate values were negatively 

affected in the DS cohort in comparison to controls, suggesting a combination of abnormal 

loading conditions and impaired inherent contractility conspire to cause impairment of 

biventricular systolic performance in infants with DS over the first two years of age. 

Sustained elevation of pulmonary pressures may partially account for such findings; 

increased PVR will create a high RV afterload environment with adverse effects on RV strain. 

Reduced RV performance may decrease pulmonary blood flow and consequently LV 

preload145. Impairments of biventricular myocardial contractility, indicated by reduced LV 

and RV strain rates in the DS cohort, will also negatively impact on LV and RV strain. With LV 

early diastolic strain rate measurements reduced in the DS-no CHD and DS-CHD groups at 

birth and 6 months and persistently reduced in the DS-CHD group at 12 months at 2 years of 

age, in comparison to controls, the early LV diastolic impairment identified during 

assessment over the first week of age clearly persists with time. Such findings indicate the 

persistence of a stiff, non-compliant LV during early childhood, particularly in babies with DS 

and CHD, which may also negatively impact LV preload.   



198 
 

8.4.2 Conclusion 

 

This work has demonstrated sustained abnormal elevation of pulmonary pressures 

and impaired systolic and diastolic function in infants with DS compared to controls over the 

first two years of age. The observation that indices of PH and myocardial performance are 

negatively impacted in babies with DS irrespective of structural cardiac disease is nuance 

which is missing in currently available literature. As such this work highlights that the DS 

infant population have elevated baseline pulmonary pressures as well as persistent reduced 

indices of both RV and LV systolic and diastolic function. These findings would indicate that 

this vulnerable population has a reduced capacity to increase cardiac output and are at risk 

of further elevation in pulmonary pressures at times of intercurrent illness. Such novel 

findings provide valuable insights into the pathophysiology affecting cardiorespiratory 

morbidity in this population.  
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8.5 Left Ventricular Rotational Mechanics in Infants with Down Syndrome over the 

First Two Years of Age 

 

A previous study performed by our group which enrolled 20 infants with Down 

syndrome (DS) and structurally normal hearts, and 17 non-DS control infants investigated LV 

rotational mechanics over the first week of age. This work documented a reduction in LV 

twist, torsion, and twist rate suggesting impaired rotational mechanisms in the DS cohort9. 

Adult studies have shown that pulmonary hypertension negatively affects basal twist 

measurements146. I aimed to further examine these findings in a larger DS cohort with 

longitudinal assessments over the first two years of age.  

 

In this cohort of 70 infants with DS, with and without congenital heart disease (CHD), 

and 60 non-DS controls I did not identify any differences in basal rotation, apical rotation, LV 

twist, LV torsion or LV twist rate between the DS-CHD, DS-no CHD and control infants at any 

point over the first two years of age. Although there was a significant difference in LV 

untwist rate between control and DS-CHD infants on Day 1 of age, this finding dissipated on 

the longitudinal assessment at 6 months, 12 months and 2 years of age. 

 

These results may differ from the previous work performed by our group for several 

potential reasons. The group of babies with DS enrolled in the 2019 study were infants with 

DS who were considerably sicker than our cohort with 10% requiring invasive ventilation 

and 75% requiring supplemental oxygen. Potentially, these impairments in LV rotational 

mechanics are only present in babies with DS and significant neonatal cardiorespiratory 

morbidity. In addition, this was pilot work with a relatively small sample size of twenty 

infants. This point was fully appreciated at the time and the necessity of recruiting a larger 

cohort of infants with DS was stressed to fully explore these physiological mechanisms.  

 

Other studies conducted by our group in premature infants born < 29 weeks 

gestation and term infants born to mothers with gestational diabetes mellitus suggests that 

both cohorts evoke LV twist as compensatory mechanism to maintain normal myocardial 

performance in the face of biventricular longitudinal dysfunction137, 138. However, this 

current investigation of LV rotational mechanics in infants with DS over the first two years of 
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age demonstrates that this is not the case in this specific population. Potentially the 

longitudinal function of infants with DS is sufficient to not require evoking LV twist to 

support their cardiac output. It may be that the helical configuration of subendocardial and 

subepicardial fibres which bestow the LV with unique rotational properties are somehow 

disrupted in babies and children with DS precluding LV twist altogether.  

 

8.5.1 Conclusion 

 

These results document that measurements of LV rotational mechanics in infants 

with DS over the first two years of age are comparable to their non-DS counterparts.  
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8.6 Cardiac Function and Pulmonary Haemodynamics in Infants with Down Syndrome 

requiring Surgical Correction for Congenital Heart Disease over the First Two Years of Age 

 

Thirteen infants with DS required surgical correction for congenital heart disease 

(CHD) and post-operative paediatric intensive care (PICU) admission over the first two years 

of age compared with 57 infants with DS who did not require surgical correction.  

 

8.6.1 Clinical Outcomes of Infants with Down Syndrome who required Surgical Correction 

for Congenital Heart Disease over the First Two Years of Age. 

 

There were no differences evident in gestational age, birth weight, male sex, 

Caesarean section rate, likelihood of intubation, oxygen requirement or duration, time to 

full enteral feeds, hospital stay, feeding type over the first 6 months of age, hypothyroidism 

necessitating L-thyroxine administration and weight at two years of age between infants 

with DS who required surgical correction of CHD (DS-Surg) versus those that did not over 

the first two years of age (DS-no Surg). The findings regarding L-thyroxine therapy are 

consistent with a study of 16 children with DS performed by Toscano et al which 

documented no discrepancy in myocardial function between infants with DS requiring L-

thyroxine administration and those that did not147. Diuretic use was higher in infants with DS 

who required surgical closure of CHDs, in keeping with their expected clinical course. In this 

cohort, surgical corrections were more likely to be performed for atrioventricular septal 

defects and Tetralogy of Fallot cases, which is also consistent with previous publications148.  

 

8.6.2 Evaluation of Myocardial Performance and Pulmonary Haemodynamics in Infants 

with Down Syndrome who required Surgical Correction for Congenital Heart Disease over the 

First Two Years of Age. 

 

LV global longitudinal strain, LV systolic strain rate and LV early diastolic strain rate 

were all significantly lower on Day 1 evaluation in the DS-Surg group compared to the DS-no 

Surg group, indicating that from Day 1 of age the babies with DS requiring surgical 
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correction of CHDs were a significantly different sub-cohort of babies in terms of LV systolic 

and early diastolic performance.  

 

With longitudinal evaluation over the first two years of age, no differences in 

pulmonary artery acceleration time to right ventricular ejection time ratio (PAAT:RVET) of LV 

eccentricity index were detected between the DS-Surg versus DS-no Surg groups. This data 

corroborates our previous findings that CHD, even CHD requiring surgical closure, is not the 

primary pathology driving the evolution and persistence of PH in babies with DS over the 

first two years of age.  

 

On evaluation of longitudinal echocardiograms, LV global longitudinal strain was 

significantly lower in the DS-Surg group compared to the DS-no Surg group at Day 1 and 6 

months of age. However, LV systolic strain rate measurements remained significantly worse 

in the DS-Surg vs DS-no Surg cohort throughout the first two years of age, at all study time 

points. Such findings indicate persistent, inherent impairment of LV systolic myocardial 

contractility in the DS-Surg babies which is not ameliorated by surgical repair of structural 

CHD and does not normalise by two years of age. Longitudinal assessment of RV 

performance identified significantly compromised RV free wall longitudinal strain in the DS-

Surg group at 12 months and 2 years of age compared to the DS-no Surg group. This 

impairment in RV free wall longitudinal strain had developed over the first two years of age 

from values that were comparable to the DS-no Surg group at Day 1 and 6 months of age. 

This data is further substantiated by concomitant diminishing RV systolic strain rate 

measurements in the DS-Surg group also at 12 months and 2 years of age compared to the 

DS-no Surg group and points to the evolution of intrinsic RV contractility impairment in the 

DS-Surg group over time despite surgical intervention for CHD. Of note, RV late diastolic 

strain rate values were significantly lower in the DS-Surg group compared to the DS-no Surg 

group at 6 months, 12 months and 2years of age implying evolving late diastolic function in 

the DS-Surg group with age. Such findings indicate that with time the DS-Surg cohort are 

relying to a greater extent on LA contraction during late diastole to complete LV ventricular 

filling. 
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8.6.3 Conclusion 

 

To conclude, our work has provided a greater understanding of abnormalities of RV 

and LV systolic and diastolic myocardial performance and pulmonary haemodynamics in the 

sub-cohort of babies with DS who require surgical closure of CHDs. The analysis has 

documented previously unrecognised LV systolic and LV early diastolic impairment on Day 1 

echocardiography in this group in comparison to infants with DS who do not require surgical 

intervention. Significantly, elevated pulmonary pressures persist over the first two years of 

age in babies with DS and do not appear to be ameliorated by CHD surgical correction. 

Likewise, longitudinal evaluation has confirmed sustained impairments of inherent LV 

systolic contractility from birth to two years of age and evolving inherent RV systolic 

contractility impairments in the DS-Surg cohort compared to the DS-no-Surg cohorts. Such 

data flags babies requiring surgical closure as a particularly vulnerable group within the 

overall DS population necessitating long term advance functional imaging.  
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8.7 Current Literature and Summary of Our Research 

 

To the best of our knowledge, this work is the largest prospective study performed 

evaluating longitudinal myocardial function and pulmonary haemodynamics in infants with 

Down syndrome (DS) from birth to two years of age. In 2015 there were an estimated 

417,000 people with DS living in Europe 149. While life expectancy has increased in recent 

decades cardiovascular and pulmonary disease still account for an estimated 75% of 

mortality in individuals with DS. The majority of deaths occur in young adults, however 

neonatal and infant mortality rates are higher in DS than the general population 110-113. 

Many people with DS are now living into their 6th decade so thoroughly optimising health 

from birth is essential to safeguard optimal clinical and developmental outcomes150.  

 

8.7.1 Current Literature 

 

There is a growing appreciation within the neonatal and paediatric communities that 

the incidence of pulmonary hypertension (PH) in the DS population is considerably higher 

than once thought8, 75. Early PH in babies with DS is significantly associated with an 

increased necessity for invasive ventilation, more days of inhaled nitric oxide therapy, longer 

hospital admission and higher mortality before discharge8, 79. In a French study of 24 

children from 1 month to 16 years of age, pulmonary arterial hypertension was a leading 

cause of ICU admission6. The PH phenotype of the DS paediatric population is complex, 

multifactorial and often particularly challenging to manage as children with DS have a 

blunted response to iNO and require ECMO more frequently than the adult population with 

DS151. In light of the current covid 19 pandemic, there is also growing concern that 

individuals with DS are a particularly vulnerable group due to immunocompromise and an 

increased risk of viral respiratory illness152-156. In a 2021 study of 18 people with DS requiring 

hospitalisation for Covid 19 infection Emami et al reported that people in the DS cohort 

were more significantly more likely to be intubated (p = 0.002) and to die than controls (p = 

0.007)157. Twelve adults with DS and covid-19 infection in an American study were 

hospitalized at a younger age and had a more severe disease course than their non-DS 

counterparts with a higher incidence of sepsis and mechanical ventilation158. It is a distinct 
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possibility that PH is contributing the morbidity and mortality associated with covid-19 in 

the DS population.  

 

It is also well established that structural cardiac disease confers a high risk of 

morbidity and mortality with congenital heart defects (CHD) being the most frequent cause 

of death in children with DS over the first two years of age51, 52. In addition, CHD also 

adversely affects neurodevelopmental outcome with lower scores for receptive, expressive 

and composite language in infants and toddlers with DS who required corrective surgery in 

the first year of age compared to those children with DS and no CHD54. However, several 

studies in older children have highlighted that biventricular dysfunction is not an issue 

exclusive to those babies with DS and structural cardiac disease. A 2013 echocardiography 

study of 85 children aged between 7 and 13 years with DS and structurally normal hearts 

reported sub-clinical LV diastolic dysfunction and RV systolic and diastolic dysfunction, and 

Balli et al assessed 115 children with DS and structurally normal hearts aged between 6 and 

13 years old and documented significantly reduced diastolic performance compared to age 

and sex matched controls 10, 11. This myocardial dysfunction may impose longstanding 

impacts into later life with an Italian study of adults with DS, mean age 36.1 +/-9.7 years, 

reporting that individuals with LV diastolic dysfunction demonstrated lower cognitive scores 

compared to those with preserved diastolic function58. 

 

With a growing body of literature declaring the clinical and neurodevelopmental 

sequelae of PH and myocardial impairment in the DS population, great efforts have been 

made by basic science community in recent years to scrutinize the genetic underpinnings of 

such phenomena, establish more accurate diagnostic biomarkers and develop potential 

therapeutic strategies159. Particularly impressive advancements have been achieved in 

elucidating the genetic basis for the DS phenotype. Alharbi et al suggested mutations in 

GATA3, KCNH2, ENG, FLNA, and GUSB increase the risk of CHD in people with DS, Wu et al 

reported specific genetic pathways postulated to play a role in the development of 

endocardial cushion defects in the DS population and Quinones-Lombrana et al discussed 

the presence of inter-individual variation in genetic expression of the myocardial DYRK1A-

SRSF6-TNNT2 pathway in the context of DS-CHD in their 2019 publication 63 160, 161. A 2021 

study found 93 highly differentially methylated CpG sites and 16 differentially methylated 
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regions in myocardial DNA from individuals with DS and a 2015 study documented 

hypermethylation of the GATA4 gene in foetuses with DS with and without CHDs and as well 

as in foetuses with isolated heart malformations. Importantly aberrant genetic expression of 

the abnormally methylated genes was also detected67, 162.Laufer et al have also identified 

epigenetic alterations in brain tissue from individuals with DS and non-DS controls in 

pathways involved in membrane transport, glutamatergic synaptic signalling, glial immune 

response and apoptosis163. Detailed genetic and biochemical analysis is also underway to 

identify specific mechanisms involved in the development of PH164. Salvolini et al reported 

that both VEGF and eNOS expression was significantly reduced in amniotic fluid 

mesenchymal stem cells from DS pregnancies compared to controls and suggested 

binvolvement of nitric oxide and VEGF in the pathophysiological pathways involved in DS 

pregnancies165. Indeed, due to the high prevalence of PH in people with DS this population 

have been proposed as an ideal patient cohort to study in detail the underlying 

pathophysiology of PH and potentially identify new therapeutic targets166, 167. Some 

preliminary work has been performed to examine if biochemical markers may stratify 

people with DS with and without PH168, 169. A 2019 study reported that reduced angiogenin 

or reduced angiogenin with elevated angiopoietin levels distinguished PH in those with DS 

from DS-no PH, non-DS with PH and non-DS-no PH and supports speculation that 

dysregulated angiogenesis may be a causative factor for the development of PH in children 

with DS168.  

 

There is limited data evaluating differences at myocyte level between people with DS 

and non-DS cohorts. A 1986 study examined the size and number of cardiac muscle fibres in 

15 individuals with DS without CHD against 15 age and sex matched controls. This study 

determined that the mean ratio of muscle cells per unit area in the DS cohort was 84.9%, 

the mean cross sectional area of cardiac muscle fibres was 117% and the mean volume of 

cardiac cells in DS cohort was 127% compared to controls170. Of note the average weight of 

hearts in the DS group compared to age matched controls was 79% of the control values170. 

Murine studies have revealed that quadriceps femoris skeletal fibres display structural 

alterations of their mitochondria and myonuclei similar to those documented in age related 

sarcopenia171. Such findings illustrate that the trisomy 21 phenotype exerts morphologic 

alterations at myocyte level which may have functional impacts.   
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Concomitant to a deeper understanding of the biological processes at play regarding PH 

and CHD in people with DS there are emerging therapeutic strategies under investigation. 

The first drug to be approved for the treatment of pulmonary arterial hypertension was the 

synthetic prostacyclin (epoprostenol) then followed by prostaglandin analogs including 

iloprost, treprostinil, and beraprost which act on prostaglandin receptors172. Aerosolized 

iloprost and treprostinil have been approved by the United States Food and Drug 

Administration to treat pulmonary arterial hypertension and inhaled iloprost has been 

demonstrated to be a beneficial treatment for adult patients with severe PH173, 174. A 

retrospective study of non-DS neonates with PH on ECMO assessing the use of intravenous 

treprostinil demonstrated improved right ventricular function, reversed right-to-left 

shunting through the ductus arteriosus, and stable or decreasing need for vasopressor 

support175. Within the DS population specifically, long term oral administration of the dual 

endothelin receptor antagonist, bosentan was shown to significantly improve oxygen 

saturation following exercise and exercise capacity in adults with DS and Eisenmenger 

syndrome176. These results were mirrored in a 2013 adult study of PH with 18 adults with DS 

and CHD that documented beneficial haemodynamic effects following 12 months of 

bosantan treatment with reduced pulmonary to systemic flow ratio and reduced pulmonary 

vascular resistance measurements177. Sildenafil is a phosphodiesterase-5 inhibitor which has 

demonstrated efficacy in the treatment of neonatal PH in non-DS infants178. However, a 

post-hoc analysis of children with Down syndrome and pulmonary arterial hypertension 

enrolled in the Sildenafil in Treatment-Naive Children, Aged 1-17 Years, With Pulmonary 

Arterial Hypertension (STARTS-1) trial reported that treatment with sildenafil for 4 months 

had no effect on mean pulmonary arterial pressure in children with DS and suggested that 

the DS population may be less responsive to sildenafil than the non-DS population179. 

Selexipag is another oral medication undergoing assessment for treatment of paediatric PH 

which has been approved for use in adult PH180. Selexipag is a newer, selective prostacyclin 

receptor agonist for which there is promising pilot study data available in non-DS patients 

with CHD related PH whereby selexipag administration enabled parenteral prostacyclins to 

be weaned following CHD surgical repair181. A 2019 Cochrane review evaluated the efficacy 

and safety of prostacyclin, prostacyclin analogues or prostacyclin receptor agonists for 

pulmonary arterial hypertension in adults and children and concluded that intravenous 

prostacyclin demonstrates clinical and statistical benefit with improved mortality, symptoms 
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scores, and cardiopulmonary haemodynamics, but at a cost of adverse events; that inhaled 

prostacyclin demonstrated a small clinical benefit in function and haemodynamics but had 

uncertain effects on mortality; that the effects of oral prostacyclins were overall less certain 

and that selexipag demonstrated less clinical deterioration without an obvious impact on 

survival182. Other therapies under investigation for DS-related morbidities include melatonin 

and medications that enhance mitochondrial biogenesis72, 183. The most advanced and 

controversial therapeutic strategy currently under consideration is experimental research of 

various in vitro technologies to remove or silence the extra chromosome 21 material in cells 

at single gene, whole chromosome or epigenetic level184, 185. 

 

With such considerable advancements in our collective understanding of the frequency, 

pathophysiology and potential therapies to ameliorate the multitude morbidities associated 

with DS active health surveillance services for people with DS have developed over time. 

There is a growing appreciation that a holistic, multidisciplinary approach which tackles the 

complexity of medical issues facing infants and children with DS is essential186, 187. Some 

countries offer DS specific clinics to centralise expertise, and many have written national 

guidelines to ensure consistency in service provision188-191. The aim of such endeavours is to 

diagnose and instigate appropriate therapy early for any DS associated morbidity to 

maximize the medical, cognitive and neurodevelopmental potential of every person with 

DS192.  

 

8.7.2 Summary and Implications of Our Research 

 

This study adds new insights to the canon of knowledge on myocardial function and 

pulmonary haemodynamics in infants and children with Down syndrome (DS). Utilising 

advanced echocardiography techniques our prospective, tri-centre observational study of 70 

babies with DS and 60 non-DS controls has documented sustained abnormal elevation of 

pulmonary pressures and impaired systolic and diastolic function in infants with DS 

compared to controls over the first two years of age. The results emphasise the abnormal 

pulmonary vascular state and ongoing impairment of biventricular myocardial performance 

in babies with DS over the first week of age and, specifically, how impaired left ventricular 

(LV) diastolic function imposes detrimental effects on pulmonary haemodynamics and right 
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ventricular (RV) systolic performance through ventricular interdependence. This is a novel 

physiological mechanism which is contributing to the early pulmonary hypertension (PH) 

phenotype frequently observed in the DS population. In addition, the ability of the RV in 

babies with DS to respond efficiently to such conditions was demonstrably hindered by 

diminished RV-PV coupling. Longitudinal echocardiography identified sustained 

abnormalities in indices of PH and biventricular systolic and diastolic performance in babies 

with DS compared to controls irrespective of structural cardiac disease that do not 

normalise by two years of age. This is nuance which is currently missing in available 

literature. The findings that infants with DS who require surgical correction of congenital 

heart disease (CHD) display sustained LV systolic contractility impairment from birth and 

evolving RV systolic contractility impairment from one year of age to two years of age also 

further distinguish this group as a particularly vulnerable one within the overall DS 

population.  

 

The potential for evolving PH consequent to chronic left to right shunting via CHD is 

well recognised193, 194. In recent years greater attention has been paid to indices of PH in 

babies with DS and structurally intact hearts195. Earlier work by our group demonstrated 

elevated pulmonary pressures in babies with DS without CHD, however the degree of 

myocardial impairment and evolution of PH with age had not been explored beyond the 

neonatal period 9. This current work expands on our 2019 study, and it is now clear that 

babies with DS have sustained biventricular impairment and continuing PH over the first two 

years of age independent of CHD. The implications of this research are that a greater 

awareness of such cardiorespiratory vulnerabilities in the neonatal and paediatric DS 

populations should be promoted and may prompt clinicians to monitor all babies and 

children with DS more closely, not only those with CHD. Efforts to understand the 

pathophysiological basis of the DS phenotype and identify potential therapies have made 

great strides. As such it is vital that clinicians accurately detect myocardial impairment and 

PH early before the appearance of clinically overt disease to afford babies and children with 

DS the opportunity to benefit from effective management strategies.  
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8.8 Study Limitations 

 

There are a number of important limitations of this study. The original aim was to 

recruit 120 infants with DS and 60 non-DS control infants over a two year period. In hindsight 

the aim of enrolling 120 infants with DS over the study period was overly ambitious as many 

infants born with DS have acute cardiac and gastrointestinal diagnoses that necessitate 

prompt transfer to paediatric intensive care units in Children’s Health Ireland at Temple Street 

or Children’s Health Ireland at Crumlin. Such transfers prohibited enrolment into this study as 

our ethically approved recruitment sites were the three Dublin neonatal units in The Rotunda 

Hospital, The National Maternity Hospital, Holles Street and The Coombe Women & Infants 

University Hospital. Furthermore, as the goal of the study was to assess longitudinal 

myocardial function and pulmonary haemodynamics I wanted to ensure that I had the 

necessary time to complete 6 month, 12 month and 24 month echocardiograms on the 

majority of infants recruited. The findings of this study cannot be directly applied to the 

general infant DS population as my study cohort did not include the aforementioned infants 

with DS and acute cardiac or gastrointestinal diagnoses that necessitated immediate transfer 

to paediatric ICU. In addition, I did not record the total number of infants born with DS in 

Dublin over the study period.  

 

The differences in gestational age, sex and mode of delivery between the two groups 

may play a potential role in the differences in echocardiography findings over the first week 

of age between the DS and control groups. In addition, the timing of the third echocardiogram 

was different between the DS and control cohorts which may have also had an impact on the 

results over the first week of age. It is possible that there are other confounding variables and 

biases which may have influenced the results.  

 

I did not record weight or length centiles or blood pressure measurements for the DS 

or control cohorts during the study. I did not perform Z scores for weight in the DS or control 

cohorts. 

 

There was a high rate of Caesarean section in the control cohort. The control cohort 

were enrolled entirely within the Rotunda Hospital where the Caesarean section rate is 40%. 
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In order to capture as many Day 3 echocardiograms as possible in the control population I 

decided to enrol more infants delivered by Caesarean section in this group. This decision was 

made as infants delivered by vaginal delivery are typically discharged home on day 2 of age 

precluding a day 3 echocardiogram.  

 

The incidence of CHD in the DS cohort in this study was 69%, higher than what is 

usually reported in the literature. This may have had a potential impact on the measurements 

of pulmonary haemodynamics and myocardial function in this study. 

 

The study was underpowered to detect the ability of echocardiography parameters to 

predict clinically relevant outcomes in the DS population due to the low incidence of such 

outcomes in our cohort. I did not collect detailed information on the number of infants in the 

DS cohort who were admitted specifically for respiratory syncytial virus bronchiolitis, the 

number receiving nasogastric feeds following hospital discharge or the total number of 

infants in the DS cohort who were referred for investigation of obstructive sleep apnoea. It is 

possible that the Covid-19 pandemic related restrictions favourably impacted on the 

incidence of intercurrent illness in the DS cohort due to reduced direct contact with other 

children and adults.  

 

In some echocardiography measurements the lack of statistically significant 

differences between the DS and control cohorts may be due inadequate study participants in 

the DS cohort and type 2 error. For example, LV twist in the control cohort was approximately 

twice that of the DS-CHD group and although this was not statistically significant it may be 

clinically relevant. However, given the wide standard deviation of this measurement the study 

was underpowered to detect a statistically significant difference.  

 

Off-line echocardiography analysis was unblinded to the grouping of the baby and was 

performed by one operator (Aisling Smith). If there was fusion of e’ and a’ waves on TDI 

assessment the single wave was documented as an a’ wave. If this occurred measurements 

such as E/e’, E/A and e’/a’ were not assessed and this method could have had a potential 

impact on the study findings and external validity. TDI and STE techniques have not been 
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specifically validated in the DS population and future studies are required to perform this 

work.  

 

There is no international consensus on the cut off value of LV EI that defines abnormal 

PVR. The definition of an abnormal LV EI of 1.8 designated in this study could not have been 

set a priori as this has not been previously defined in a healthy, term infant cohort. The gold 

standard for diagnosing PH is right heart catheterisation. At present there is also no 

international consensus regarding the definition of PH as diagnosed by echocardiography 

surrogate markers. Until such echocardiography markers are validated against right heart 

catheterisation measurements deriving a definition of PH based on those surrogate markers 

will remain a challenge. The echocardiography defined diagnosis of PH utilised in this study 

was not validated against right heart catheter measurements and its individual components 

carried equal weight. This echocardiography defined diagnosis of PH should be validated 

against right heart catheter measurements of pulmonary arterial pressure and assessed for 

its ability to predict clinically important outcomes both in a larger cohort of infants with DS 

and other neonatal cohorts of interest. 

 

With the Covid-19 pandemic striking in early 2020, the ability to perform longitudinal 

echocardiograms on outpatient infants with DS and infants in the control cohort was 

significantly hindered. In order to comply with hospital policies and to ensure parental 

comfort these scans were delayed or cancelled at various time points over the 12 month 

period from March 2020 to March 2021. The current data set reflects our best efforts at 

performing as many longitudinal echocardiograms at 6 months, 12 months and 2 years as 

possible given the circumstances. 
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8.9 Future Directions 

 

Impaired myocardial function and pulmonary haemodynamics may be evident from 

foetal to adult life in the Down syndrome (DS) population. Neonates with DS represent a 

particularly vulnerable group with a heterogeneous, multifactorial pulmonary hypertension 

(PH) phenotype that confers a significant risk of morbidity and mortality. I hope a greater 

understanding of myocardial performance and pulmonary haemodynamics in babies and 

children with DS, both with and without congenital heart disease (CHD), over the first two 

years of age will aid in the ability to monitor patients and ameliorate adverse outcomes.  

 

Regarding future directions for this work, our findings should be further investigated 

in a larger cohort of infants with DS with a higher incidence of clinical outcomes including 

surgical morbidity. Ideally a study examining myocardial function and pulmonary 

haemodynamics in a DS cohort over a much longer period of time into childhood and their 

adolescent years could assess if the sub-clinical echocardiography findings observed in this 

study manifest as clinically relevant findings with increasing age.  

 

As previously discussed, there is no international consensus available at present 

regarding the definition of PH as diagnosed by echocardiography surrogate markers. Further 

work is needed to validate echocardiography derived markers of PH, such as LV EI, against the 

gold standard of right heart catheter measurements of pulmonary arterial pressure. Until 

then the diagnosis of PH based off echocardiography surrogate markers will remain a 

challenge. In time studies should also assess the ability of such echocardiography surrogates 

of PH to predict clinically important outcomes in neonatal and paediatric populations of 

interest.  

 

Following the results from this study I would suggest that increased surveillance of 

infants and children with DS, particularly those with structurally normal hearts, is warranted. 

At present our national guideline states ‘It is highly desirable to establish the cardiac status of 

every child with Down syndrome by age 6 weeks’ however there is no suggested 

echocardiography schedule or standardised approach for longitudinal monitoring of 

myocardial function or PH in children with DS in Ireland196. I would suggest a national, 
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consensus guideline for cardiovascular monitoring of infants and children with DS is devised 

with yearly echocardiographic assessment. Such an approach could provide an essential 

window of opportunity for detection of sub-clinical myocardial impairment or evolving PH 

prior to the development of clinically overt disease. In addition, any infant with DS admitted 

to hospital with an intercurrent illness should be screened for both RV and LV myocardial 

impairment as well as having an echocardiography-based assessment of pulmonary 

pressures. 

 

The importance of continued basic science examining the biological underpinnings of 

DS associated morbidity and well designed, adequately powered studies investigating the 

safety and efficacy of emerging medications for the treatment of PH in the DS population 

cannot be overstressed197-199. To this end our research group is currently planning a 

prospective cohort study assessing the effect of early sildenafil treatment on PVR 

measurements in a DS cohort. The aim of the study is to evaluate if early intervention with 

sildenafil can mitigate or reverse elevated PVR in a DS cohort over the first six months of age.  

 

In conclusion, this work has gleaned new insights into the evolution of left and right 

ventricular function and pulmonary haemodynamics in infants with DS over the first two years 

of age. The results demonstrate sustained impairment of biventricular systolic and diastolic 

myocardial performance and elevated pulmonary pressures in babies with DS from birth to 

two years of age regardless of structural heart disease. I hope this data will help improve 

cardiovascular monitoring, clinical and neurodevelopmental outcomes for babies and 

children with DS in Ireland and beyond.   
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