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Overview

The prevalence of obesity in pregnancy is rising every year both in the UK and globally.
Obese pregnant women are often of childbearing age and go on to have high risk pregnancies
with increased risk of hypertensive disorders, gestational diabetes and large-for-gestational

age neonates.

Bariatric Surgery is a highly successful treatment for sustained weight loss and its use in the
management of obesity is growing. Studies of individuals before and after bariatric surgery,
outside of pregnancy, have shown a reduction or resolution in hypertension, cardiac
remodelling with reduced left ventricular mass and improved function. Numerous
retrospective studies have shown that pregnancy following bariatric surgery is associated
with a reduced risk of developing hypertensive disorders, however, the mechanisms for this
are largely unknown. In pathological pregnancy complicated by pre-eclampsia or growth
restriction, studies have shown cardiovascular alterations in haemodynamic indices, cardiac
geometry and function, highlighting the importance of the cardiovascular adaptation to

pregnancy.

This study is a prospective, observational study aiming to investigate the maternal
cardiovascular adaptation to pregnancy in women with previous bariatric surgery compared
to women with similar early pregnancy BMI and similar pre-surgery BMI. In addition, we
investigated the cardiovascular adaptation to pregnancy in obese pregnant women compared
to normal BMI pregnant women and the placental function in obese pregnant women and its
association with cardiovascular parameters. Cardiovascular function was assessed at three
time points during pregnancy by measuring blood pressure and using transthoracic
echocardiography to assess haemodynamic function, cardiac geometry and systolic and

diastolic function.



Statement of originality

All work presented in this thesis was performed by myself unless stated
otherwise in the text.

Submitted in fulfilment of the requirements for the degree of Doctor of
Philosophy at Imperial College London

Deesha Patel



Copyright declaration

The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are
licensed under a Creative Commons Attribution-Non Commercial 4.0 International Licence
(CC BY-NC). Under this licence, you may copy and redistribute the material in any medium
or format. You may also create and distribute modified versions of the work. This is on the
condition that: you credit the author and do not use it, or any derivative works, for a
commercial purpose. When reusing or sharing this work, ensure you make the licence terms
clear to others by naming the licence and linking to the licence text. Where a work has been
adapted, you should indicate that the work has been changed and describe those changes.
Please seek permission from the copyright holder for uses of this work that are not included

in this licence or permitted under UK Copyright Law.



Acknowledgements

Firstly, I would like to thank my supervisors Miss Mina Savvidou, Professor Mark Johnson
and Professor Giovanni Di Salvo for all their guidance over the last 3 years. In particular, |
would like to thank Miss Savvidou for the huge amount of time and effort that she dedicated
to this project from initial concept all the way through to thesis writing and publication. I am
incredibly grateful for the opportunity and the skills gained along the journey. I hope to work
together again in the future.

I would like to thank Dr Francois dos Santos for sharing his research room and his invaluable
support and guidance at the start and along with Nooshin for all the emotional support,
endless kind words and keeping me sane throughout. We had so many laughs along the way
and [ have many great memories. [ would like to express my gratitude to Dr Nunzia Borrelli
and Dr Martina Avesani for their patience in teaching me how to perform echocardiographs
and their high standards and guidance.

Thank you so much to my Mum and sister, Minal for always being there for me and being so
patient when I was always too busy and likewise my best friends Mehul, Angeli and Sandy.
Lastly, I would like to thank to my husband Daniel for being so understanding, supportive
and patient throughout this seemingly never-ending process!

Lastly, thank you to all the women who took part in the study and made this possible.



Conference presentations

1. Maternal cardiovascular adaptation to pregnancy in women with previous bariatric
surgery.
RCOG World Congress, June 2021 — Prize Best Oral Presentation in session

2. Maternal cardiovascular adaptation to pregnancy in obese women
RCOG World Congress, June 2021

3. Maternal cardiovascular adaptation to pregnancy in women after bariatric surgery
RCOG Annual Academic meeting, February 2021

4. Maternal cardiovascular adaptation to pregnancy in in obese pregnant women
compared to normal BMI pregnant women
RCOG Annual Academic meeting, February 2021

5. Maternal cardiovascular adaptation to pregnancy in women after bariatric surgery.
National Trainees Conference, May 2021

Cardiovascular maladaptation in obese pregnant women, a longitudinal study
6. National Trainees Conference, May 2021

Publications

1. Bourke M, Patel D, Rocca A, Maric T, Savvidou M. Effect of post-bariatric maternal
weight loss and surgery to conception interval on perinatal outcomes of nulliparous
women. Surgery for Obesity and Related Diseases. Volume 17, Issue 8, 1473 - 1479

2. News article
Bariatric Surgery Leads to Better Cardiovascular Function in Pregnancy
Medscape, https://www.medscape.com/viewarticle/953588

3. Paper submitted and undergoing corrections for publication
Maternal cardiovascular adaptation to pregnancy in women with previous bariatric
surgery. American Journal of Obstetrics and Gynaecology



Contents

OVETVIEW ..ttt et ettt et e h ettt e bt e e et e bt e et e e ebe e e ab e e sbb e st e e sbbeeabeessteeabeenaeeenne 4
Statement 0f OTTZINALILY ....c...iouiiiiiiiiiie ettt 5
Copyright AeCIaration..........ccuieiuiieiieiieeii ettt ettt et e b e e s eaeebeessseesbeessseenseenaseenne 6
ACKNOWIEAZEMENLS.......eiiiiieiiieiiee ettt ettt ettt et e st e e bt e snbeebeesneeenne 7
Conference PreSENTAtIONS .......cooutirurieriieiieeite ettt ettt ettt sbt e et e st e et esaee e bt e sbeeebeesaneenne 8
PUDBIICAIONS ...ttt e ettt e e e e ta e e e ta e e eae e e sabeeeesseeessbeeeesbeeensseeenseeennns 8
LISt OF TADIES ..ottt sttt et st e bttt e sbeebesntesaeennea 12
LSt OF FIGUIES ...ttt ettt ettt e et e st eebeesaeeenbeesaeas 14
ADDIEVIATIONS ...ttt ettt ettt ettt e s bt et h e st et e e e e 16
CHAPTER 1 ..uuouiiuineiiinsninsnnsessssssssssssssssssssssssasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 17
INTRODUCTION ...ouiiiiiiiiiiiiiettete ettt ettt ettt sttt ettt et st a et et sae e b eanesae et 17
ODSIEY .ttt ettt et b ettt h ettt h et h et e a e eb e bt et nb e et e 17
Obesity and the cardiovascular SYStEM ........cccuvieriiieriiieeiiie et 18
Haemodynamic Changes ............coocuiiiiiiiiiiiieiee et 18

(O 1o L Tl €0 00157 1 o TSP URTRR 19
Cardiac fUNCHION ... ..ccciiiiciiie ettt ere e et e e e ta e e etaeeeasaeesabaeesnseeennseeennns 19
NOIMAL PIEZNANCY ...cvvieeiieiieeiiietieeie et e ete et e eteesteesbeeteesebeesaessseesseessseensaessseesseensnas 21
Pathological Pregnancy .........c.ooceeiiieiieeiiee et 26
ODESILY 1N PIEZNANCY ....oeviiiiiiiiieeiieeiieeie ettt et e et ste e e seaeesaessseesseessseenseessseenseessseensaens 28
Obesity and the maternal cardiovascular SYStem ..........cocueveeverieniereniieneenenieneees 29
BaTTatriC SUTZEIY .. ueiviiiiieiiieeiieiie ettt et e ettt e e bt e et e eabeesateesbeessaeenseessseesseessseensaessseenseensnas 30
Surgery and Weight 10SS .......cc.eeiiiiiniiiiiic e 30
Bariatric surgery and the cardiovascular SyStem ..........cccoeeveeieeriieniienienieeiieere e 32
Pregnancy after Bariatric SUIZETY .........oocuiiiiiiiiiiiieeiiee et 34
HYPOTNESES ...ttt ettt et e st et e st e e beesabeenbeessaeenbeesaseenseannnes 35
AATITIS ettt h e et h et e bt e e b e e bttt e bt e e bt e eh e e e bt e e ht e e bt e nateebeenaeas 36
CHAPTER 2..uuuueeiiiiiinsneisnissenssecssissesssesssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssassssssss 38
MATERIALS AND METHODS .....ceoutiiiiiiiieiieeeteestee st et ettt st et sne et eseneesneesaneeneesnneeneens 38
ReguIatory apPrOVAL.......coouiiiiieiie ettt et ettt et eneas 38
Inclusion and eXCIUSION CITEETIA .......eeuieiiieiie ittt et e 38
INCIUSION CIILETIA ...ttt sttt ettt ettt sbe e 38
EXCIUSION CTIEEIIA ...ttt ettt ettt et e e 38
Patient TECTUITMENT .....euiitieiiiiiieie ettt ettt st 39

VISTES ettt ettt et h e et e h e et e bt e e bt e h b e bt e e ht e e bt e bt e e beeeheeenbeesateebeen 39
TNVESTIZALIONS ...eeevieieieeiie ettt ettt et ettt e st e et e s et e et e e s saeenbeessseenseeesseenseenaseenseannnas 39
EchOCardiography .......cc.eieeiiieiiie ettt ettt et et e e sbe e e seae e e nnbeeeenbeeen 41
Echocardiographic planes .............cceeiiieiiiiiiieiiecieetese et 42
Echocardiography teChNIQUES ..........ceevviieiiieeiie et 43
Echocardiography USES .......cccuieriieeiiieiieeiieeie ettt ettt ettt et saeeteesaeenbeesaneesee s 45
Maternal cardiac geometry and funCtion ............ccceeevieeriiieeciee e 48
Echocardiography image acquisition and asseSSMENt ..........ccceecvereerieeieneenienieeneenens 50
IMEASUTCITIENES .....eeieieiiiieeeiti ettt ettt ettt e ettt e st e e st e e sttt e s bt e e sabe e e sabeeesaaeeenaneesnaeeeas 62
Speckle tracking echocardiography ..........cccocvieiieiiiiiiieieeitee e 63
Inter- and Intra- observer reliability.........ccciiiriiiiiiieeiie e e 63
StatiStICAl ANALYSES ...ccuvieiiieeiiieiiecii ettt ettt ettt e b etaeenaeenne 65
CHAPTER 3....ouoiiiinnineisinsaisensesssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 67



MATERNAL CARDIOVASCULAR ADAPTATION IN PREGNANCY IN WOMEN WITH PREVIOUS

BARIATRIC SURGERY COMPARED TO WOMEN WITH A SIMILAR PRE-SURGERY BMI ............... 67
ADSITACT ..ottt e ettt e e e e e e et e e e e e s e e e ——rreeeeesea i aaaateeeeeeeaaan 67
| H0N5 4016 10 o1 (o) o DR USRS 68
HYPOTRESIS. ...ttt et e et e st e et e st eeabeesaneenbeesaeas 70
N 11 s RPN 70
A (19 0 Lo e KT TSRO P PRSI 70

StatistiCal ANALYSES ..evuvvieiiiiiiiie e e e 71
RESUILS ..ottt e e e e e ettt e e e e e s e et ata et e eeessesssataaeeeeeeesaaans 72
Hemodynamic Variables...........cccuieiieiieeiierieeieecee ettt ettt sae e aeebeeseseenne s 75
Cardiac GEOMELTY .....eeuiieiieeiie ettt ettt ettt ettt e et e et e et e st e e bt e sateenbeesnseenseesaeeenne 81
Systolic, diastolic and longitudinal function...........c.ccceervieeiienieeiiieniecie e 87
Global longitudinal and circumferential Strain ..........cccceeveeeviiniiiiiieiiieee e 95
BIrthwWeight ......ooeiiiiiieice e 96
DISCUSSION ....oiiiieiiiieee ettt e ettt e e e e s e et a b e e eeeeesssaaaabaeeeeesssssssaaaaeeeeesssssnnsaaaseeeeess 100
(70} 4163 10 1S3 o) o RPN 104
CHAPTER 4...oauaeeeeeeeeeecnreeeecsssseeecsssssssecsssssseessssssssssssssssssssssssssssssssssessssssssssssssasssssssassssssns 105

MATERNAL CARDIOVASCULAR ADAPTATION IN PREGNANCY IN WOMEN WITH PREVIOUS

BARIATRIC SURGERY COMPARED TO WOMEN WITH A SIMILAR EARLY PREGNANCY BMI.....105
ADSITACT ...ttt e e e e e e et e e e e e e e n e e e e e e e aaarraaaeas 105
) FIS¢o 6 18 Te15 (o) o DUURU SRR 106
HYPOTRESIS. ..ttt ettt et e e et e st e e tae st eesbeessbeensaessbeenseessseensaennseenns 108
FN 4 RO PRRRRRRRRRR 108
A (S 5T Yo KT PP OURRRRRRRRR 108

Statistical ANALYSES ....cc.eevieriiriiiiieieee s 109
RESULLS ... e e et e et e e e et e e e e etae e e e eeaaaeeeeeeaaeeeeeetreeeeeennreeeans 110
Hemodynamic variables..........cccieiiiieiiiiiiiieciie ettt 113
Cardiac GEOMELIY ....vieeieeeiieeiieeieeeiie et eite ettt e et e et e et e esaeeenbeenseeesseesaeeaseenseesnseenseens 120
Systolic, diastolic and longitudinal function...........ccceevvieeiiieeiiieciieece e 123
Global longitudinal and circumferential Strain ............cccecoeeeveierieniiienieeiieie e 130
L3305 S5 P oL S 131
DISCUSSION .....vvieeeiiiieeeeete e eeete e e eett e e eete e e e eeaeeeeeeaaeeeeeeaseeeeeetaseeeeessseeeeeassseeeeessseeeensreeean 135
(0] 4163 1113 o) o N PPRRRR 139
CHAPTER 5...aeeeeeieeeeecccsneeeeccssasseccsssnssecssssssecesssasssssssssssssssssssssssssnssssssssnsssssssassssssssnsssesssns 140

MATERNAL CARDIOVASCULAR ADAPTATION IN PREGNANCY IN OBESE PREGNANT WOMEN

COMPARED TO WOMEN WITH A NORMAL BODY MASS INDEX ....cvveiieeeeiiiirrreeeeeeeeeeninrreeeeeens 140
YN 0115 ¢ 11 AR 140
INEEOAUCTION . ....eeeiiiiiieeeeeee et e et e et e e e e et e e e e eeteeeeeeeaaeeeeseaneeeeennsreeeens 141
5 701011 1 113 USSR 142
2N 11 s RSP ERUUORRRTRRPTI 142
A (519 s Lo e TSR 143

Statistical ANALYSIS.....ccuieiiieiieiie ettt e 143
RESUILS ...ttt e e e e e e et e e e e e s s e e st e e e e e e e e e araaareeeeeas 144
Hemodynamic variables...........cceeiiiiiieiiieiiecieeeecee et 146
Cardiac GEOMEITY ....eeiviieeiiieeiiee et e etteeeieeestteeeseaee ettt eeaaeeesseessseeesssaeessseeessseeensseenns 154
Systolic, diastolic and longitudinal function.............ccccueerieniieriieniiieiieieeeeeee e 160
BIrthwei@ht ... e e 166
DISCUSSION .....vvieeeeiiieeee ettt e eeete e eett et e e e et e e e eeae e e e eeaaeeeeeeaseeeeeetsseeeeessseeeeeassseeeeessseeeennsreeeen 168



CHAPTER Q..uuuuueneineinennennicensninssicssnssesssissssssessssssssssessssssssssssssssssssssssssssssssssssssssssssssssssas 172
MATERNAL CARDIOVASCULAR INDICES AND PLACENTAL FUNCTION IN OVERWEIGHT/OBESE
PREGNANT WOMEN......iiutiiieitiaiteniteteeitett et st este et sttebeetesteestesasesseesneeanesaeennesanesaeenseennennes 172

PN 0] 1 v T sSSP 172

INETOAUCTION ...ttt e et e et e e st e e st eessbeeesabeeesnseeennseeenseas 173

HYPOTRESIS. ...ttt ettt bt et et e enb e e b e sabeebeesnaeenee 176

F N 11T 176

1\ (51 1 La T (SRR 176

StatistiCal ANALYSIS...cccuiiiriieiiiiieiiie et 177

RESUILS ...ttt e e e e et e e e aa e e st e e s abaeesnbee e abeeenaraeenareeenreas 177

DISCUSSION ...ttt ettt et e et e ettt e et e e eaaeeessbeesnaeeesnsaeesnseeennseeeenseeennseeennseesnnsens 184

CONCIUSION ..eiivieeiiieeeiiee ettt e ettt e ettt e et e e etee e e vt e esaaeeeesbeeasseeessaeessseesssseeassseesssesessseeessseeenssanans 185

CHAPTER 7.uuucueiuicricennnecsnissnssesssissssssesssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 186
EFFECT OF POST-BARIATRIC MATERNAL WEIGHT LOSS AND SURGERY TO CONCEPTION
INTERVAL ON PERINATAL OUTCOMES OF NULLIPAROUS WOMEN ........coiiiieniiiaiieniienieenieenne 186

PN 0] 1 v T RSP USSRPPRR 186

INETOAUCTION ...ttt e et e et e e st e e s abeeessbeeeeaseeennseeennseeenreas 187

1\ (51 s La T (TSRS 188

StatistiCal ANALYSIS...ccvieeiiieiiiieeiie e e 188

RESUILS ...ttt e e e e et e e e ta e e s be e e eab e e e enbee e abeeeeareeennreeenreas 189

DISCUSSION ...ttt ettt ettt et e ettt e et e et eeeaaeeessbeeenaeeesnsaeessseeessseeeenseesnnseeennseeennseas 192

CONCIUSION ..eitvieeiiieeiiee et e ettt e et e e et e e et e e e aaeeessaeeeesbeeasseeesseeessseeassseesssseessseeessseeeassesenssanans 194

CHAPTER 8....uuoiriinrinnicnnsiississsnssesssisssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssss 195

Final Summary and DISCUSSION ....c.ceviruiiriiiiiniiiiieniierieeeet sttt 195

Principle fINAINES ...c.veeeiieiieeie ettt ettt nae e 195

| 3310011 151 ) 0 TP 197

Limitations of echocardiography ............ccoeeieiiiiiiiiiiieieceeeee e 197
Limitations of the STUAY .......evieiiieieee et e 198

CRALLEIEZES ... vttt ettt et ettt et e et e e st e enbeebeeeabeenseeenbeeseeenbeenseenneas 199

N8 028741 1 1SS 199

FULUIE WOTK ...ttt ettt ettt e st e et e eabeenbeessbeensaennseenne 200

S 5] 1<) 1 (oL PR 200

APPENAIX L.ttt ettt ettt e ettt et e et e e stbe e bt e snae et e e nabeenbeennneenraans 216

Studies of cardiovascular changes after bariatric SUIZery........cccevvveeecrieencieeerreenne. 216

APPEIAIX 2.1ttt ettt ettt ettt e e be et e e bt e e taeenbeentbe e bt e enbeenbeeeabeenaeeenneensaens 219

Studies of hypertensive disorders in pregnancy after bariatric surgery..................... 219

11



List of Tables

Chapter 1
Table 1.1 National Institute of Clinical Excellence (NICE) BMI classification

Table 1.2 Cardiovascular changes in pregnancy
Table 1.3. Maternal Cardiovascular Function in Normal Pregnancy

Chapter 2

Table 2.1. Measurements taken at each research clinic visit
Table 2.2. Interclass correlation coefficient of investigator 1 and 2.
Table 2.3. Interclass correlation coefficient of investigator 1 with measurements six months apart

Chapter 3

Table 3.1 Maternal demographic characteristics and pregnancy outcomes of the study participants.

Table 3.2. Haemodynamic variables, median (interquartile range) for each trimester and group with p values of
group comparison.

Table 3.3. Mean difference of haemodynamic variables between trimesters in the two groups of women

Table 3.4. Multilevel linear mixed-effects models for Log10 haemodynamic variables, overall group comparison
across all trimesters

Table 3.5. Multilevel linear mixed-effects models for Log10 hemodynamic variables. Estimated marginal means
(95% CI) for each trimester and group are given.

Table 3.6. Cardiac geometry, mean (standard deviation) for each trimester and group with p values of group
comparison

Table 3.7. Mean difference in LV mass and LV mass index between trimesters in the two groups of women
Table 3.8. Multilevel linear mixed-effects models for cardiac geometry, overall group comparison across all
trimesters

Table 3.9. Multilevel linear mixed-effects models for cardiac geometry, estimated marginal means (95% CI) for
each trimester and group are given.

Table 3.10. Systolic, diastolic and longitudinal function, mean (standard deviation) for each time point and
group with p values.

Table 3.11. Mean difference in E/A ratio, LA volume and LA volume index between trimesters in the two groups
of women

Table 3.12. Multilevel linear mixed-effects models for systolic, diastolic and longitudinal, function, overall group
comparison across all trimesters.

Table 3.13. Multilevel linear mixed-effects models for systolic, diastolic and longitudinal function. Estimated
marginal means (95% CI) for each trimester and group are given.

Table 3.14. Global longitudinal strain and global circumferential strain, mean (standard deviation) for each
trimester and group with p values of group comparison.

Table 3.15. Multilevel linear mixed-effects models for global longitudinal strain and global circumferential strain,
overall group comparison across all trimesters

Table 3.16. Multilevel linear mixed-effects models for global longitudinal strain and global circumferential strain.
Estimated marginal means (95% CI) for each trimester and group are given.

Table 3.17. Pearson’s correlation (R) of birth weight percentile and cardiac output, total peripheral resistance and
mean arterial pressure in each group and trimester with p values.

Chapter 4

Table 4.1. Maternal demographic characteristics and pregnancy outcomes of the study participants.

Table 4.2. Haemodynamic variables, median (interquartile range) for each trimester and group with p values of
group comparison.

Table 4.3. Mean difference of haemodynamic variables between trimesters in the two groups of women

Table 4.4. Multilevel linear mixed-effects models for Log10 haemodynamic variables, overall group
comparison across all trimesters

Table 4.5. Multilevel linear mixed-effects models for Log10 hemodynamic variables. Estimated marginal
means (95% CI) for each trimester and group are given.

Table 4.6. Cardiac geometry, median (interquartile range) for each trimester and group with p values of group
comparison

Table 4.7. Mean difference in cardiac geometry between trimesters in the two groups of women

Table 4.8. Systolic, diastolic and longitudinal function, median (interquartile range)/mean (standard deviation)
for each time point and group with p values.

Table 4.9. Mean difference in systolic, diastolic and longitudinal function between trimesters in the two groups
of women

12



Table 4.10. Multilevel linear mixed-effects models for diastolic function, overall group comparison across all
trimesters.

Table 4.11. Multilevel linear mixed-effects models for diastolic function. Estimated marginal means (95%
CI) for each trimester and group are given.

Table 4.12. Global longitudinal strain and global circumferential strain, mean (standard deviation) for each
trimester and group with p values of group comparison.

Table 4.13. Multilevel linear mixed-effects models for systolic, diastolic and longitudinal, function, overall
group comparison across all trimesters.

Table 4.14. Multilevel linear mixed-effects models for global longitudinal strain and global circumferential
strain. Estimated marginal means (95% CI) for each trimester and group are given.

Table 4.15. Pearson’s correlation (R) of cardiac output, total peripheral resistance and mean arterial pressure
with birth weight percentile in each group and trimester with p value

Table 4.16. Pearson’s correlation (R) of cardiac output, total peripheral resistance and mean arterial pressure
with birth weight percentile for the whole cohort at each trimester

Chapter 5

Table 5.1. Maternal demographic characteristics and pregnancy outcomes of the study participants.

Table 5.2. Haemodynamic variables, median (interquartile range) for each trimester and group with p values of
group comparison.

Table 5.3. Mean difference of haemodynamic variables between trimesters in the two groups of women

Table 5.4 Multilevel linear mixed-effects models for Log10 haemodynamic variables, overall group comparison
across all trimesters

Table 5.5. Multilevel linear mixed-effects models for Log10 hemodynamic variables. Estimated marginal
means (95% CI) for each trimester and group are given.

Table 5.6. Cardiac geometry, mean (standard deviation) for each trimester and group with p values of group
comparison

Table 5.7. Mean difference in cardiac geometry between trimesters in the two groups of women

Table 5.8. Multilevel linear mixed-effects models for cardiac geometry, overall group comparison across all
trimesters

Table 5.9. Multilevel linear mixed-effects models for cardiac geometry, estimated marginal means (95% CI) for
each trimester and group are given.

Table 5.10. Percentage of participants with left ventricle hypertrophy in each trimester and group

Table 5.11. Systolic, diastolic and longitudinal function, mean (standard deviation) for each time point and
group with p values.

Table 5.12. Mean difference in diastolic and longitudinal function between trimesters in the two groups of
women

Table 5.13. Multilevel linear mixed-effects models for systolic, diastolic and longitudinal, function, overall
group comparison across all trimesters.

Table 5.14. Multilevel linear mixed-effects models for systolic, diastolic and longitudinal function. Estimated
marginal means (95% CI) for each trimester and group are given.

Table 5.15. Pearson’s correlation (R) of cardiac output, total peripheral resistance and mean arterial pressure
with birth weight percentile at each trimester in the whole cohort

Chapter 6

Table 6.1. Demographic characteristics and pregnancy outcomes of the study participants.

Table 6.2. PAPP-A, B-hCG and mean uterine artery pulsatility index, at each trimester in overweight and obese
pregnant women.

Table 6.3. Pearson’s corelation (R) of BMI and weight with mean uterine artery pulsatility index at each
trimester

Table 6.4. Pearson’s correlation of maternal blood pressure and heart rate with PAPP-A, B-hCG uterine artery
pulsatility index and birth weight percentile at each trimester, in overweight/obese pregnant women.

Table 6.5. Pearson’s correlation of cardiac output, stroke volume, total peripheral resistance and left atrial
volume with PAPP-A, B-hCG, uterine artery pulsatility index and birth weight percentile at each trimester in
overweight/obese pregnant women.

Table 6.6. Pearson’s corelation of left ventricle ejection fraction and E-wave/A-wave ratio with PAPP-A, 3-hCG,
uterine artery pulsatility index and birth weight percentile at each trimester in overweight/obese pregnant women
Table 6.7. Linear regression model of cardiac output, total peripheral resistance and left atrial volume with birth
weight percentile, after adjustment for gestation, maternal age, race and development of gestational diabetes
Table 6.8. Linear regression model of systolic blood pressure and PAPP-A, after adjustment for gestation,
maternal age, race and development of gestational diabetes

Chapter 7

Table 7.1. Maternal demographic characteristics and pregnancy outcomes of the study participants

13



Table 7.2. Univariate analyses of surgery, maternal demographic and pregnancy characteristics with fetal
growth rate and birthweight

List of Figures

Chapter 1

Figure 1.1 Prevalence of obesity in women ages 18 years and over

Figure 1.2. Obesity and cardiac dysfunction: mechanisms

Figure 1.3. Cardiovascular changes from pre-conception to post-partum: changes in mean arterial pressure,
heart rate, cardiac output and peripheral vascular resistance from pre-conception through pregnancy to post-
partum.

Figure 1.4. Schematic representation of the arrangement of fibres of the left ventricle

Figure 1.5. Type of bariatric surgery

Chapter 2
Figure 2.1. Echocardiographic planes of the heart

Figure 2.2. Long axis function. M-mode study of movement of the atrioventricular rings towards the apex.
Figure 2.3. Left ventricle diastolic function as assessed by mitral inflow E-wave/A-wave ratio.

Figure 2.4. Parasternal long axis view

Figure 2.5. M-mode image of the aorta and left atrium

Figure 2.6. Parasternal long axis view of the ascending aorta

Figure 2.7. Parasternal long axis view of the left ventricular outflow tract diameter

Figure 2.8. Parasternal short axis view

Figure 2.9. Parasternal short axis view of the left ventricle at the level of the mitral value

Figure 2.10. Parasternal short axis view of the left ventricle at the level of the papillary muscle.

Figure 2.11. M-mode tracing of the left ventricle. Measurements of the interventricular septum, left ventricle
diameter and posterior wall thickness at end-diastole.

Figure 2.12. Parasternal long axis view of the left ventricle at the level of the apex

Figure 2.13. Apical four chamber view

Figure 2.14. Apical four chamber view focused on the LV and mitral value

Figure 2.15. 1. E-wave velocity 2. A-wave velocity, used to calculate the E/A ratio

Figure 2.16. Tissue doppler imaging of the mitral annulus, E’ medial and E’ lateral

Figure 2.17. Tissue doppler imaging of the lateral tricuspid annulus, S’

Figure 2.18. Tricuspid annular plane systolic excursion measured by M-mode showing movement of the
tricuspid valve ring towards the apex

Figure 2.19. Mitral annular plane systolic excursion lateral and septal

Figure 2.20. Apical four chamber view of left atrial volume

Figure 2.21. Apical four chamber left ventricular volume in diastole and systole

Figure 2.22. Five chamber view, pulsed wave Doppler of left ventricular outflow tract velocity time integral
Figure 2.23. Apical three chamber view

Chapter 3
Figure 3.1. Mixed model analysis systolic blood pressure (SBP), diastolic blood pressure (DBP) and mean arterial

pressure (MAP) across trimesters in both groups.

Figure 3.2. Mixed model analysis for heart rate across trimesters in both groups

Figure 3.3. Mixed model analysis for stroke volume (SV) and cardiac output (CO across trimesters in both
groups

Figure 3.4 Mixed model analysis for Log10 total peripheral resistance (TPR) in both groups examined

Figure 3.5. Mixed model analysis for interventricular septal thickness in both groups examined

Figure 3.7. Mixed model analysis for relative wall thickness (2 x left ventricle posterior wall diameter)/ left
ventricle end diastolic diameter) in both groups examined.

Figure 3.8. Mixed model analysis for left ventricular mass across trimesters in both groups examined.

Figure 3.9. Mixed model analysis for end diastolic volume across trimesters in both groups examined.

Figure 3.10. Mixed model analysis for end systolic volume across trimesters in both groups examined.

Figure 3.11. Mixed model analysis for mitral inflow E-wave/A-wave ratio across trimesters in both groups
examined.

Figure 3.12. Mixed model analysis for tissue Doppler imaging (TDI) E’ lateral and E’ medial mitral annulus
across trimesters in both groups examined.

Figure 3.13. Mixed model analysis for left atrial volume across trimesters in both groups examined.

14



Figure 3.14. Correlation of maternal cardiac output and birth weight percentile in the first trimester in the no-
surgery group and post-bariatric surgery group

Figure 3.15. Correlation of maternal cardiac output and birth weight percentile in the second trimester in the no-
surgery group and post-bariatric surgery group

Figure 3.16. Correlation of maternal cardiac output and birth weight percentile in the third trimester in the no-
surgery group and post-bariatric surgery group

Figure 3.17. Correlation of maternal total peripheral resistance and birth weight percentile in the first trimester in
the no-surgery group and post-bariatric surgery group

Figure 3.18. Correlation of maternal total peripheral resistance and birth weight percentile in the second trimester
in the no-surgery group and post-bariatric surgery group

Figure 3.19. Correlation of maternal total peripheral resistance and birth weight percentile in the third trimester
in the no-surgery group and post-bariatric surgery group

Chapter 4
Figure 4.1. Mixed model analysis systolic blood pressure (SBP), diastolic blood pressure (DBP) and mean

arterial pressure (MAP) across trimesters in both groups.

Figure 4.2 Mixed model analysis for heart rate across trimesters in both groups

Figure 4.3. Mixed model analysis for stroke volume (SV) and cardiac output (CO across trimesters in both
groups

Figure 4.4. Mixed model analysis for total peripheral resistance (TPR) across trimesters in both groups

Figure 4.5. Mixed model analysis for mitral inflow E-wave/A-wave (E/A) ratio across trimesters in both groups
examined.

Figure 4.6. Mixed model analysis for Tissue Doppler imaging E’ lateral and medial across trimesters in both
groups examined.

Figure 4.7. Mixed model analysis for left atrial volume across trimesters in both groups examined.

Figure 4.8. Correlation of maternal cardiac output and birth weight percentile in the first trimester in the no-
surgery group and post-bariatric surgery group

Figure 4 9. Correlation of maternal cardiac output and birth weight percentile in the second trimester in the no-
surgery group and post-bariatric surgery group

Figure 4.10. Correlation of maternal cardiac output and birth weight percentile in the third trimester in the no-
surgery group and post-bariatric surgery group

Figure 4.11. Correlation of maternal total peripheral resistance and birth weight percentile in the first trimester in
the no-surgery group and post-bariatric surgery group

Figure 4.12. Correlation of maternal total peripheral resistance and birth weight percentile in the second
trimester in the no-surgery group and post-bariatric surgery group

Figure 4.13. Correlation of maternal total peripheral resistance and birth weight percentile in the third trimester
in the no-surgery group and post-bariatric surgery group

Chapter 5
Figure 5.1. Mixed model analysis systolic blood pressure (SBP), diastolic blood pressure (DBP) and mean

arterial pressure (MAP) across trimesters in both groups.

Figure 5.2. Mixed model analysis for heart rate across trimesters in both groups

Figure 5.3. Mixed model analysis for stroke volume (SV) and cardiac output (CO across trimesters in both
groups

Figure 5.4. Mixed model analysis for stroke volume index (SV) and cardiac index (CI) across trimesters in both
groups

Figure 5.5. Mixed model analysis for total peripheral resistance (TPR) across trimesters in both groups

Figure 5.6. Mixed model analysis for relative wall thickness across trimesters in both groups

Figure 5.7. Mixed model analysis of left ventricular mass (LVM) and left ventricular mass index (LVMI) across
trimesters in both groups

Figure 5.8. Mixed model analysis of E-wave/A-wave ratio across trimesters in both groups

Figure 5.9. Mixed model analysis tissue Doppler imaging (TDI) E’ at the lateral and medial mitral annulus
across trimesters in both groups

Figure 5.10. Correlation of cardiac output and birth weight percentile in the first, second and third trimester for
the whole cohort.

Figure 5.11. Correlation of total peripheral resistance and birth weight percentile in the first, second and third
trimesters for the whole cohort

Chapter 6

Figure 6.1. Correlation of cardiac output and birth weight percentile in each trimester
Figure 6.2. Correlation of total peripheral resistance and birth weight percentile in each trimester

Chapter 7

15



Figure 7.1 Correlation of maternal pre-surgery to early pregnancy weight loss and fetal growth rate and
birthweight
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Chapter 1

Introduction

Obesity

Overweight and obesity are defined as excessive fat accumulation that presents a risk to health.
(1) A crude population measure of obesity is the body mass index (BMI), a person’s weight (in
kilograms) divided by the square of his or her height (in metres). Obesity is defined as a BMI>
30 and a BMI> 25 is considered overweight (Table 1.1). (2).

Table 1.1. National Institute of Clinical Excellence (NICE) BMI classification

Classification BMI

Healthy weight 18.5-24.9 kg/m?
Overweight 25-29.9 kg/m?
Obesity Class | 30-34.9 kg/m?
Obesity Class II 35-39.9 kg/m?
Obesity Class III 40 kg/m? or more

Obesity has nearly tripled since 1975 and the World Health Organisation estimate that in 2016
more than 1.9 billion adults (39%) worldwide were overweight and 650 million (13%) were
obese (Figure 1.1). (1, 2) In the UK this epidemic is perpetuated and in 2018 60% of women
in England were overweight or obese and 29% obese. Many of these woman are of childbearing

age and go on to have high risk pregnancies. (3)
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Figure 1.1 Prevalence of obesity in women ages 18 years and over (BMI>30). Adapted from

the World Health Organisation. (2)

Obesity is associated with increased risk of cardiovascular disease, diabetes, cancer and
death.(4) By 2030, it is estimated that there will be 11 million more obese adults in the UK
and the combined medical cost of preventable diseases associated with obesity is £1-9-2

billion/year.(5)

Obesity and the cardiovascular system

Haemodynamic changes

Obesity results in a hyperdynamic circulation with increased blood volume to meet the
perfusion demands of the increased adipose tissue (Figure 1.2). The cardiac output (CO) is
raised due to an increased stroke volume (SV) and heart rate (HR). (6) Obesity causes
hypertension by mechanisms involving abnormal renal pressure natriuresis and increased renal
sodium reabsorption by activation of the renin-angiotensin aldosterone (RAAS) and
sympathetic nervous system (SNS). Excess visceral adipose tissue can physically compress the
kidneys, increasing intrarenal pressure and tubular reabsorption. (7) The mechanism of SNS
activation is not fully understood but thought to involve leptin and the brain melanocortin
system as well as hyperinsulinaemia. (8-10) Furthermore, there is an association between
visceral fat and raised aortic stiffness which contributes to increased afterload and the

development of hypertension. (6, 11) Obesity and insulin resistance interact and impair

18



vascular structure and function that are linked to endothelial dysfunction, increased artery
intima media thickness and increased vascular stiffness. Recently, dysfunctional perivascular
adipose tissue adjacent to the vessel wall is thought be involved in the mechanism of vascular
stiffness. The pathophysiology involves complex mechanisms that are not completely

understood.(12)

Cardiac Geometry

Obesity causes changes in cardiac morphology, most notably augmentation of the left ventricle
(LV) leading to hypertrophy, demonstrated by an increased LV mass. (13) A meta-analysis has
shown that obese individuals are four times more likely to develop LV hypertrophy. (14)
Obesity is associated with increased stroke workload owing to an increased preload and stroke
volume leading to left ventricular dilatation, which in turn causes a rise in wall stress and
increasing myocardial mass to compensate. Left ventricular diastolic diameter is increased and
correlates with LV mass, this LV dilation is needed to compensate for increased venous return
and results in eccentric and concentric patterns of hypertrophy. Eccentric hypertrophy, more
commonly found in obesity, occurs where there is normal global LV wall thickness with
increased cavity size and LV mass. The duration of obesity has been shown to correlate directly

with LV diastolic chamber size, wall thickness and mass. (6, 13, 15)

As well as LV changes, obesity is associated with left atrial (LA) enlargement which positively
correlates with BMI. (13) This is initially due to a high intravascular volume and venous return

but other factors such as ventricular hypertrophy and abnormal filling also contribute. (6, 13)

Limited data exists relating to right ventricle (RV) morphology in obesity. The largest study
has shown that RV mass and end-diastolic volume are both greater in the obese compared to

lean individuals. (16)
Cardiac function

Atrial and ventricular remodelling are known to predispose to impaired function. (6) Obesity
related hypertrophy causes three main changes; myocyte hypertrophy, accumulation of fibrous
tissue within cardiac interstitium and increased epicardial adipose mass, which can lead to

alterations in tissue texture and compliance. (17, 18) These variations can lead to diastolic
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dysfunction due to altered ventricular filling as a result of abnormal relaxation of the ventricle,

increased mass and therefore greater reliance on atrial contraction. (6, 19)

Ejection fraction (EF) is the volume of blood expelled from the ventricle with each cardiac
cycle. (20) The LV systolic function measured by EF is usually preserved or even raised in
early obesity (13, 19). However, some studies using load independent methods to assess
systolic function, including tissue Doppler imaging (a measurement of the velocity of the
myocardium) and strain rate imaging (a measure of global deformation of the myocardium)
(21), have found subclinical systolic dysfunction in obese individuals. (13, 22, 23) Factors
contributing to this LV systolic dysfunction include duration of obesity, diastolic impairment,
increased LV mass and co-morbidities such as coronary artery disease and hypertension. (13)
When considering cardiac changes in obesity the most significant ones relate to left ventricular
hypertrophy due to its high prevalence and its strong association with adverse cardiac

outcomes. (24)

Studies of the RV in obesity are limited and with varying results. Diastolic and systolic function
have been reported as reduced; (25, 26) however, a study using cardiac MR found no change
in right ventricle EF. (27) It is also known that obesity is associated with obstructive sleep
apnoea and pulmonary hypertension this can lead to RV hypertrophy and eventually
dysfunction. (13) Figure 1.2 summarises some of the changes to the cardiovascular system in

obese individuals.
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Figure 1.2. Obesity and cardiac dysfunction: mechanisms. Adapted from Vasan S.(6) LVH,
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Cardiovascular changes pregnancy

Normal pregnancy

Haemodynamic changes

Normal pregnancy is associated with significant maternal cardiovascular and haemodynamic

changes (Table 1.2).



Table 1.2 Cardiovascular changes in pregnancy. Adapted from May L.(28)

Heart Rate Ll
Systolic Blood Pressure =
Diastolic Blood Pressure /4
Stroke Volume Ll
Cardiac Output Ll

These changes begin in early pregnancy as blood volume must increase in order to provide
sufficient oxygenation to the enlarging uterus, fetus and placenta. From 6 weeks of gestation,
hormonal changes initiate this process. The primary drive is peripheral vasodilation mediated
by nitric oxide, oestradiol and prostaglandins. Systemic vasodilation and increased vascular
capacitance cause an underfilled vascular system which leads to plasma volume expansion.
(28-30) Oestradiol activates the RAAS which leads to increased sodium reabsorption and
plasma volume expansion by almost 50%. Human placental lactogen stimulates erythropoietin
production from the kidneys which increases the red cell volume but to a lesser extent, around
18%. This disproportionate increase in maternal plasma volume and red blood cells is
responsible for the physiological dilutional anaemia and decreased viscosity in pregnancy. (30,
31) Oestradiol mediated endothelial nitric oxide production results in vasodilation and reduced
systemic vascular resistance (SVR) and therefore, ventricular afterload. (32) Systemic vascular
resistance decreases from 8 weeks of gestation to a nadir at 28 weeks and a slight increase at
term. (28, 33) Changes in resistance can impact blood pressure (BP). Mean arterial blood
pressure (MAP) is the average arterial pressure during a single cardiac cycle which is important
for organ perfusion. MAP is directly proportional to CO and SVR. (32) During normal
pregnancy, MAP typically decreases approximately 5 to 10 mmHg by the middle to end of the
second trimester and increases back towards pre-pregnancy levels as term approaches. (28, 33)
Despite the reduction in SVR, there is only a small decrease in maternal MAP, mainly due to
increased CO (Figure 1.3). (28) Systolic blood pressure (SBP) tends not to change significantly
during pregnancy and most studies conclude that diastolic blood pressure (DBP) decreases in

the first and second trimesters but increases in the third trimester .(33)

22



90 1300
85 1200 03
. \// 1100 6.1
1000 59
75 ’
900 57
70 800 '
65 700 5.5
60 600 5.3
N X < <
&\OQ ‘:}?} %‘Q} {;@} @@ ° efy’& e""@ cz,!’\'z &’@&
Q & & & < R & & & 2
& & & & q < &S & & R
& N Q Q E N X < N &
& <& Q & Q© & -2 N & ]
Q< N Qf'o N Q & S N
o Peripheral vascular resistance (dyns/cmb5, scale
on left)

== \/lean arterial pressure (mmH
P ( e) == Cariac output (I/min, scale on right)

Heart rate (beats/min)

Figure 1.3. Cardiovascular changes from pre-conception to post-partum: changes in mean
arterial pressure, heart rate, cardiac output and peripheral vascular resistance from pre-

conception through pregnancy to post-partum. Adapted from Foo L.(34)

Cardiac output is the product of stroke volume (SV) and heart rate (HR), the stroke volume is
the amount of blood entering the aorta during each cardiac cycle and is dependent on preload
and afterload. The preload is increased in pregnancy and the afterload is reduced due to smooth
muscle relaxation (vasodilation) resulting to reduced resistance. These factors are responsible
for an increase in SV; by the end of the first trimester there is 20-30% increase which peaks
over 30% at around 24 weeks, thereafter studies report varying results of maintenance, increase
or decrease. (28, 33) Maternal HR increases from around 4 weeks of gestation and continues
to rise until it plateaus in the third trimester where it is around 15-20 beats per minute (bpm)
higher than pre-pregnancy. The increased HR occurs via increased sympathetic tone and
decreased parasympathetic tone. (28, 32) The above changes in SV and, to a lesser extent, in
HR lead to a 30-50% increase in maternal CO which starts as early as 6 weeks of gestation,
peaks at 20-28 weeks and is then maintained until term.(32, 35, 36) A study of normal
pregnancy have reported CO values ranging from 5.7 I/min in the first trimester to 6.8 1/min at

term. The above findings are summarised in Table 1.3. (37)
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Table 1.3. Maternal Cardiovascular Function in Normal Pregnancy. Adapted from Melchiorre

K. Data are expressed as median (interquartile range)

Parameter | Non pregnant 1% Trimester 2" Trimester 3" Trimester Term
HR, bpm 71 (66-75) 75 (69-82) 76 (71-85) 82 (75-89) 79 (72-87)
SBP,mm Hg | 110 (100-115) 100 (90-106) 100 (98-110) 100 (98-110) 110 (100-120)
DBP, mm Hg 70 (60-80) 63 (60-70) 68 (60-72) 70 (60-72) 70 (60-75)
MAP, mm 83 (71-90) 77 (70-83) 79 (73-83) 83 (73-87) 83 (74-90)

H
SV,grnl 70 (66-79) 76 (66-87) 78 (67-93) 80 (69-97) 83 (76-95)
CO, I/min 4.9 (4.3-5.8) 5.7 (5.1-6.5) 5.9 (5.0-7.3) 6.4 (5.4-7.8) 6.8 (6.0-7.7)

Cardiac geometry

The anatomy of the heart changes during pregnancy. The heart is pushed upwards and rotated
forward as the diaphragm is pushed up by the expanding uterus. There is physiological
hypertrophy to cope with increased preload. Ventricular hypertrophy increases contractility
and contributes to the rise in SV. End diastolic volume is increased via increased ventricular
mass and valvular diameters and this is despite a reduced filling time and a shorter cardiac
cycle due to higher HR. Although the heart is dilated due to the increased end diastolic volume
and ventricular hypertrophy, EF is maintained. (28, 32) The left atrium (LA) diameter increases
by around 15% throughout pregnancy up to 34 weeks due to an increased preload and CO. Left
ventricular end-diastolic dimension increases by around 10% due to increased preload and LV
end-systolic dimension increases by around 20% due to increased HR and afterload. LV wall
thickness increases by 15-25% starting from 12 weeks and this allows for the increased preload
and minimises wall stress. Left ventricle wall mass increases by 50%, mainly in the third
trimester, even when corrected for body surface area (LV mass index) implying true
hypertrophy. The LV outflow tract increases slightly due to the hemodynamic changes

described. All the above changes are needed to maintain the increased cardiac workload

required in pregnancy. (33)
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Cardiac function

Systolic function

The radial function of the LV is due to contraction of the circumferential myocardial fibres
(Figure 1.4) and is often evaluated by ejection phase indices such as: EF, fractional shortening
and velocity of circumferential fibres shortening. Studies of these indices in pregnancy have
given conflicting results with some showing better function and some showing no change; this
may be due to different methodology used. Traditionally, LV systolic function is measured by
radial fibres of ejection phase indices, however longitudinal fibres are more susceptible to
ischemic and hypertensive changes. (33) Left ventricular longitudinal function, assessed by
long axis displacement and compared to non-pregnant controls, has been shown to increase
with gestational age to a maximum of 12% at mid pregnancy and then subsequently decline
towards term. (38, 39) Systolic function, assessed by myocardial velocity, has shown differing

results of no change with gestation (39) or a decrease by term. (37, 40)

< Apex

<+— Longitudinal fibres

<+— Circumferential fibres

\ Mitral valve orifice

Figure 1.4. Schematic representation of the arrangement of fibres of the left ventricle. Adapted

from Kaddoura S. (41)

Deformation imaging is a relatively new technique to evaluate systolic function and measures
the differences of motion and velocity between regions of the myocardium throughout the
cardiac cycle. Deformation is measured by strain indices which can be assessed using tissue
Doppler imaging (TDI) or speckle tracking echocardiography (STE). (21) Studies of STE in
pregnancy are limited but have shown that global strain can detect a significant decrease in
function between the second and third trimester where EF showed no significant change. (42,

43)
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Diastolic function

Diastolic function is commonly assessed by mitral valve inflow using pulsed wave Doppler. E
represents the peak velocity of blood flow from gravity in early diastole and A is the peak
velocity flow in late diastole caused by atrial contraction. An abnormal E/A ratio suggests
impaired left ventricular filling and diastolic dysfunction. In normal pregnancy, studies have
shown that the E/A ratio falls with advancing gestation indicating a greater reliance on atrial
contraction. (33) The deceleration time is the time from the maximum velocity of the E wave
to return to zero and in normal pregnancy this is reported to decrease from the first to the second
trimester and then remain relatively stable. (37) The LV filling pressure (assessed by E/E’) has
been shown to increase at term when compared to the second trimester. (37) Overall, these
diastolic indices are influenced by physiological adaptations in HR, preload, LV compliance

and contractility. (44)
Pathological pregnancy

In recent years maternal cardiovascular function has been associated with adverse maternal and
neonatal outcomes. Maternal cardiovascular mal-adaptation has been implicated in the
pathophysiology of placenta-related pregnancy complications such as pre-eclampsia (PE)
and/or intra-uterine fetal growth restriction (IUGR). (45, 46) Pre-eclampsia is the leading cause
of maternal morbidity and mortality in the developed world with a prevalence of around 2-5%.
(47-49) It is thought to derive from abnormal development of the placenta leading to inadequate
perfusion and endothelial dysfunction. In recent years studies have linked cardiovascular risk
factors with the development of PE and it is now thought that the cardiovascular system plays
a vital role in the development of the disease. It is suggested that placental hypoxia is related
to the cardiovascular functional reserve and the ability to adapt to pregnancy. (47) Shared risk
factors of cardiovascular disease and PE include obesity, age, ethnicity, smoking, chronic
kidney disease, stress, polycystic ovarian syndrome and diabetes. Further to this, for women
who develop PE, the risk of cardiovascular morbidity post-partum as well as later life is

increased. (47, 50, 51)

Normal pregnancy has been described as a stress test for the heart due to the excess volume
load and it has been reported that in normal pregnancy, a small but significant proportion of
women have an excessive increase in the LV mass and remodelling with associated diastolic
dysfunction at term. (37, 52) A study of women before conception and into pregnancy

demonstrated that women who went on to develop PE had a decreased CO and raised total
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peripheral resistance (TPR) pre-pregnancy compared to those who had uncomplicated
pregnancies. (46) An echocardiographic study of women in the second trimester, prior to the
diagnosis of PE, found evidence of LV concentric remodeling and in those with preterm PE
(delivery before 37 weeks) there was a low CO and high resistance with diastolic and systolic
dysfunction. (53) A large systematic review of cardiovascular function in women with
gestational hypertension (GH) or PE included 36 studies (N=745 women with GH and N=815
women with PE), they reported that in pregnancies complicated by hypertensive disease, LV
mass was increased with concentric remodeling. Diastolic function was impaired with a
reduction in E/A ratio and an increase in the ratio of early diastolic mitral inflow velocity and
early diastolic mitral annular velocity (E/E’) indicating increased filling pressure. There was
no difference in systolic function in most studies. Cardiac output varied in studies, early
trimester studies before the onset of PE showed a hyperdynamic circulation with high cardiac
output and low resistance, whereas, in the second trimester women who went on to develop PE
had lower CO and higher resistance. In the clinical phase of PE there was a hemodynamic

crossover with reduced CO and high resistance. (54)

Pre-eclampsia can be divided into early (<34 weeks) and late onset (>34 weeks) and it is
thought that they develop through different models of cardiovascular adaptation to pregnancy
resulting in different hemodynamic states. A study of early and late PE found that early onset
PE was associated with a low CO and high resistance whereas late PE demonstrates the
opposite profile; high CO and low resistance. Early PE is related to impaired placental vascular
remodeling often with fetal growth restriction and hemodynamically results in a low volume
and high resistance state. Late PE is thought to be related to maternal factors such as BMI and
age and hemodynamically results in a high volume and low resistance state. (55) A recent
longitudinal study of women from 24 weeks gestation to term found that women who
developed PE had a high CO and low resistance at early and late gestations. However, if PE
was associated with growth restriction, there was low CO and high resistance. (56) This differs
from other studies that suggest low CO and high resistance in early PE (45) and may be
explained by PE and growth restriction often coexisting at early gestational ages and

uncommonly in late PE.

Another theory suggests that both early and late PE result from placental dysfunction however
with different causes and timing of placental under perfusion. In early PE there is incomplete

spiral artery invasion whereas in late PE there is an aging placenta which is restricting
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intervillous perfusion. Early and late PE result in syncytiotrophoblast stress and release of pro-
inflammatory factors and maternal factors may increase the risk for both early and late PE.

(57)

Studies have also found associations between CO, TPR and birth weight (BW). A study
conducted at 35-37 weeks of gestation reported significant positive associations between
maternal CO/HR and birth weight (BW) but significant negative associations between TPR/BP
and BW. (58) A study of pre-pregnancy maternal CO found that the increase in CO and the
reduction in peripheral vascular resistance (PVR) both correlated with BW with the most
substantial adaptations in CO and PVR occurring early in the first trimester. The timing of
these changes occur prior to the development of a functional placental unit at 12 weeks,
suggesting that important adaptations of maternal cardiovascular hemodynamic indices

precede placental development. (59)

Obesity in Pregnancy

Obesity in pregnancy is associated with an increased risk of miscarriage, gestational diabetes
(GDM), hypertensive disorders, PE, venous thromboembolism, induction of labour,
dysfunctional/prolonged labour, caesarean section, anaesthetic complications, post-partum
haemorrhage, wound infections and mortality. (60) In particular, studies have reported that the
prevalence of pregnancy-induced hypertension is 9.1%-10.2% in obese women and 12.3% in
the morbidly obese women. (61) A systematic review of 52 studies reported that the risk of PE
is increased by 50% in women with a high booking BMI (62) and that the risk of PE doubles
with each 5 to 7 kg/m? increase in pre-pregnancy BML. (63) A study investigating incremental
increases in obesity found that overall obese mothers were almost three times more likely to
develop PE (usually late-onset) compared to women with a normal BMI; their results displayed
a dose dependent relationship with morbidly obese women having the highest incidence,

around five-fold higher than women with normal BMI. (64)

The mechanisms underlying the association between hypertensive disorders and obesity are
complex and likely to be related to insulin resistance, metabolic syndrome and inflammation

leading to oxidative stress and vascular dysfunction. (65, 66)
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The 2108 MBRRACE-UK (Mothers and Babies: Reducing Risk through Audits and
Confidential Enquiries across the UK) report found that of the women who died from all causes,
over one third (37%) were obese and of those that died from thrombosis/thromboembolism,

57% had a BMI above 30 and a further 16% had a BMI above 25. (67)

Babies of obese mothers are also at increased risk of complications such as congenital
anomalies, stillbirth, prematurity, macrosomia and neonatal death. (68) In childhood, they are
at increased risk of developing obesity and metabolic syndrome (60) which is thought to be

related to “fetal programming”. (69)
Obesity and the maternal cardiovascular system

There are a limited number of studies investigating the effect of obesity on the maternal
cardiovascular system with conflicting results. A small study in the third trimester of pregnancy
(N=15) found that, compared to normal weight women, obese pregnant women had an
elevated MAP and increased LV mass with significant hypertrophy but no difference in CO or
diastolic indices. (70) Similarly, another small study of morbidly obese pregnant women (N=8)
reported greater LA size, LV wall thickness, interventricular septal thickness and LV mass with
significant hypertrophy but similar systolic function compared to the non-obese mothers.(71)
Conversely, a study of 40 obese individuals compared to women with BMI <30 reported that
obese women had higher BP, CO, CO index, LV mass and relative wall thickness with higher
incidence of diastolic dysfunction (40% vs 12.5% respectively) . Furthermore, to assess systolic
function they used LV global longitudinal strain and found reduced function in the obese group.
(72) In contrast, astudy of 23 morbidly obese pregnant women that corrected for body surface
area (BSA) found that SV index and CO index were significantly lower and SVR index was
significantly higher in the obese group, they conclude that this may be associated with the
increased prevalence of PE in this population. (73) A longitudinal study of circulation (N=232)
reported a high volume/low-resistance circulation in the first and second trimester, however,
in the third trimester, CO of obese women decreased which was not the case for nonobese
women. Simultaneously, the persistently lower PVR in the obese group disappeared in the third
trimester (74). All the above differences suggest that obesity is associated with a maladaptive

cardiovascular response to pregnancy.
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Bariatric surgery

Surgery and weight loss

Obesity is associated with increased risk of cardiovascular disease, diabetes, cancer and
mortality. (4) Weight loss achieved by diet modification and exercise may improve
cardiovascular risk profile (75) but, in the majority of patients, lifestyle changes and
pharmacological interventions do not achieve long term weight loss. (76, 77) Bariatric surgery
is a successful treatment for sustainable weight loss and achieves around 55% excess body
weight loss across different surgical methods. (78, 79) Studies on long-term follow-up of
patients after bariatric surgery showed significant reductions in mortality from heart disease,
diabetes and cancer with a 40% reduction in mortality by any cause. (80) The National Institute
for Health and Care Excellence (NICE) guidelines on obesity recommend bariatric surgery for

a BMI> 40 or 35-40 with comorbidities such as diabetes or hypertension. (81)

There are two main types of bariatric surgery: the restrictive (gastric band/ sleeve gastrectomy)

and malabsorptive/combined (gastric bypass) (Figure 1.5).

Gastric bypass Gastric band Sleeve gastrectomy
Bypassed portion
of stomach Band

l l

Removed portion

of stomach
Bypassed portion "
reconnected Under-skin port
for adjusting band
tightness

Figure 1.5. Type of bariatric surgery. Adapted from National Institute of Health Research
(NIHR) Southampton Biomedical Research Centre (82)

Restrictive surgery

These procedures limit the amount of food in the stomach and include gastric band surgery and

sleeve gastrectomy.
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Adjustable gastric band is a minimally invasive laparoscopic procedure where a ring
with an inner inflatable band is placed around the fundus of the stomach to create a
small pouch. The amount of fluid in the band can be adjusted via a port placed under
the skin. It has a low rate of complications however compared to other methods the
weight loss is lower, around 40-50% of excess body weight. (83-85)

Sleeve gastrectomy is a procedure in which the stomach is reduced to about 15% of its
original size by removing a large proportion following the major curve. This leaves the
stomach shaped like a sleeve or tube. It is an irreversible procedure that can be
performed laparoscopically. It is more effective than the gastric band and can achieve
around 60% reduction of excess body weight; comparable to gastric bypass. The
procedure is associated with alterations in gut hormones that suppress hunger, reduce

appetite, improve satiety but there is potential for long-term vitamin deficiencies. (83-

85)

Malabsorptive/ combined surgery

These procedures create a state of malabsorption in addition to the reduction in stomach size.

Biliopancreatic diversion with duodenal switch (BPD-DS) is a procedure of two parts.
The restrictive part is similar to the gastric sleeve. The malabsorptive part reroutes a
large portion of the small intestine creating two pathways, the digestive loop takes food
from the stomach to the common channel. Another pathway, the biliopancreatic loop
carries bile from the liver to the common channel where it mixes with food and then
empties into the large intestine. This surgery achieves the highest amount of excess
weight loss, around 70%, with favorable changes in gut hormones to reduce appetite
and improve satiety. However, there is a significant risk of deficiencies in protein and
vitamins/minerals including iron, calcium, zinc and fat-soluble vitamins. (83-85)

Roux-en-Y gastric bypass (RYGB) combines restrictive and malabsorptive methods
and is the most commonly performed bariatric surgery. The first part is the creation of
a small (15-30 ml) pouch from the upper stomach with bypass of the remaining
stomach which restricts the volume of food. The second part involves dividing the
proximal small intestine with the lower portion anastomosed to the gastric pouch and
the upper allows transfer of gastric acid and enzymes from the bypassed stomach.
RYGB achieves around 60% excess weight loss but can lead to vitamin/mineral

deficiencies particularly in vitamin B12, iron, calcium, and folate.(83-85)
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Bariatric surgery and the cardiovascular system

There are a number of studies investigating the effect of bariatric study on cardiovascular
system. Appendix 1 summarises findings of some of these studies. Bariatric surgery is known
to improve hypertension with some studies reporting improvement or resolution in 80% of
patients. (10, 86-88) The mechanism for obesity-related hypertension is complex but, there
appears to be an upregulation of the RAAS despite volume expansion. Increased
angiotensin/aldosterone production may be mediated through several paths; adipocytes
themselves can produce angiotensinogen and renal parenchymal compression due to visceral
fat around the kidney can lead to decreased renal blood flow which is sensed by the macula
densa and can lead to activation of RAAS. Furthermore, there is extra-adrenal aldosterone
production via visceral adipocytes that is not influenced by traditional RAAS feedback dynamics.
Along with RAAS upregulation, there is SNS activation that also plays a role and leads to increased
baseline sympathetic tone. In recent years the role of hormones, cytokines and adipokines (such
as leptin) have been thought to play an important role in the development of hypertension-
related obesity. (10) This is supported by findings of a reduction in hypertension after surgery

as soon as 10 day post-operative, prior to any significant weight loss (89, 90).
The entero-cardiac axis

Traditionally, it was thought that cardiac remodelling after bariatric surgery was solely due to
haemodynamic changes, such as lowering of the BP, and weight loss. (91) However, it is now
accepted that the metabolic components of bariatric surgery that contribute to cardiac reverse
remodelling include the systemic BRAVE effects (Bile flow alteration, Reduction in gastric
size, Anatomical gut rearrangement, Vagal manipulation and Enteric gut hormone
manipulation). (91) Manipulation of the enteric gut hormones has been shown to have

beneficial effects on the cardiac function via the entero-cardiac axis. (18, 91, 92)

Hormones such as secretin, glucagon and vasoactive intestinal peptide act as inotropes by
activating cardiac membrane adenylate cyclase, a key enzyme in cardiac cell communication.
Moreover, other key hormones, which are altered as a result of bariatric surgery, glucagon-like
peptide-1 (GLP-1), leptin, adiponectin and ghrelin are also known to modulate cardiac
function. (18, 91-93) Studies have found the plasma concentration of GLP-1 is increased after
bariatric surgery (94, 95) and is involved in the stimulation of insulin secretion and insulin

resistance, partly explaining the improved glucose tolerance after surgery. (96) In additionn,
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GPL-1 has been found to have a natriuretic and diuretic effect (97, 98) which may contribute
to the lowering of BP after surgery. (89) Leptin reduces appetite and increases the sympathetic
nervous system. Obese individuals become resistant to satiety but preserve sympathetic
activation in the kidney, heart and adrenal glands. Leptin has been shown to influence nitric
oxide production and natriuresis in addition to chronic sympathetic activation to the kidney, it
may cause sodium retention, vasoconstriction and an increase in blood pressure. (99) Studies
have reported a reduction in leptin levels after bariatric surgery and a correlation between leptin
and BMI. (100) Conversely, it has also been reported that after gastric bypass, leptin levels
were lower than the similar BMI control group and comparable to normal weight individuals.

(101)

Cardiac geometry

There is large body of evidence that bariatric surgery results in changes in cardiac structure.
The most recent and largest meta-analysis by Aggarwal et al. (91) used pooled data of 40
studies in 1486 patients that were reviewed before and after surgery with follow up ranging
from 3 to 45 months. Thirty-seven studies used echo data and 5 used cardiac MR. Overall, the
study found that bariatric surgery resulted in favourable changes in cardiac geometry including

reduction in LV mass, LV end diastolic and end systolic volumes.

Data on right heart structure is limited, a large study reported non-significant reductions in RV
length, diastolic and systolic area following surgery. (102) Measures of RV size have been

correlated with BMI. (102, 103)

Cardiac function

Left ventricular systolic function

The data is varied with some studies showing improvement and some no difference. (18, 91,
104, 105) The meta-analysis by Aggarwal et al.(91) reported systolic function (assessed as EF)
pre and post-bariatric surgery and found that there was a small weighted mean increase of
1.198%. A study of 423 patients undergoing gastric bypass found no difference in EF before
and after surgery or compared to an obese control group, however, at two year follow up,
myocardial function as assessed by mid-wall fractional shortening increased and CO decreased

in the surgery group compared to their pre-operative status.
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Left ventricular diastolic function

In most studies, diastolic function was assessed pre- and post-surgery by the E/A ratio and LA
dimensions. Several studies found an increase in E/A ratio and decrease in LA size or volume
after surgery. (18, 91, 106).

Right heart function

Studies on RV systolic function are limited. Owan et al.(102) reported RV function, assessed
by fractional area change in systole and diastole, as significantly higher post-surgery compared
to the same individual before surgery as well as higher compared to a no-surgery obese group
at 2 year follow up. Another smaller study of 57 patients using similar methods of assessment
found no difference in RV function. (103). A study of 18 patient pre and post-surgery, using
tricuspid annular plane excursion (TAPSE) and TDI, found no change in right heart function.
(107)

Strain imaging

Studies assessing cardiac function measured by strain rate imaging which is thought to be
superior to standard echocardiography, have found improvements in LV function pre and post-
bariatric surgery. (108-110) Kaier et al.(108) used STE to measure global strain and found LV

and RV global strain improved 6 months post-bariatric surgery.

Pregnancy after Bariatric surgery

Bariatric surgery has several maternal and neonatal implications, studies have shown that in
women with previous bariatric surgery, there is a lower incidence of GDM, PE, and large-for
gestational-age neonates, however, a higher incidence of small neonates and preterm birth.
(111)

Bariatric surgery is associated with improvement in insulin sensitivity as marked by
improvement in HOMA-IR index (homeostatic model assessment for insulin resistance index)
which contributes largely to an improved glucose homeostasis.(112) Studies have shown
pregnant women with previous bariatric surgery have reduced rate of GDM compared to obese
women with no surgery (113, 114) but higher rate than normal weight pregnant women. (115)
A large meta-analysis reported on studies that compared pregnant women after bariatric
surgery with several subgroups including women matched for pre-surgery BMI, women
matched for pre-pregnancy BMI and pregnancies in the same woman before and after surgery.
The overall and subgroup analysis of women matched for pre-surgery BMI found lower

incidence of GDM in the post-bariatric surgery group however when compared to pregnant
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women matched for pre-pregnancy BMI there was no difference. (111) The same meta-
analysis concluded an overall reduction in PE, by around 50%, in pregnant women after surgery
with most studies using a control group of obese women; on reviewing their subgroup analysis
there was non-significant (P=0.08) reduction in the post-bariatric surgery group compared to
pregnant women matched for pre-pregnancy BMI. (111) Another review reported that the
incidence of PE is lower in pregnancies of obese women after bariatric surgery compared to
obese women without surgery concluding that the surgery improved outcomes even when
obesity was still present, however, there were higher rates of PE than in normal weight women.
(116) Further to this, studies of pregnant women after bariatric surgery matched to a similar
pre-pregnancy BMI control groups have found lower rates of hypertensive disease indicating
the effect of the surgery rather than weight was influencing the development of hypertensive
disease. (117, 118) In addition, a large review paper concluded that bariatric surgery was
associated with lower rates of maternal complications (hypertensive disorders and GDM) and
these complications my approach community rates.(113, 119) A summary of some of the
studies after bariatric surgery reporting on hypertensive disease in pregnancy have been given

in Appendix 2.

Effects of bariatric surgery on the fetus include lower risk of large-for-gestational-age infants
and of macrosomia however a higher risk for small-for-gestational-age infants and preterm
birth. (111) With regard to mode of delivery studies found varying results but concluded no
significant difference in caesarean section rates in women after bariatric surgery, compared to

no surgery women. (111, 114)

The mechanisms underlying the above changes in pregnancy outcome are largely unknown.
Maternal cardiovascular adaptation plays a pivotal role in maintaining a healthy pregnancy and
mal-adaptation has been associated with fetal growth restriction and hypertensive disorders.
Nevertheless, maternal cardiovascular changes in pregnancies following bariatric surgery have

not been studied before.

Hypotheses

1. In pregnancies following bariatric surgery, maternal cardiovascular adaptation is

altered compared to that of women with similar pre-surgery BMI.
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2. In pregnancies following bariatric surgery, maternal cardiovascular adaptation is
altered compared to that of women with similar early pregnancy BMI.

3. Pregnant obese women have a suboptimal cardiovascular adaptation to pregnancy
compared to women with normal BMI

4. Maternal cardiovascular function is associated with placental function in
overweight/obese pregnant women

5. Maternal weight loss, as a result of bariatric surgery, and surgery to conception interval

can influence fetal growth and birth weight

Aims
The aims of the study are to:

Hypothesis 1: In pregnancies following bariatric surgery, maternal cardiovascular adaptation
is altered compared to that of women with similar pre-surgery BMI.
1. Investigate longitudinally, the maternal cardiovascular adaptation to pregnancy in
women following bariatric surgery compared to pregnant women with early pregnancy
BMI similar to the pre-surgery BMI of the post-bariatric surgery women. Maternal
cardiovascular system will be assessed using 2D echocardiography, including cardiac
geometry, haemodynamic variables, systolic, diastolic and longitudinal function.
2. Investigate the association of maternal haemodynamic indices with birth weight in the

above population

Hypothesis 2: In pregnancies following bariatric surgery, maternal cardiovascular adaptation
is altered compared to that of women with similar early pregnancy BMI.
3. Investigate longitudinally, the maternal cardiovascular adaptation to pregnancy in
women following bariatric surgery compared to women with similar early pregnancy
BMI. Maternal cardiovascular system will be assessed using 2D echocardiography,
including cardiac geometry, haemodynamic variables, systolic, diastolic and
longitudinal function.
4. Investigate the association of maternal haemodynamic indices with birth weight in the

above population

Hypothesis 3: Pregnant obese women have a suboptimal cardiovascular adaptation to

pregnancy compared to women with normal BMI
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5. To compare longitudinally, the maternal cardiovascular adaptation to pregnancy in
women with BMI >30 with those with normal BMI. Maternal cardiovascular system
will be assessed using 2D echocardiography, including cardiac geometry,
haemodynamic variables, systolic, diastolic and longitudinal function.

6. To investigate the association of maternal haemodynamic function with birth weight in

the above population.

Hypothesis 4: Maternal cardiovascular function is associated with placental function in
overweight/obese pregnant women
7. Investigate the placental function in overweight/ obese pregnant women by assessing
PAPP-A, B-hCG and uterine artery doppler
8. Investigate the association of maternal cardiovascular function and placental function,
as assessed by PAPP-A, B-hCG, uterine artery doppler assessment and birth weight in
overweight/obese pregnant women
9. Investigate the association of maternal cardiovascular function with birth weight in

obese pregnant women

Hypothesis 5. Maternal weight loss, as a result of bariatric surgery, and surgery to conception
interval can influence fetal growth and birth weight

10. Investigate the association between weight loss and fetal growth and birth weight

11. Investigate the association of surgery to conception interval and fetal growth and birth

weight
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Chapter 2

Materials and methods

The current thesis is part of a large prospective, observational study aiming to investigate the

effects of obesity and in particular bariatric surgery on maternal and perinatal outcomes.

Regulatory approval

e Amendment to existing study Pregnancy in Overweight Women was achieved in
February 2018 (REC 14/L0O/0592)
e Health Research Authority approval was obtained in March 2018

Inclusion and exclusion criteria

Inclusion criteria

e Able to provide informed consent

e Singleton pregnancy

e Women of reproductive age: 18 to 50 years-old from one of the two groups below:
- Pregnant women with previous bariatric surgery

- Pregnant women without bariatric surgery

Exclusion criteria

e Unable to read and speak English to a fluency level adequate for the full

comprehension of procedures required in participation and consent

e Any condition that, in the investigator's opinion, compromises the participant's ability

to meet protocol requirements.

e Past medical history of significant cardiovascular condition or pre-existing

hypertension
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Patient recruitment

Electronic records of all bookings (CIMIS) were searched for via BMI to identify potential
participants. Following the first trimester dating scan, participants were approached by

members of the researcher team and recruited in the following groups:

e Group 1 — Pregnant women with previous bariatric surgery
e Group 2- Pregnant women without bariatric surgery matched for early pregnancy BMI,

race and diabetes status.
e Group 3- Pregnant women without bariatric surgery matched for pre-surgery BMI, race
and diabetes status
e Group 4- Obese pregnant women
e Group 5- Pregnant women with normal BMI
Advertisement posters were displayed in the antenatal clinic and ultrasound department areas
at Chelsea and Westminster Hospital NHS Foundation Trust. The contact details (email and

phone number) of the research team were provided.

Potential participants were approached by a member of the research team and invited to
participate. The written patient information sheet was given or emailed to the patient. The
contact details of a member of the research team were provided. Patients were given time to

read and decide whether why wanted to participate in the study or not.
Visits
Participants were seen at time points during their pregnancy

- 1140 -14+0 weeks

- 20+0 -24+0 weeks

- 30+0 - 32+0 weeks

Investigations

Maternal history and characteristics, including age, parity, racial group, method of
conception and smoking status were recorded at the initial visit. Maternal weight prior to

weight loss surgery and type and time of bariatric surgery, if any, were also recorded.
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At each visit, maternal weight was taken to the nearest 0.1 kg using a calibrated electronic scale
(Charder Electronic Co., Ltd. model MPPS-250), with the patient wearing light clothing and
no footwear. Height was measured to the nearest 0.5 cm also without footwear. Maternal body
mass index (BMI) was calculated as weight in kilograms divided by the square of height in

meters (kg/m?). (1) Medication history was also recorded as each visit.

Blood pressure measurements were performed manually using a sphygmomanometer
(Accoson Dekamet, AC Cossor & Son (Surgical) Ltd, London, UK) according to the
recommendations of the British Hypertension Society. (120) Two readings, 5 minutes apart,

were taken from the left arm, in a seated position. The mean value was recorded.

Gestational age was calculated by the crown-rump length in the 1% trimester and combined
screening test (nuchal translucency, pregnancy associated plasma protein and beta human

chorionic gonadotropin) for the major chromosomal abnormalities was offered. (121, 122)

At each visit, fetal ultrasound scans were performed by an experienced operator (Miss Makrina
Savvidou), using a 6MHz probe for abdominal and 5-9 MHz probe for transvaginal scans
(Voluson E8 GE Healthcare system, USA). Fetal growth was estimated by the measurements
of head circumference, abdominal circumference and femur length. The mean of two values
was recorded and the Hadlock formula was used to calculate the estimated fetal weight at each
time point. (123) Pulsed wave Doppler was used to assess the feto-placental circulation. Three
consecutive waveforms for the umbilical and uterine arteries (assessed trans-vaginally) were

obtained and the mean of two readings of the pulsatility index (PI) was recorded.(124-126)

At each visit, maternal cardiac function was assessed by two-dimensional and Doppler trans-
thoracic echocardiography using the iE33 Ultrasound System (Philips Ultrasound, USA)
equipped with a S5-1 transducer (frequency 1-5MHz) performed by an experienced operator
(Dr Nunzia Borrelli and subsequently, the student submitting the current Thesis). In a number
of patients maternal cardiac function was assessed using speckle tracking which is described

later in this chapter.

All women underwent screening for gestational diabetes mellitus (GDM) at 28-30 weeks of
gestation. Women with previous bariatric surgery underwent home glucose monitoring for 2
weeks and those with no previous bariatric surgery underwent a 2h-75g oral glucose tolerance
test (OGTT). (127) GDM was defined according to NICE guidelines of fasting plasma glucose
level >5.6 mmol/L and/or a 2-hour plasma glucose level >7.8 mmol/L.(128) Any pregnancy

complications were recorded prospectively.
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Hypertensive disorders of pregnancy included cases of pregnancy-induced hypertension and
pre-eclampsia. Pregnancy-induced hypertension was defined as blood pressure greater
than140/90 mmHg. (129) Pre-eclampsia was defined as hypertension after 20 weeks of
gestation with proteinuria or other maternal organ dysfunction (including liver, kidney,

neurological), or haematological involvement, and/or uteroplacental dysfunction. (130)

At delivery, birth weight was measured in grams. The gestational age at birth and weight were
used to calculate the birth weight percentile. (131) Mode of delivery and delivery complications

were also recorded.

Echocardiography

Echocardiography is the primary non-invasive imaging modality for assessment of cardiac
anatomy, physiology, and function. Ultrasound is used to examine the heart and produce
images and flow data generated by complex analysis of ultrasound waves reflected and
backscattered from the patients’ body. Sound waves are mechanical vibrations that cause
alternate refraction and compression of any physical medium that they pass through. Sound is
characterised by frequency and intensity; the frequency is measured in hertz (kilohertz, kHz
and megahertz, MHz) which is oscillations per second. A frequency higher than 20kHz cannot
be detected by the human ear and is called ultrasound, echocardiography uses ultrasound
frequencies between 1.5 and 7.5 MHz. The speed that a sound wave travels through the body
is the velocity of propagation, this is different for different types of tissue. Through the heart
the velocity is 1540m/s whereas the speed in air is 330m/s. Wavelength is the distance from
peak to peak of an ultrasound wave and it is calculated by dividing the frequency by the
propagation velocity. In the heart, a frequency of SMHz has a wavelength of 0.3mm. There is
a trade-off between image resolution (shorter wavelength or higher frequency preferable) and
depth penetration (longer wavelength or lower frequency preferable). Amplitude is the height
of the ultrasound wave and a wide range of amplitudes can be displayed using a greyscale
display for both imaging and spectral Doppler. Propagation of ultrasound waves in the body to
generate ultrasound images and Doppler data depends on acoustic impedance and the primary
determinant of this is tissue density. Soft tissues have a smaller difference in tissue density and
acoustic impedance. Ultrasound is reflected from boundaries between tissues with differences
in acoustic impedance (for instance blood and myocardium). The interaction of the ultrasound
waves with the tissue can be described in terms of reflection, scattering, refraction and

attenuation. Reflection is the return of the signal to the transducer and is used to generate 2D
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images; it is greatest when the beam is perpendicular to the tissue. Scatter is the radiation of
ultrasound signals in multiple directions from a small structure; the change in frequency of
signals scattered from moving blood cells is the basis of Doppler ultrasound. Refraction is
deflection of ultrasound waves from a straight path because of differences in impedance, in
tissues it can result in double image artefacts. Attenuation is the loss in signal strength due to
absorption of ultrasound energy by the tissues, it is frequency dependent with more penetration

at higher frequencies. (132-134)

Ultrasound transducers use piezoelectic crystals to generate and receive ultrasound waves.
When an electrical current is applied the high frequency changes in voltage can be transformed
into mechanical oscillations which is ultrasound. The crystal can also be in receiving mode, if
it encounters ultrasound waves, it is distorted. This creates an electrical signal that is analysed
by the machine. The crystal can receive if it is not transmitting at that time, therefore it emits a
pulse and then listens for a reflection. Each transmitting and receiving period lasts about Ims.
Ultrasound meets many different tissues and echo reflections occur from different depths.
Some tissues are more reflective than others such as bone. The echo measures the time delay
between transmission of a pulse and reception of a reflection and the intensity of the reflected
signal which varies with different tissues. The returning data to the transducer gives
information on depth and intensity of reflection, this is electronically converted to a greyscale

on the monitor. (132-134)
Echocardiographic planes

There are different positions on the chest wall to obtain different windows of the heart. The
standard echocardiograph can give information on the heart chamber size, function (systolic
and diastolic), valve motion, masses/fluid collection and direction of blood flow/ hemodynamic
information. Several different planes are used to obtain different images of the heart, these are

given in Figure 2.1. (134, 135)

1. Long axis plane (corresponds to parasternal long axis images). Used to view the left
atrium (LA), left ventricular outflow tract, aorta and ascending aorta.

2. Short axis plane (corresponds to parasternal short axis images). Used to view the left
ventricle (LV)

3. Apical plane. Used to obtain two, three, four and five chamber views to view the LV,

mitral valve, LA, RV and tricuspid valve.
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Figure 2.1. Echocardiographic planes of the heart. Reproduced with permission from the

American Society of Echocardiography. (135)

Echocardiography techniques

e Two-dimensional (2D) or cross-sectional images.
o Used to assess anatomy and for positioning for M-mode and Doppler
echocardiography. It is also used to view ventricular and value movement.
e Motion or M-mode
o Used for the measurement of dimensions and timing of cardiac events.
e Pulsed wave Doppler
o Used for assessment of LV diastolic function and for measurements needed to
calculate stroke volume and cardiac output. It is also used to assess valve flow
patterns.
e Continuous wave Doppler
o Used to assess valvular stenosis and regurgitation.
e Tissue Doppler imaging

o Used for assessment of LV diastolic function.

Two-dimensional echocardiography

This gives a snapshot in time of a cross-section of tissue. When they are produced in quick

succession they appear as real time imaging. A three second loop is stored and then later
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reviewed offline where it can be frozen at the appropriate time in the cardiac cycle for

measurement. (134)

Motion or M-mode echocardiography

This image is produced by the transmission and receipt of an ultrasound signal along one line
only giving a higher sensitivity than 2D echocardiography for recording moving structures.
The ultrasound signal is aligned perpendicular to the structure being examined. Repeated pulse
transmission and receive cycles allow rapid updating of the amplitude vs depth information so
that fast moving structures can be identified. The amplitude signal is converted to grey scale
with time on the horizontal axis. It produces a graph of changes in movement and time which
allows assessment of structures at different times in the cardiac cycle. Images are stored and

offline measurements can be made to assess the size and thickness of structures. (132, 134)

Doppler echocardiography

Doppler echocardiography is based on the change in frequency of the backscattered signal from
blood cells encountered by the ultrasound beam. This uses moving blood cells to create
ultrasound reflections and obtain information on velocity. The ultrasound beam is aligned
parallel to the direction of blood flow. A moving object will backscatter ultrasound to the
transducer so the frequency when the object is moving toward the transducer is higher and the
frequency when moving away is lower. The difference between the transmitted signal and the
scattered signal is the Doppler shift. The ultrasound system displays the velocity which is
calculated using the Doppler equation, based on transducer frequency and the Doppler shift.

(132, 134)
Pulsed wave (PW) Doppler

This allows the velocity of a small area or specific depth to be measured. The 3mm sample
volume is placed at the area of interest. A single crystal is used and a pulse of ultrasound is
transmitted and then after a time interval; determined by depth, the transducer samples the
backscattered signal. This specific site measurement can be used to assess LV inflow and

outflow velocities. (132, 134)
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Continuous wave (CW) Doppler

Two crystals are used, one transmitting continuously and one receiving continuously from the
entire length of the ultrasound beam. This is used to measure high velocities however cannot

localise a specific area of interest. (132, 134)

Tissue Doppler imaging (TDI)

The Doppler principle is also used to assess of the motion of the myocardium. The velocity if
the movement of the myocardial walls is obtained. The sample volume is placed at specific site
in the myocardium and velocities towards and away from the transducer are converted to a
spectral display. TDI velocities are less dependant on preload and are used in addition to

transmitral flow for assessment of diastolic function. (132, 134)
Echocardiography uses

Cardiac geometry

2D and M-mode images are used for measurements of geometry. Assessment of geometry
includes measurement of the LA, interventricular septum, LV end diastolic diameter
(LVEDD), posterior wall diameter (PWD), aorta, and ascending aorta. From the measurements,
LV relative wall thickness (RWT) and mass can be calculated. Measurements are adjusted for

body surface area. (135)

Systolic function

There are different methods for assessing systolic function and calculating EF. Fractional
shortening is the percentage change in LV internal dimensions between systole and diastole.
(20) Another method is M-mode images or linear measurements to obtain dimensions however,
the European and American guidelines note that using volumes rather than linear
measurements may be more accurate. (135, 136) They recommend the biplane summation of
discs method. This involves using apical images to assess the LV function by viewing the LV
in different planes. Left ventricle volumes are estimated from images at the end of diastole and
the end of systole; from these volumes the ejection fraction (EF) can be calculated. (20, 135,

136)
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Long axis function

Ventricular systole involves longitudinal and circumferential shortening. During systole, long
axis function has a major role in changing LV cavity shape and maintaining normal EF. For
the right heart, it can give an indication of right systolic function which is difficult to ascertain
from 2D echocardiography. The LV and RV long axis spans from the apex to the base of the
heart which is usually the mitral and tricuspid valve rings. The ventricles undergo coordinated
movements which include shortening of the longitudinal axis, reduction in intracavity diameter
and rotation. The base of the heart moves towards the apex during systole. Using M-mode the
movement a single point can be tracked through the cardiac cycle. Mitral annular plane systolic
excursion (MAPSE) is used to measure long axis function of the left heart. This measurement
is taken at the lateral and septal mitral annulus. On the right side, tricuspid annular plane
systolic excursion (TAPSE) is measured from the lateral aspect of the tricuspid valve, Figure

2.2 gives MAPSE and TAPSE measurements. (41, 135)

Figure 2.2. Long axis function. M-mode study of movement of
the atrioventricular rings towards the apex. Adapted from

Kaddoura S. (41)

1. LV free wall (use to measure lateral MAPSE)
2. Intraventricular septum (use to measure septal MAPSE)
3. RV free wall (use to measure TAPSE)

Diastolic function

Diastolic function of the LV is determined by chamber stiffness and relaxation following
ventricular contraction. There are several parameters to diagnose diastolic dysfunction and

assessment can be complex.
Diastole has four phases

e Isovolumetric relaxation. This begins at the end of systole, there is active and passive

LV relaxation determined by compliance.
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e Early rapid filling. This is when the LV pressure falls below the LA pressure as a result
the LV volume rapidly increases. This is the majority of LV filling, around 70-85%.
This corresponds to mitral E-wave on Doppler.
e Late reduced filling. This is when the LV and LA pressure equalise, flow into the LV
slows as the pressure difference falls.
o Atrial systole. The LV filling increases and is accounts for 15-20% of LV volume. This
corresponds to mitral A-wave on Doppler.
LV diastolic function can be affected by age, preload, afterload and heart rate. Pulsed wave
Doppler can be used to obtain transmitral flow velocities. In the normal heart the E-wave of
passive filling is greater than the A- wave of active late filling. The pattern of filling can be

used to assess function (Figure 2.3). (137)

Left ventricle diastolic function
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Figure 2.3. Left ventricle diastolic function as assessed by mitral inflow E/A ratio. LVEDP,
left ventricle end diastolic pressure, £/4 ratio, mitral inflow E-wave/A wave. Adapted from

the British Echocardiographic Society. (138)

Tissue Doppler imaging is another tool for assessment of diastolic function, it can assess the
motion of the myocardium. The cardiac cycle can be divided into time intervals, filling and
ejection. During ejection there is a positive systolic myocardial wave towards the transducer
(S’), whereas during the early filling (E’) and late active filling (A’) pattern is inverted. The
sample volume is placed at the base of the myocardium and signals may be recorded from the
basal septum (normal E’>8cm/s) or basal lateral wall (normal >10cm/s). The transmitral flow

velocity, E, divided by E’ gives the E/E’ ratio. In normal individuals the E/E" ratio is <8, in
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the presence of diastolic dysfunction or impaired relaxation it may be lower and higher values

(>13) may indicate elevated filling pressure. (137)

Left atrial volume is another indicator of diastolic function where an increased volume
indicates raised LA pressure (normal <34 mL/m?). Changes in LA volume and pressure can
impact pulmonary venous flow which can be assessed by pulsed wave Doppler. The diagnosis
of diastolic dysfunction is based on complex criteria using the following groups of

measurements LA volume, TDI, transmitral flow and pulmonary venous flow. (137)

Maternal cardiac geometry and function

As mentioned above, subjects were studied by two-dimensional and Doppler trans-thoracic
echocardiography using the iE33 Ultrasound System (Philips Ultrasound, USA) equipped with
a S5-1 transducer (frequency 1-5MHz). The Guidelines from the European Association of
Cardiovascular Imaging, British Society of Echocardiography and American Society of
Echocardiography were used to obtain appropriate images. (135, 136, 139) Women were
studied after a rest period of 10 minutes in the left lateral decubitus position. Three electrodes
were attached to obtain an ECG trace. Standard parasternal and apical views were used and
digital loops of 3 cardiac cycles with associated electrocardiogram information were stored on
to the hard disk of the machine for offline analysis according to guidelines. The images were
taken and analysed by two investigators. When performing the off-line analysis the
investigators were blinded for patient group. Table 2.1 gives the measurements taken to assess

haemodynamic function, cardiac geometry, systolic, diastolic and longitudinal function.

Table 2.1. Measurements taken at each research clinic visit

Measurement

Hemodynamic Systolic blood pressure (mmHg)

Diastolic blood pressure (mmHg)

Mean arterial pressure (mmHg)

Heart rate (beats per minute)

Stroke volume (ml)

Cardiac output (ml)

Total peripheral resistance (dynes/s per cm®)

Stroke volume index (ml/m?)

Cardiac output index (ml/m?)
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Geometry

Left atrium (cm)

Left atrium index (ml/m?)

Aorta (mm)

Ascending aorta (mm)

Left ventricular outflow tract (mm)

Intraventricular septum (mm)

Left ventricle end-diastolic diameter (mm)

Left ventricle end-diastolic diameter index (ml/m?)

Posterior wall (mm)

Relative wall thickness

Left ventricular mass (g)

Left ventricular mass index (g/m?)

Systolic function

End-diastolic volume (ml)

End-diastolic volume index (ml/m?)

End-systolic volume (ml)

End-systolic volume index (ml/m?)

Ejection fraction (%)

Tissue doppler imaging S’

Global longitudinal strain (GLS)

Global circumferential strain (GCS)

Diastolic function

E velocity (m/s)

A velocity (m/s)

E/A ratio

E’ lateral (cm/s)

E’ medial (cm/s)

E/E’ ratio

Left atrial volume (ml)

Left atrial volume index (ml/m?)

Longitudinal function

Mitral annular plane systolic excursion- Septal (cm)

Mitral annular plane systolic excursion-Lateral (cm)

Tricuspid annular plane systolic excursion (cm)
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Echocardiography image acquisition and assessment

Long axis parasternal view

The parasternal long axis (PLAX) allows view of the LV, interventricular septum (IVS), RV,
LA and aorta. With the patient in the left lateral decubitus position, the transducer was placed
in the third or fourth intercostal space to the left of the sternum with the index marker pointed
to the patient’s right shoulder (Figure 2.4). If the ventricle did not appear relatively horizontal,
the transducer was adjusted by rotating, tilting and/or angling to maximize the L'V cavity length

within the field of view. (135)

P

Figure 2.4. Parasternal long axis view. Reproduced with permission from the American

Society of Echocardiography. (135)
e Left atrium and aorta

The PLAX image was adjusted to optimise view of the aorta and LA. The cursor was oriented
perpendicular to the aortic root and left atrium, at the level of the aortic sinuses. M-mode setting
was used to record the image for offline measurement. The LA was measured at the end of
systole, the calliper was positioned at the leading edge of the posterior wall of the aortic sinus
and extended to the leading edge of the posterior LA wall. In diastole the aorta was measured
from the leading edge of the posterior wall of the septum to the leading edge of the posterior
wall of the aorta. (135)

50



Aorta

Left atrium

Figure 2.5. M-mode image of the aorta and left atrium
e Ascending aorta

Using the PLAX view the tubular portion of the ascending aorta was measured at the largest

dimension identified above the aortic sinuses. (135)

Figure 2.6. Parasternal long axis view of the ascending aorta
e Left ventricular outflow tract

The left ventricular outflow tract (LVOT) was measured from zoomed PLAX images of the

LVOT and aortic valve. The image was optimized to show the centre axis of the LVOT with
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visualization of the aortic valve cusp insertion points (annulus). Measurements were made from

inner edge—to—inner edge, approximately 3 to 10mm from the valve plane in mid systole. (135)

Figure 2.7. Parasternal long axis view of the left ventricular outflow tract diameter

Parasternal short axis view

The parasternal short axis view (PSAX) views were obtained by rotating the transducer 90
degrees clockwise from the PLAX view to position the beam perpendicular to the long axis of

the left ventricle. The transducer was tilted superiorly and inferiorly to view different levels.

(135)

V.

Figure 2.8. Parasternal short axis view. Reproduced with permission from the American

Society of Echocardiography. (135)
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e Mitral valve
From the level of the great vessels, the transducer was tilted inferiorly and slightly leftward
toward the apex of the heart to find the level of the mitral valve. In this view, maximum

excursion of both the anterior and posterior leaflets of the mitral value was obtained. (135)

Figure 2.9. Parasternal short axis view of the left ventricle at the level of the mitral value.

Reproduced with permission from the American Society of Echocardiography. (135)

e Left ventricle
To obtain the mid LV level, the transducer was tilted just inferior to the tips of the mitral
leaflets, at the level of the papillary muscles. Here the ventricle appeared at maximum diameter
and circular. The M-mode line was placed perpendicular to the walls of the left ventricle and
the image recorded. Offline, the IVS, LVEDD and posterior wall thickness were measured at
the end of diastole where the ventricle is the largest. For measurement of the IVS, the calliper
was placed at the interface where the RV cavity meets the compacted IVS and moved to where
the IVS meets the LV cavity. For measurement of the LV internal diameter, the calliper was
placed at the interface of the compacted myocardium of the IVS and a line extended
perpendicular to the long axis of the LV to the inner border of the compacted myocardium of
the posterior wall. For measurement of the L'V posterior wall, the calliper was placed at the
interface of the compacted posterior wall and LV cavity and moved to the LV posterior wall-

pericardial interface (Figure 2.10 and 2.11). (135, 136)
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Figure 2.10. Parasternal short axis view of the left ventricle at the level of the papillary muscle.

Reproduced with permission from the American Society of Echocardiography. (135)

Intraventricular
septum

Left ventricular end
diastolic diameter

Posterior wall

Figure 2.11. M-mode tracing of the left ventricle. Measurement of the interventricular septum,

left ventricle diameter and posterior wall thickness, all at end-diastole.

The apical third of the ventricle was viewed by tilting the transducer or sliding the transducer

down one or two rib interspaces and laterally to best see the apex. (135)
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Figure 2.12. Parasternal long axis view of the left ventricle at the level of the apex. Reproduced

with permission from the American Society of Echocardiography. (135)

Apical Views

The apical plane allows view of the LV, LA, RV and right atrium (RA). The apical position
was obtained from the left side of the chest in the fifth intercostal space in the midaxillary line.
To obtain the apical four chamber view the transducer was placed at the palpated apical pulse
with the index marker pointing towards the bed. The apex of the left ventricle is at the top and

centre of the sector with the right ventricle considerably smaller. (135)

Figure 2.13. Apical four chamber view. Reproduced with permission from the American

Society of Echocardiography. (135)

e Left ventricular inflow
Pulsed wave Doppler was used to assess the patterns of forward diastolic flow across the mitral
valve (MV). The apical four chamber view was adjusted to focus on the MV which was
positioned in the centre of the sector. The sample volume of the pulsed wave Doppler was
placed at the tips of the open MV leaflets and the image recorded. The measurement was taken

by placing a calliper at the peak of the E and A velocities. (135)
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Figure 2.14. Apical four chamber view focused on the left ventricle and mitral value.

Reproduced with permission from the American Society of Echocardiography. (135)

Figure 2.15. 1. E-wave velocity 2. A-wave velocity, used to calculate the E/A ratio

Tissue Doppler imaging of the Mitral and Tricuspid Annuli

Using the apical four chamber view, tissue Doppler imaging was used to record velocities of
the longitudinal motion of the lateral and medial mitral annulus and lateral tricuspid annulus.

(135)

e Mitral annulus
Using the tissue Doppler imaging setting, the sample volume was placed within Icm of the
insertion of the mitral value leaflets laterally and medially. The velocity waveform image was
recorded for offline analysis. Callipers were used to record the value for E’ lateral and E’
medial, these values were averaged. The E/E’ ratio was calculated by dividing the Pulsed wave

Doppler mitral inflow velocity, E, by the averaged E’. (135)
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Figure 2.16. Tissue doppler imaging of the mitral annulus, E’ medial (left) and E’ lateral
(right).

e Tricuspid annulus
The apical four chamber view was adjusted to optimise view of the RV and TV. Using the
Tissue Doppler imaging setting, the sample volume was placed on the lateral tricuspid annulus.

On the velocity wave form image, a calliper was used to record the value for S’. (135)

Figure 2.17. Tissue doppler imaging of the lateral tricuspid annulus S’
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e Tricuspid annular plane excursion
The apical four chamber view was adjusted to focus on the right ventricle. The M-mode cursor
was aligned along the RV wall parallel to the movement and perpendicular to the tricuspid
value annulus. On the M-mode image the distance from the annulus towards the apex is

measured from the end of diastole to the end of systole. (135)

Figure 2.18. Tricuspid annular plane systolic excursion measured by M-mode showing

movement of the tricuspid valve ring towards the apex

e Mitral annular plane systolic excursion
The apical four chamber view was adjusted to focus on the LV. The M-mode cursor was
aligned along the LV lateral wall parallel to the movement and perpendicular to the mitral value
annulus. On the M-mode image the distance of the annulus towards the apex is measured from
the end of diastole to the end systole. This was repeated with the M-mode cursor aligned along

the septum, parallel to the movement and perpendicular to the medial mitral annulus. (41, 140)
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Figure 2.19. Mitral annular plané systolic excursion lateral (left) and ééptal (right)
e Left atrium volume

The apical four chamber view was adjusted to focus on the LA. The largest appearing image

at the end-systole was used for the measurement. The endocardial border was traced by drawing

a line from one aspect of the annulus to the opposite side. Following this the length of the

atrium was measured by starting at the centre point of the annulus to the furthest point of the

tracing. The machine then calculated the volume. LA volume was measured only in the four

chamber view as the two chamber view images were of inadequate quality. (135)

Figure 2.20. Apical four chamber view of left atrial volume
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e Left ventricle volume
The biplane disc summation method uses apical four chamber and two chamber views. The
apical four chamber view was obtained and then adjusted to focus on the left ventricle with the
apex in the centre and the long axis of the ventricle maximised. The sector width was reduced
to include just the LV and MV in order to maximise frame rate for enhanced definition. The
recorded clip was stopped at the end of diastole and the measurement was taken using this
image. A line was drawn horizontally across the left ventricle at the level of the MV annulus.
Following this the LV cavity was traced along the interface of the compacted and
noncompacted myocardium of the chamber wall. The machine then calculated the LV volume.
The clip was then moved forward to the image at the end of systole. Again, a line was drawn
horizontally across the LV at the level of the mitral valve annulus and then the LV cavity was
traced; the machine then calculated the LV volume. The biplane method repeats this process
of measuring the LV volume at end-diastole and end-systole in the two chamber view. To
move from the apical four chamber view to the two chamber view the transducer was rotated
approximately 60 degrees in an anticlockwise direction until only the LV and LA were in view.

Using the values for the end-diastolic volume and end-systolic volume in both the two and four

chamber view, the ejection fraction was calculated by the machine. (20, 135)

Figure 2.21. Apical four chamber left ventricular volume in diastole (left) and systole (right)

e Left ventricular out flow tract velocity time integral
The velocity time integral (VTI) is used for calculation of stroke volume and is obtained using
the five chamber view. From the apical four chamber view the transducer was tilted anteriorly
until the LVOT, MV and aorta were clearly seen. The velocity in the LVOT was measured

using the pulsed wave Doppler function. The sample volume was placed Smm proximal to the
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aortic valve in the centre of the LVOT and the image recorded. The area under the curve is the

VTI which was manually traced for the machine to calculate the value.(135, 141)

Figure 2.22. Five chamber view, pulsed wave Doppler of left ventricular outflow tract velocity

time integral

e Additional view
The three chamber view was required for speckle tracking analysis, it was obtained by starting
at the apical four chamber view and rotating the transducer anticlockwise approximately 120
degrees. The apex was seen along with the LA, LVOT and aortic valve. The two, three and

four chamber views were used for speckle tracking analysis. (135, 136)

Figure 2.23. Apical three chamber view
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Measurements

1. Mean arterial pressure was calculated as Systolic blood pressure + (2 x Diastolic blood

pressure)]/3. (33)
2. Cardiac output (ml) calculated as Stroke volume x Heart rate. (141)
3. Stroke volume (ml) calculated as CSA x Velocity time integral. (141)

- Where CSA is Cross-sectional area of the LV outflow tract

. CSA=mr?=m (D)2 — 3.14D¥/4 = 0.782D? (D=diameter of the LVOT in cm)

2
- Stroke volume = VTI x 0.785D

4. Total vascular resistance (dynes/sec per cm®) calculated as (MAP/CO in L/min) x 80.

(33)

5. Left ventricular Mass (g) calculated as (0.8 x (1.04x [(IVS+LVEDD+PWT)?
—LVEDD?]) + 0.6g. (136)

- Linear method using cube formula

6. Relative wall thickness was calculated as (2 x LVPWd)/ LVEDD. (136)
- Where LVPWd is LV posterior wall thickness in diastole and LVEDD is LV end

diastolic dimension.
7. Body surface area (BSA) calculated as (W42 x H0-725) x (0.007184

a. DuBois and DuBois formula where the weight is in k and the height is in cm.

(142)
8. Birthweight percentiles were calculated using Fetal Medicine Foundation fetal and
neonatal population weight charts from the Fetal Medicine Foundation online

resources. (131)
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Speckle tracking echocardiography

In addition to traditional echocardiography strain imaging was used in a number of participants
in order to further assess maternal cardiac function. Strain is a dimensionless measure of
myocardial deformation which gives an assessment of myocardial motion and function. It is
the fractional change in an object’s dimension compared to its original dimension. Strain
information can be obtained using either tissue TDI or STE. (21) Speckle tracking
echocardiography is based on the motion of acoustic markers (speckles) produced by the
interaction of ultrasound with the myocardium, these can be tracked through the cardiac cycle
with specific software. The movement of the speckles can be used to calculate strain rate which
is the speed at which deformation occurs. Global contraction is assessed via longitudinal and
circumferential strain which can give an assessment of global and regional function. This
method of assessment of cardiac function has been validated against cardiac MRI and is
superior to ejection fraction due to being independent of loading conditions. It also has the
ability to detect active contraction rather than the passive motion caused by movement of
adjacent tissue. Global longitudinal strain (GLS) has been found to be more sensitive to
subclinical changes of LV function since it is a direct measure of myocardial movement. (21,
42, 43) Parasternal short axis views and apical 2, 3 and 4 chamber views were analysed using
the 2D Cardiac Performance Analysis, TomTec Imaging System, Munich, Germany. Images
were optimised with adequate settings of gain, focus, depth and sector width to reach a frame
rate over 60 frames per second. All speckle tracking analysis was performed by the same
experienced operator (Dr Olga Patey). The LV endocardial borders were delineated by the
software and manually corrected if the software failed to track them precisely throughout the
cardiac cycle. Segmental peak systolic strain values were averaged over 2 cardiac cycles. To
calculate global longitudinal and circumferential strain (GCS), corresponding segmental values

of the standard 16 LV segments were used. (143, 144)

Inter- and Intra- observer reliability

The echocardiographs were performed and analysed by two independent investigators who
were blind to the patient allocation during the offline analysis. Investigator 1 had several years
of experience performing detailed cardiac echocardiography (Dr Nunzia Borrelli). Investigator

2 is the student submitting the current Thesis. After 9 months of training, the inter-observer
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reliability was assessed by calculating the Intraclass Correlation Coefficient (ICC) which
evaluates variability of different investigators measurements of the same participant relative to
variability between participants. The ICC is measured on a scale of 0 to 1, where 0 indicates
no reliability between assessors and 1 indicates complete reliability with no measurement error.
Values between 0.5-0.75 indicate moderate reliability, between 0.75 and 0.9 indicate good
reliability, and values greater than 0.90 indicate excellent reliability. (145, 146) Two hundred
parameters from ten echoes were analysed by both assessors. Table 2.2 gives the ICC for each
parameter measured with 95% confidence interval (CI). Overall there was good or excellent

reliability across the measurements.

Table 2.2. Interclass correlation coefficient of investigator 1 and 2.

Measurement ICC
Left atrium diameter 0.891 (0.81-0.923)
Aorta 0.882 (0.8-0.945)

Ascending aorta 0.912 (0.899-0.951)
0.938 (0.777-0.984)
0.781 (0.751-0.911)

0.895 (0.682-0.974)

LV outflow tract

Intraventricular septum

LV end diastolic diameter

Posterior wall thickness

0.781 (0.761-0.911)

End diastolic volume

0.897 (0.688-0.974)

End systolic volume

0.8 (0.711-0.958)

B

Tissue Doppler imaging s

0.944 (0.928-0.998)

E velocity

0.942 (0.766-0.986)

A velocity

0.961 (0.844-0.99)

Tissue Doppler imaging E’ lateral 0.955 (0.799-0.989)
0.967 (0.848-0.992)
0.912 (0.881-0.937)
0.93 (0.72-0.983)

0.932 (0.723-0.983)
0.901 (0.856-0.944)

0.951 (0.813-0.988)

Tissue Doppler imaging E’ medial

Left atrium volume

Tricuspid annular plane systolic excursion

Mitral annular plane systolic excursion- septal

Mitral annular plane systolic excursion- lateral

LV outflow tract velocity time integral

Intra-observer reliability of Investigator 2 was also assessed by repeating measurements for
100 parameters from five echocardiographs. Further ICC values were used to assess the

repeatability of Investigator 1, these are given in Table 2.3
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Table 2.3. Interclass correlation coefficient of investigator 1 with measurements six months

apart

Measurement

ICC

Left atrium diameter

0.901 (0.877-0.945)

Aorta

0.911 (0.891-0.967)

Ascending aorta

0.942 (0.899-0.96)

LV outflow tract

0.869 (0.791-0.921)

Intraventricular septum

0.821 (0.799-0.893)

LV end diastolic diameter

0.92 (0.9-0.969)

Posterior wall thickness

0.899 (0.921-0.056)

End diastolic volume

0.89 (0.87-0.969)

End systolic volume

0.91 (0.89-0.981)

Tissue Doppler imaging s’

0.989 (0.97-0.998)

E velocity

0.957 (0.911-0.986)

A velocity

0.966 (0.931-0.989)

Tissue Doppler imaging E’ lateral

0.988 (0.965-0.991)

Tissue Doppler imaging E” medial

0.97 (0.955-0.988)

Left atrium volume

0.967 (0.948-0.984)

Tricuspid annular plane systolic excursion

0.987 (0.981-0.993)

Mitral annular plane systolic excursion- septal

0.945 (0.922-0.969)

Mitral annular plane systolic excursion- lateral

0.932 (0.908-0.979)

LV outflow tract velocity time integral

0.902 (0.871-0.948)

Statistical analyses

Corp., Armonk, New York, USA). For continuous data the Kolmogoroff—Smirnoff and Shapiro-
Wilk tests were used to assess normality of the distribution. Data were expressed as mean
(standard deviation; SD) or as median (interquartile range) for normally and not normally
distributed data respectively and as a percentage for categorical variables. The groups were
compared using the unpaired Student t-test/Mann-Whitney or chi-square (y2) for numerical
and categorical data respectively. Differences were considered statistically significant at

p<0.05. The groups were compared at each time point using median and interquartile range or
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mean and standard deviation. Within each group, the time points (trimesters) were compared,

the p values for time 1 vs 2, time 1 vs 3 and time 2 vs 3 are given.

Pearson’s correlation coefficient (R) was used to evaluate the correlation between parameters
described in each chapter. Regression analysis was used to assess whether correlations
remained significant after consideration of the influence of maternal characteristics including

gestation, maternal age, race and development of GDM (Chapter 6).

Power calculations are described in each results chapter 3,4 and 5. There are no previous studies
investigating the cardiovascular system pregnant women with previous bariatric surgery, using
studies of individuals before and after bariatric surgery outside of the context of pregnancy we

have estimated sample sizes.

Mixed model analysis

Hierarchical modelling was used to further assess differences found by cross sectional analysis
using the Student t-test/Mann-Whitney. Non-parametric data was made Gaussian after logio
transformation. Multilevel linear mixed-effects models were performed for the repeated
measures analysis with adjustment for maternal BMI, age, race, smoking, gestational age at the

time of the examination and development of GDM. (147, 148)

The fixed effect component included time (the 3 visits), study group, BMI, age, race, smoking,
gestational age, GDM and first-order interaction between time and study group. The likelihood
ratio test was used to determine the best fit multilevel model. The baseline model included
fixed effect for time and group and no random effects. Different versions of the model included
only the random slope for time or random intercept or both time and random intercept. The
likelihood ratio was compared to the baseline model. The model improved when further fixed
effects were added (age, BMI, race, GDM, smoking and gestation). The estimated marginal
means and p value for group comparison is presented at each time point. Further to this, overall
group comparison across all trimesters is presented. The mixed model analysis was performed

with assistance from Statistician Dr Sebsatian Nastuta.
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Chapter 3

Maternal cardiovascular adaptation in
pregnancy in women with previous
bariatric surgery compared to women
with a similar pre-surgery BMI

Abstract

Background: Obesity in pregnancy is associated with significant risks, notably hypertensive
disorders. Studies of the maternal cardiovascular function in obese pregnant women are
limited, however, there is evidence of a hyperdynamic circulation with higher cardiac output,
diastolic dysfunction and a reduction in global longitudinal strain. Bariatric surgery is a
successful treatment for sustainable weight loss and has several cardiovascular implications
including improvement or resolution of hypertension, changes in cardiac geometry and
improvement in diastolic and systolic function compared to before surgery. Pregnancy after
bariatric surgery is associated with a reduced risk of hypertensive disorders. Nevertheless, the

maternal cardiovascular system after bariatric surgery has not been previously investigated.

Objective: To investigate the maternal cardiovascular adaptation to pregnancy in women with
previous bariatric surgery compared to women with a similar pre-surgery body mass index

(BMI) but no history of weight loss surgery.

Methods: This was a prospective, observational, longitudinal study including pregnant women
with (n=33) and without (n=33) previous bariatric surgery but similar pre-surgery body mass
index BMI, age and race. Participants were seen at three time points; 12-14, 20-24 and 30-32
weeks of pregnancy. At each visit blood pressure (BP) was measured and maternal cardiac
geometry and function were assessed using trans-thoracic echocardiography. On a subset of
patients (15 in each group), 2D speckle tracking was performed to assess global longitudinal

and circumferential strain. Offline analysis was performed according to the European and
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American echocardiography guidelines. Multilevel linear mixed-effects models were used for

all comparisons.

Results: Haemodynamically the BP, heart rate and cardiac output were lower and peripheral
vascular resistance higher in the post-bariatric pregnant women compared to the no-surgery
group (p<0.01 for all comparisons). Similarly, there were differences in cardiac geometry with
lower left ventricular mass and relative wall thickness in the post-bariatric group (p<0.01 for
both). There was evidence of more favourable diastolic indices with a higher E-wave/ A-wave
flow velocity across the mitral valve, higher mitral annular velocity (tissue Doppler imaging)
at the lateral and medial annulus (E’) and lower left atrial volume in the post-bariatric group
(p<0.01 for all comparisons). There was no difference in systolic function measured by ejection
fraction, however, global longitudinal strain was lower in the post-bariatric group indicating

better systolic function (p<0.01).

Conclusion: Our findings indicate a better cardiovascular adaptation to pregnancy in women
with previous bariatric surgery compared to pregnant women of a similar pre-surgery BMI but
no history of surgery. This may explain why women after bariatric surgery are less susceptible
to hypertensive disease in pregnancy and could influence national guidance regarding

favourable effects of bariatric surgery in obese women of reproductive age.

Introduction

In the UK in 2017 a third of women were obese, many of which were of childbearing age and
went on to have high risk pregnancies. (3) Obesity has several effects on the cardiovascular
system including a hyperdynamic circulation with raised cardiac output (CO), altered geometry
with increased left ventricle (LV) mass and an increased incidence of diastolic dysfunction. (6,
19) Bariatric surgery is the most effective method for inducing long-lasting weight loss. (149)
Guidelines recommend bariatric surgery for BMI>40 or for BMI=35-40 with comorbidities
such as diabetes or hypertension. (78, 81) Studies investigating the effect of bariatric study on
the cardiovascular system, outside pregnancy, have found that surgery is associated with an
improvement or resolution of hypertension, changes in cardiac geometry including reduction
in LV mass and improvement in diastolic function compared to before surgery. (10, 87, 91)
Haemodynamically, there is reduction in heart rate (HR) and CO similar to that of a normal

BMI group.(102, 106) Systolic function measured by ejection fraction (EF) is unchanged or
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mildly improved however, some studies have shown global longitudinal strain is significantly

improved after bariatric surgery. (103, 108, 150)

Normal pregnancy is associated with significant maternal cardiovascular and haemodynamic
changes that are needed to adapt to a physiological volume overload state. Systemic
vasodilation leads to a reduction in resistance and an increase in stroke volume (SV) and CO.
(28) Typically, EF is preserved however, there is evidence of a tendency towards reduced
diastolic reserve. (37) In recent years maternal cardiovascular adaptation to pregnancy has been
implicated in the pathophysiology of placenta-related pregnancy complications such as pre-
eclampsia (PE) and/or fetal growth restriction (FGR). (45) Studies have associated late PE with
a high maternal CO and low resistance, however, more recently it has been reported that early
and late PE are both related to hyperdynamic circulation. (55, 56) In addition to hemodynamic
changes, maternal LV hypertrophy and reduced diastolic indices have been shown to be present
in hypertensive pregnancies. (54) Although the results are inconsistent, it is evident that the

traditional hypothesis of a placental related disease now has a maternal cardiovascular focus.

Obesity in pregnancy is associated with significant maternal and fetal risks including increased
risk of gestational diabetes, hypertensive disorders, venous thromboembolism and
macrosomia. (60) There are a limited number of studies investigating the effect of obesity on
the maternal cardiovascular system; small studies have found an increase in LV mass, however,
no change in function. (70, 71) Conversely, another study found that 40% of morbidly obese
pregnant women have diastolic dysfunction together with a significant reduction in global
longitudinal strain, a sensitive marker of systolic function, compared to women with a BMI<30.
(72) A longitudinal study of obese pregnant women found a high volume/low-resistance
circulation in the first and second trimester, however, in the third trimester, the CO of obese
women decreased which was not true in non-obese women; they conclude that there is a shift
towards volume overload and a disappearance of previously seen low resistance. (74) These

differences suggest a maladaptive cardiovascular response to pregnancy.

Several studies have demonstrated that pregnancy following bariatric surgery is associated with
a reduced risk of gestational diabetes (GDM), delivery of large for gestational age neonates
and notably, hypertensive disorders but increased risk of small-for-gestational age neonates,
compared to pregnancies of women with similar pre-surgery BMI. (111) Despite the fact that
maternal cardiovascular adaptation to pregnancy plays a pivotal role in maintaining a healthy

pregnancy and maladaptation has been associated with hypertensive disease and FGR, there
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are no studies investigating the maternal cardiovascular adaptation to pregnancy of women

with previous bariatric surgery.

Hypothesis

In pregnancies following bariatric surgery, maternal cardiovascular adaptation is altered

compared to that of women with similar pre-surgery BMI.
Aim

1. Investigate longitudinally, the maternal cardiovascular adaptation to pregnancy in
women following bariatric surgery compared to pregnant women with early pregnancy

BMI similar to the pre-surgery BMI of the post-bariatric surgery women.

2. Investigate the association of maternal haemodynamic indices with birth weight.

Methods

This was a prospective, observational, longitudinal study. Pregnant women were recruited from
April 2018 to June 2020 at Chelsea & Westminster Hospital, London, UK. Participants were
identified through a booking-perinatal database (CIMIS). Following the 1% trimester scan,
participants were approached by members of the research team and recruited in the following

groups:

e Group 1 — Pregnant women with previous bariatric surgery
e Group 2 — Pregnant women without a history of bariatric surgery matched for pre-

surgery BMI, age, race and presence of diabetes

Women who had a singleton pregnancy and attended at least two out of three research visits
were included. Participants were seen at three time points during their pregnancy, 12-14, 20-
24 and 30-32 weeks. Women who had bariatric surgery were matched to women without
surgery. Matching between the groups was achieved via categories for BMI (20-24.9, 25-29.9,
30-34.9, 35.0-39.9, >40), age (20-25, 26-30, 31-35, 25-40, >40), race (white or non-white) and

presence of diabetes mellitus.
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Maternal characteristics, including age, parity, race, smoking status and medication history
were recorded in the research database. Maternal weight was taken to the nearest 0.1 kg using
a calibrated electronic scale, with the patient wearing light clothing and no footwear. Height
was measured to the nearest 0.5 cm also without footwear. Blood pressure (BP) measurements
were performed manually using a sphygmomanometer (Accoson Dekamet, AC Cossor & Son
(Surgical) Ltd, London, UK) according to the recommendations of the British Hypertension
Society. (120) Two readings, 5 minutes apart, were taken in a seated position from the left arm.
The mean value was recorded. Maternal cardiovascular system was assessed using 2D
echocardiography and cardiac geometry, haemodynamic variables, systolic, diastolic and

longitudinal function were evaluated.

Transthoracic echocardiography was performed after a rest period of 10 minutes in the left
lateral decubitus position. Two-dimensional, M-mode and tissue Doppler imaging were
performed using a Ie33 Philips Ultrasound system according to European and American
guidelines. (135, 151) Standard parasternal and apical views were used and digital loops of 3
cardiac cycles with associated electrocardiogram information were stored on to the hard disk
of the machine. The methodology used for image acquisition and measurements is described
in detail in Chapter 2. Offline analysis was performed according to American and European
echocardiography guidelines. (135, 151) On a subgroup of patients, speckle tracking analysis
was performed to obtain global longitudinal and circumferential strain (GLS/GCS). Parasternal
short axis views and apical 2, 3 and 4 chamber views were analysed using the 2D Cardiac
Performance Analysis, TomTec Imaging System, Munich, Germany. The methodology used

is described in detail in Chapter 2.

Information on pregnancy outcomes were obtained from the Hospital’s perinatal database.
Development of GDM and hypertensive disorders of pregnancy were defined as previously
described (Chapter 2). Birth weight (BW) percentiles were calculated, as previously described
(Chapter 2).

Statistical analyses
The statistical analysis is described in further detail in Chapter 2. In brief, the groups were
compared at each time point (trimester) and within each group the time points were compared

using the unpaired Student t-test/Mann-Whitney or chi-square (¥2) for numerical and

categorical data respectively. Differences were considered statistically significant at p<0.05.
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Hierarchical modelling was used for further analysis of haemodynamic, geometric, diastolic
and strain imaging variables using multilevel linear mixed-effects models. The fixed effect
component included time (the 3 visits), study group, age, race, GDM, smoking, gestation and
first-order interaction between time and study group. The correlation of CO, total peripheral
resistance (TPR) and mean arterial pressure (MAP) with BW were assessed by Pearson’s
correlation. All analyses were performed using IBM SPSS Statistics, version 26.0, 2019 (IBM
Corp., Armonk, New York, USA).

Sample size calculation was performed using the G*Power software (G*Power for Windows
Os X, v. 3.1, February 2020, Heinrich-Heine-Universitit, Dusseldorf, Germany).(152) There
are no previous studies investigating the cardiovascular system pregnant women with previous
bariatric surgery. Therefore, it was difficult to be accurate on the number of subjects required
in each group to obtain results with adequate power. Using studies of individuals before and
after bariatric surgery outside of the context of pregnancy we have estimated sample sizes. To
demonstrate a similar effect to Owan et al.(102) in CO and Kaier et al.(108) for LV mass, mitral
inflow E-wave/A-wave (E/A) ratio and GLS for an alpha = 0.05 and a power of 80%, we would

have needed 33 study subjects in each group and each trimester.

Results

The study included, 33 pregnant women after bariatric surgery and 33 women without surgery
matched for pre-surgery BMI, age, race and diabetes status. The maternal characteristics of the
study population are given in Table 3.1. Sixteen women in the post-bariatric group had
undergone a gastric bypass, 12 had undergone a sleeve gastrectomy and 5 had undergone a
gastric band. The mean time from surgery to conception was 48.7 months. As expected, there
were no significant differences in the maternal demographics between the study groups except
BMI at booking. None of the women in the post-bariatric group developed hypertensive

disorders and these women, overall, delivered smaller babies than the women without surgery.
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Table 3.1 Maternal demographic characteristics and pregnancy outcomes of the study

participants.
Variable No-surgery Post-bariatric surgery | P value
N=33 N=33

Age (years) 32.9(5.3) 33.2(5.9) 0.88

Racial group

White, n (%) 27 (81.8) 28 (84.8) 0.74

Other, n (%) 6 (18.2) 5(15.2)

BMI at booking (kg/m2) <0.01

41.3 (6.6) 33.3(7.0)

BMI pre- kg/m2 0.06*
pre-surgery (kg/m2) - 44.4 (6.3)

1st Trimester weight (kg) 113.6 (93.2-131.7) 89.6 (77.125-106.6) <0.001

2nd Trimester weight (kg) 114.4 (96.55-133.8) 93.3(79.9-108.8) <0.001

3rd Trimester (kg) 116.7 (102.7-136.6) 95 (80.1-112.1) <0.001

Weight change T2-T1 1.8 (-0.15-3.95) 3.8 (1.3-4.8) 0.08

Weight change T3-T2 2.8 (2-4.25) 2.8 (1.3-4.8) 0.70

Weight change T3-T1 4.9 (1.7-7.5) 6.1 (1.6-9.6) 0.40

Parity

Nulliparous, n (%) 14 (42.4) 21 (63.6) 0.08

Parous, n (%) 19 (57.6) 12 (36.4)

Conception

Spontaneous, n (%) 30(90.2) 31 (95.1) 0.64

Assisted, n (%) 4(9.8) 2(4.9)

Smoking

No, n (%) 31(95.1) 30(90.2) 0.64

Yes, n (%) 2 (4.9) 4 (9.8)

Hypertensive disorders of pregnancy

No, n (%) 29 (87.9) 33 (100) <0.001

Yes, n (%) 4(12.1) 0(0)

Gestational diabetes mellitus
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No, n (%) 25(75.8) 26 (78.8) 0.77
Yes, n (%) 8(24.2) 7(21.2)

Mode of delivery

Spontaneous vaginal delivery, n (%) 14 (42.4) 16 (48.5) 0.16
Operative vaginal delivery, n (%) 3(0.1) 3(0.1) 1
Caesarean section, n (%) 16 (48.5) 14 (42.4) 0.16
Gestational age at delivery (wks) 39.1 (38.2-39.9) 38.8 (37.5-39.6) 0.54
Birth weight (g) 3505 (3070-3844) 3230 (2480-3420) 0.01
Birthweight percentiles (%) 74.1 (34.7-92.5) 30.8 (9.6-50.6) <0.01

Data are expressed as mean (standard deviation), median (interquartile range) or n (%). 71,
first trimester; 72, second trimester; 73, third trimester

*comparison between BMI in early pregnancy in the no-surgery group and BMI pre-surgery in
the post-bariatric group
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Hemodynamic variables

The median raw values of the haemodynamic variables in the three trimesters of pregnancy and comparisons between the groups are given in

Table 3.2. Within each group the trimesters were compared and for significant differences, the mean difference and p values for trimester 1 vs 2,

trimester 1 vs 3 and trimester 2 vs 3 are given in Table 3.3.

Table 3.2. Haemodynamic variables, median (interquartile range) for each trimester and group with p values of group comparison

1st Trimester

2nd Trimester

3rd Trimester

11-14 weeks 20-24 weeks 30-32 weeks
No-surgery Post-bariatric P No-surgery Post-bariatric P No-surgery Post-bariatric | P
surgery surgery surgery
N=20 N=20 N=33 N=33 N=30 N=30
SBP (mmHg) 113.8 (107.3-130) | 101.5(93.3-106.8) | <0.001 | 112 (100.5-116.5) 99 (91-109) <0.01 111 (103.5-121.5) 103.5 (93-110) <0.01
DBP (mmHg) 62.8 (60-79) 61 (59.3-66.3) 0.15 65 (61-70.5) 59 (55.5-62.3) <0.001 65 (60.5-71) 62 (57.5-66.5) <0.05
MAP (mmHg) 81.4 (75.6-94.9) 75 (69.5-79.5) <0.01 80.3 (75.8-86.7) 74.3 (67.2-78.3) <0.001 80.1 (75.6-86.4) 76.7 (70.3-80.7) 0.02
HR (bpm) 83 (75.3-88.8) 73 (65.5-75) <0.01 84 (74.5-93) 75 (69-85.5) 0.01 93.5 (83.8-98) 80 (70-87) <0.001
LVOT VTI 23.7 22 (20.7-25) 0.28 25.8 (22.9-28.8) 22.6 (21-26.6) 0.03 25.7 (20.7-27.6) 22.9 (21-24.7) 0.17
(mm) (20.9-28.2)
SV (ml) 80.9 (72.5-92.2) 72 (66.6-79.6) 0.07 86.5 (72.2-104.6) 79.6 (72-87.3) 0.07 85.7 (77.3-99.7) 80.5 (73-87.9) 0.08
CO (L/min) 6.9 (6.3-7.4) 5 (4.5-5.6) <0.001 7.5 (6.4-8.5) 5.9 (5.3-6.9) <0.001 7.7 (6.3-9.2) 6.2 (5.7-7.0) <0.01
TPR (dynes/s 1002.9 (871.6- 1178.5 (990.6- <0.05 874.7 (752-976.6) | 992.6 (856.7-1094.8) | 0.06 835.4 (675.6- 971.5 (868.6- <0.01
per cm?) 1158.9) 1349.6) 986.4) 1083.9)
SVI (mm/BSA) 39.5 (30.8-43.8) 36.6 (32.4-39.9) 0.48 40 (36-48.3) 39.5 (37.2-44.7) 0.77 39.9 (35.4-45.6) 40.5 (35-47.6) 0.92
CI (mm/BSA) 3.2(2.9-3.5) 2.5(2.3-2.9) <0.01 3.4 (2.9-3.8) 3(2.7-3.4) 0.01 3.6 (3-4.3) 3.2 (2.8-3.6) 0.01

BSA, body surface area, CO, cardiac output; C/ cardiac index; DBP, diastolic blood pressure; HR, heart rate; LVOT TVI, left ventricle outflow tract velocity

time integral; MAP, mean arterial pressure; SV, stroke volume; SVI, stroke volume index; SBP, systolic blood pressure; TPR, total peripheral resistance
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Table 3.3. Mean difference of haemodynamic variables between trimesters in the two groups

of women (actual values given in Table 3.2). All comparisons have been adjusted by the

Bonferroni correction for multiple tests. (T1: 11-14 weeks, T2: 20-24 weeks, T3: 30-32

weeks)

No-surgery, N=18

T1vs2 T1lvs3 T2vs3

Mean difference | P Mean difference P Mean difference | P
HR (bpm) 0.8 (11.2) 0.76 | 7.2 (11.0) 0.04 |6.4(12.2) 0.14
CO (L/min) 0.3 (1.1) 0.46 | 1.1(1.8) 0.02 |0.8(1.8) 0.38
TPR (dynes/s per | -49.6 (168.5) 0.46 | -90.2 (232.3) 0.03 | -70.2(200.3) 0.53
cmb)
CI (mm/BSA) 0.1 (0.5) 0.66 | 0.5(0.8) 0.36 |0.4(0.7) 0.33
Post-bariatric surgery, N=18

T1lvs2 T1vs3 T2vs3

Mean difference | P Mean difference P Mean difference | P
HR (bpm) 3(6.6) 0.56 | 2(22.5) 0.03 | 1(22.0) 0.28
CO (L/min) 0.8 (1.2) 0.09 | 1.2(1.5) 0.02 |0.4(0.9) 0.18
TPR (dynes/s per | -144.4 (157.5) | 0.07 | -150.3 (253.8) 0.02 | -30.4(101.3) 0.61
cmb)
CI (mm/BSA) 0.4 (0.6) 0.09 | 0.6 (0.8) 0.01 |0.2(0.7) 0.13

BSA, body surface area, CO, cardiac output; CI cardiac index; HR, heart rate; TPR, total peripheral

resistance

Mixed model analysis was used to compare the haemodynamic variables between groups at

each trimester and overall, after adjustment for age, race, gestational age, GDM and smoking.

The overall group comparison across all trimesters is given in Table 3.4 and the estimated

marginal means at each trimester for each group is given in Table 3.5.
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Table 3.4. Multilevel linear mixed-effects models for Log10 haemodynamic variables, overall

group comparison across all trimesters

Overall group comparisons (All trimesters)
Mean Difference P
No-surgery — Post-bariatric surgery

Logl0 SBP (mmHg) 0.047 (0.033-0.061) <0.001
Log10 DBP (mmHg) 0.04 (0.024-0.057) <0.001
Log 10 MAP (mmHg) 0.043 (0.029-0.057) <0.001
Log10 HR (bpm) 0.05 (0.032-0.068) <0.001
Logl0 SV (ml) 0.042 (0.015-0.068) <0.01
Log10 CO (L/min) 0.093 (0.065-0.12) <0.001
Log10 TPR (dynes/s per cm’) -0.051 (-0.079-(-0.022)) <0.01

Logl10 SVI (mm/BSA) 0.009 (-0.016-0.035) 0.46
Log10 CI (mm/BSA) 0.061 (0.036-0.085) <0.001

BSA, body surface area, CO, cardiac output; C/ cardiac index; DBP, diastolic blood pressure; HR, heart
rate; MAP, mean arterial pressure; SV, stroke volume; SVI, stroke volume index; SBP, systolic blood
pressure; TPR, total peripheral resistance
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Table 3.5. Multilevel linear mixed-effects models for Log10 hemodynamic variables. Estimated marginal means (95% CI) for each trimester and

group are given.

1st Trimester

2nd Trimester

3rd Trimester

No-surgery Post-bariatric P No-surgery Post-bariatric P No-surgery Post-bariatric P
surgery surgery surgery
N=20 N=20 N=33 N=33 N=30 N=30
LoglOSBP | 2.06(2.04-2.11) | 2.02(1.99-2.05) | <0.001 | 2.08 (2.03 -2.08) 2.02 (1.99 -2.04) <0.01 2.09 (2.04 -2.09) 2.04 (2 -2.05) <0.001
(mmHg)
Logl10 DBP 1.83 (1.8 -1.87) 1.8 (1.76 -1.83) 0.02 1.83 (1.8 -1.85) 1.77 (1.75 -1.8) <0.001 | 1.83(1.81-1.86) 1.8 (1.78 -1.83) 0.04
(mmHg)
Log 10 1.93 (1.9 -1.96) 1.88(1.86-1.91) | <0.01 1.93 (1.9 -1.94) 1.87 (1.85 -1.89) <0.001 1.95 (1.9 -1.97) 1.89 (1.87 -1.92) 0.01
MAP
(mmHg)
Logl0 HR 1.95 (1.92 -1.99) 1.9 (1.86 -1.93) <0.01 1.96 (1.93 -1.99) 1.92 (1.88 -1.95) <0.01 1.99 (1.96 -2.02) 1.94 (1.9 -1.97) <0.01
(bpm)
Logl0 SV 1.9 (1.85-1.95) 1.86 (1.81-1.91) 0.04 1.94 (1.88 -1.98) 1.9 (1.85-1.94) 0.07 1.94 (1.89-1.98) | 1.92 (1.89-1.95) 0.13
(ml)
Logl0 CO 3.85(3.8-3.9) 3.75(3.7-3.81) | <0.001 3.9 (3.85-3.94) 3.81(3.76 -3.806) <0.01 3.93(3.88-3.98) | 3.83(3.78-3.88) | <0.001
(L/min)
Logl0 TPR | 2.99(2.93-3.04) | 3.04(2.98 -3.09) 0.04 2.93 (2.88 -2.98) 2.96 (2.91 -3.01) 0.15 2.9 (2.85-2.95) 2.95(2.91 -3.02) 0.01
(dynes/s per
cm’)
Logl0 SVI 1.55 (1.5 -1.6) 1.53 (1.48 -1.58) 0.37 1.58 (1.54 -1.63) 1.57 (1.53 -1.62) 0.69 1.58 (1.53 -1.62) | 1.57 (1.53-1.62) 0.93
(mm/BSA)
Logl0 CI 3.5(3.45 -3.55) 3.43 (3.38-3.48) | <0.01 3.54 (3.5 -3.58) 3.49 (3.45 -3.53) 0.02 3.57 (3.53-3.62) | 3.51(3.46-3.55) 0.01
(mm/BSA)

BSA, body surface area, CO, cardiac output; C/ cardiac index; DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial pressure; SV, stroke
volume; SV1, stroke volume index; SBP, systolic blood pressure; TPR, total peripheral resistance
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Within each group there was no significant difference in blood pressure across the trimesters.
Between groups, the post-bariatric group had a lower systolic blood pressure (SBP), diastolic
blood pressure (DBP) and mean arterial pressure (MAP) in all trimesters and in the overall

analysis compared to the no-surgery group (Table 3.4, Figure 3.1).

Model for Log10 Blood pressure
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Figure 3.1. Mixed model analysis systolic blood pressure (SBP), diastolic blood pressure

(DBP) and mean arterial pressure (MAP) across trimesters in both groups.

The HR was significantly higher in the third compared to first trimester in both groups. When
comparing the groups, the HR was lower in all trimesters in the post-bariatric women compared

to the no-surgery group and in the overall analysis across all trimesters (Table 3.4, Figure 3.2).
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Figure 3.2. Mixed model analysis for heart rate across trimesters in both groups
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The SV and CO trended up in both groups with a significant increase in CO from the first to
the third trimester. Between the second and third trimester there was a plateau in SV in the no-
surgery group and a small non-significant increase in the post-bariatric group. When
comparing the groups, the overall analysis across all trimesters found that the SV and CO were
significantly lower in the post-bariatric group compared to the no-surgery group (Table 3.4,
Figure 3.3) At each trimester the CO was lower in the post-bariatric group compared to the no-

surgery group, the SV was lower in the post-bariatric group in the first trimester.
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Figure 3.3. Mixed model analysis for stroke volume (SV) and cardiac output (CO across

trimesters in both groups

The TPR trended down across trimesters in both groups and was significantly lower in the third
compared to first trimester. When comparing the groups, the TPR was higher in the post-

bariatric compared to the no-surgery group in the overall analysis (Table 3.4, Figure 3.4).
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Figure 3.4 Mixed model analysis for Logl0 total peripheral resistance (TPR) in both groups

examined.
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Cardiac geometry

The mean raw values of the cardiac geometry in the three trimesters of pregnancy and comparisons between the groups are given in Table 3.6.

Within each group the trimesters were compared and for significant differences, the mean difference and p values for trimester 1 vs 2, trimester 1

vs 3 and trimester 2 vs 3 are given in Table 3.7.

Table 3.6. Cardiac geometry, mean (standard deviation) for each trimester and group with p values of group comparison

1st Trimester

2nd Trimester

3rd Trimester

11-14 weeks 20-24 weeks 30-32 weeks
No-surgery Post-bariatric P No-surgery | Post-bariatric P No-surgery | Post-bariatric P
surgery surgery surgery

N=20 N=20 N=33 N=33 N=30 N=30
LA (mm) 40.3 (4.6) 38.2 (4.1) 0.10 | 404 (5.2) 40.2 (3.7) 0.84 40.3 (4.6) 39.3 (4.9) 0.39
LA index (mm/BSA) 18.7 (2.3) 19.3 (2.1) 0.4 19.8 (2.6) 204 (2.5) 0.17 18.7 (2.1) 19.9 (3.3) 0.08
Aorta (mm) 273 (3) 26.1 (2.5) 0.16 27.7 (3.1) 272 (2.1) 0.44 27.7(3.2) 27.4 (2.2) 0.73
Ascending aorta (mm) 27.9 3.1) 283 (1.5) 0.62 27.9 (2.5) 27.5(2.7) 0.56 27.8 (2.7) 27.6 (2.5) 0.80
LVOT (mm) 20.8 (1.6) 20.4 (1.1) 030 | 21.1(1.8) 20.9 (1.3) 0.59 21.5 (1.7) 21.1 (1.3) 0.37
IVS (mm) 8.9 (1.6) 8.2 (1.3) 0.08 9.2 (1.3) 8.5 (1.3) 0.02 9.2 (1.3) 8.5 (1.2) 0.03
LVEDD (mm) 48.2 (6) 48.9 (3.7) 0.64 49.9 (5.2) 49.6 (4.3) 0.78 512 (5.5) 50.7 (4.2) 0.68
LVEDD index (mm/BSA) 225 (2.8) 23.6 (6) 0.38 232 (2.7) 25.1(3) 0.05 24.1 (2.7) 25.6 (2.8) 0.05

PW (mm) 9.7 (1.5) 8.7 (0.9) 0.01 9.6 (1.5) 8.8 (1) 0.01 10.2 (1.4) 9(1.1) <0.001

RWT 0.39 (0.09) 036 (0.05) | 0.03 | 0.39(0.07) 036 (0.05) | 0.04 | 0.41(0.07) 037 (0.05) | 0.01
LVM (g) 161.1 (34.5) 1443 24) | 003 | 1735364) | 1532(32.1) | 0.02 | 187.4(402) | 1625(36.5) | 0.01
LVM index (g/BSA) 74.2 (14.3) 72.6 (9.5) 0.66 80 (15.3) 77.1 (14.4) | 043 87 (17.1) 789 (20.6) | 0.09

BSA, body surface area, IVS, interventricular septum; LA, left atrium diameter; LVEDD, left ventricle end-diastolic diameter; L VM, left ventricular

mass; LVOT, left ventricle outflow tract; PW, posterior wall thickness; RWT, relative wall thickness
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Table 3.7. Mean difference in LV mass and LV mass index between trimesters in the two
groups of women (actual values given in Table 3.6). All comparisons have been adjusted by
the Bonferroni correction for multiple tests. (T1: 11-14 weeks, T2: 20-24 weeks, T3: 30-32

weeks)

No-surgery, N=18

T1vs2 T1vs3 T2vs3
Mean P Mean difference P Mean difference P
difference
LVM (g) 10.7 (29.2) 0.02 | 17.2 (34.1) 0.04 | 8.1(26.3) 0.68
LVM index (g/BSA) | 5.0 (12.8) 0.01 | 9.3 (21.7) 0.02 | 4.4 (24.5) 0.53
Post-bariatric surgery, N=18
T1vs2 T1vs3 T2vs3
Mean P Mean difference P Mean difference P
difference
LVM (g) 9.6 (30.5) 0.16 | 19.1 (21.0) <0.05 | 11.1(31.0) 0.32
LVM index (g/BAS) | 3.1(9.0) 0.1 | 14.1(19.1) 0.02 | 4.2(15.2) 0.24

BSA, body surface area; LVM, left ventricular mass

Mixed model analysis was used to compare the cardiac geometry between groups at each
trimester and overall, after adjustment for age, race, gestational age, diabetes status and
smoking. The overall group comparison across all trimesters is given in Table 3.8 and the

estimated marginal means at each trimester for each group is given in Table 3.9.
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Table 3.8. Multilevel linear mixed-effects models for cardiac geometry, overall group

comparison across all trimesters

Overall group comparisons (All trimesters)
Mean Difference P
No-surgery — Post-bariatric surgery
(95% Confidence Interval for Difference)

LA (mm) 0.606 (-1.368-2.581) 0.55

LA index (mm/BSA) 0.837 (-1.603-(-0.072)) 0.08
IVS (mm) 0.7 (0.304-1.096) <0.01

LVEDD (mm) 0.291 (-1.792-1.209) 0.7

LVEDD index (mm/BSA) 1.476 (-2.617-(-0.335)) 0.05
PW (mm) 0.939 (0.545-1.333) <0.001
RWT 0.044 (0.023-0.065) <0.001
LVM (g) 16.976 (6.22-27.732) <0.01

LVM index (g/BSA) 3.581 (-1.214-8.375) 0.14

BSA, body surface area, IVS, interventricular septum; LA, left atrium diameter; LVEDD, left
ventricle end-diastolic diameter; LVM, left ventricular mass; PW, posterior wall thickness;
RWT, relative wall thickness
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Table 3.9. Multilevel linear mixed-effects models for cardiac geometry, estimated marginal means (95% CI) for each trimester and group are

given.
1st Trimester 2" Trimester 3rd Trimester
No-surgery Post-bariatric P No-surgery Post-bariatric P No-surgery Post-bariatric P
surgery surgery surgery
N=20 N=20 N=33 N=33 N=30 N=30
LA (mm) 39 (37.2 -42.8) 37.6 (34.8 -40.4) 0.12 | 39.5(37.5-42.4) 38.7(37.2-42.2) | 0.85 |40(37.5-42.4) 38.9 (36.1 -41.3) 0.28
LA index 17.7 (16.3-19.2) | 17.8 (16.4 -19.3) 0.84 | 17.6 (16.3 -18.9) 18 (17.7 -20.4) 0.09 | 18.9(16.2 -18.9) 18.5(17.1-19.9) 0.19
(mm/BSA)
IVS (mm) | 9.7 (8.9-10.4) 8.9 (8.2-9.7) <0.05 | 10 (9.4 -10.7) 9.3 (8.6 -10) 0.02 | 9.9(9.3-10.6) 9.3 (8.6-10) 0.03
LVEDD 479 (44.1 -49.7) | 48.3 (45.4-51.2) 0.31 | 49.2 (46.6 -51.7) 48.9 (46.3-51.6) | 0.80 | 50.4 (47.7 -53) 50.1 (47.3 -52.9) 0.86
(mm)
LVEDD 20.5 (18.2-22.8) | 21.7 (19.4 -24) 0.12 | 21.3(19.8-22.9) 23.2(21.6-24.8) | 0.06 | 22.3(20.8-23.9) 23.7 (22 -25.3) 0.08
index
(mm/BSA)
PW (mm) 9.8 (9.1 -10.5) 8.9 (8.2-9.6) <0.05 | 9.9 (9.3 -10.6) 9(8.3-9.7) <0.01 | 10.3 (9.7 -10.9) 9.4 (8.7 -10) <0.01
RWT 0.40 (0.38-0.46) | 0.36 (0.33-0.41) 0.03 | 0.41 (0.37-0.44) 0.36 (0.33-0.40) 0.02 | 0.41 (0.38-0.45) 0.37 (0.33-0.41) 0.01
LVM (g) 165 (145.9 - 154.8 (135.1 - 0.03 | 183.1(164.5 - 164 (144.6 -183.3) | 0.02 | 195.2 (175.5 - 173.6 (152.9 - 0.04
184.2) 174.6) 201.7) 214.9) 194.3)
LVM index | 72.5 (64.2 -80.8) | 72.2 (63.6 -80.8) 0.84 | 80.3(72.2-88.4) 77.3(68.9-85.7) | 0.29 | 86.6(77.6-95.7) 79.2 (69.9 -88.5) 0.11
(g/BAS)

BSA, body surface area, IVS, interventricular septum; LA, left atrium diameter; LVEDD, left ventricle end-diastolic diameter; L VM, left ventricular

mass; PW, posterior wall thickness; RWT, relative wall thickness

84




For both groups, the LA (left atrial) diameter, left ventricle end-diastolic diameter (LVEDD),
interventricular septum (IVS) diameter, posterior wall (PW) diameter and relative wall
thickness (RWT) all trended upwards across trimesters however there was no significant
differences, whereas LV mass significantly increased during gestation in both groups. When
comparing the groups, overall across all trimesters, the IVS, PW diameter, LV mass and RWT
were significantly lower in the post-bariatric compared to the no-surgery group (Table 3.8,

Figures 3.5- 3.8).
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Figure 3.5. Mixed model analysis for interventricular septal thickness in both groups examined
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Figure 3.6. Mixed model analysis for posterior wall thickness in both groups examined.
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Relative wall thickness
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Figure 3.7. Mixed model analysis for relative wall thickness (2 x left ventricle posterior wall

diameter)/ left ventricle end diastolic diameter) in both groups examined.
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Figure 3.8. Mixed model analysis for left ventricular mass across trimesters in both groups

examined.
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Systolic, diastolic and longitudinal function

The mean raw values of the systolic, diastolic and longitudinal function in each trimester and comparisons between the groups are given in Table

3.10. Within each group the trimesters were compared and for significant differences, the mean difference and p values for trimester 1 vs 2,

trimester 1 vs 3 and trimester 2 vs 3 are given in Table 3.11.

Table 3.10. Systolic, diastolic and longitudinal function, mean (standard deviation) for each time point and group with p values.

1st Trimester

2nd Trimester

3rd Trimester

11-14 weeks 20-24 weeks 30-32 weeks
No-surgery Post-bariatric P No-surgery Post-bariatric P No-surgery | Post-bariatric P
surgery surgery surgery
N=20 N=20 N=33 N=33 N=30 N=30
Systolic function
EDV (mm) 101 (20.5) 93.5 (14.9) 0.16 101.4 (19.2) 95.9 (15.9) 0.21 106.2 (21.6) 97.2 (14.5) 0.06
EDV index
(mm/BSA) 46.5 (7.1) 473 (8.4) 0.69 46.9 (8) 48.5 (8.3) 0.43 48.9 (8.1) 48.9 (6.8) 0.99
ESV (mm) 41 (11.1) 35.3 (6.6) 0.04 41.2 (11.3) 37.5(7.8) 0.13 443 (11.4) 39.1 (8.3) <0.05
ESV index
(mm/BSA) 18.8 (4) 179 (4.1) 0.45 19 (4.6) 18.9 (3.9) 0.96 20.4 (4.5) 19.6 (3.7) 0.47
EF (%) 59.9 4.4) 61.9 (5.4) 0.16 59.5(5.2) 61.3 (4.9 0.14 59.9 4.8) 60.1 (5.3) 0.88
TDI s' (cm) 12.6 (2.5) 12.8 (2.6) 0.79 13.1 24 13.4 (2.5) 0.64 13.1 (2.9) 124 (2.2) 0.33
Diastolic function
E velocity
(m/s) 81.2 (14.4) 84.7 (7.9) 0.34 83.5 (18) 86.2 (16.9) 0.54 78.4 (21) 77 (15.7) 0.76
A velocity
(m/s) 62 (11.1) 53.3(9.9) 0.01 64 (13.1) 54.7 (10.9) <0.001 67.4 (14.6) 54.6 (9.8) <0.001
E/A ratio 1.3 (0.3) 1.6 (0.3) <0.001 1.3 (0.3) 1.6 (0.3) <0.001 1.2 (0.3) 1.4* (0.3) <0.001
E' lateral
(m/s) 14.3 (2.8) 16.3 (3.5) 0.03 13.2 (2.8) 153 (3.4 0.01 12.4 (2.8) 13.1 (3) 0.34
E' medial
(m/s) 9.9 (2.3) 11.3 (2.3) <0.05 9.8 (2.4) 11 (2.2) <0.05 8.9 (1.9) 9.9 (2.6) 0.11
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E/ E' ratio 6.9 (1.4) 6.1 (1.9) 0.06 7.4 (1.8) 6.8 (1.4) 0.11 7.6 (2.6) 6.9 (1.9) 0.25
LAV (ml) 61.3 (14.3) 55.5(74) 0.10 66 (12.9) 59.3(9) 0.03 67.4 (11.8) 60.5 (7.8) 0.01
LAV index
(ml/BSA) 28.3 (5.8) 28 (3.7) 0.89 30.3 (5.7) 30.1 (4.8) 0.85 31.3 (5.5) 30.7 (5.2) 0.69
Longitudinal function
TAPSE
(mm) 223 (3.2) 22 (34 0.73 23.1 (4.3) 23.2 (3.1 0.93 21 (3.5) 212 (4.1) 0.86
MAPSE
septal (mm) 1524 14.7 (2.7) 0.73 14 (1.9) 14.4 (2.5) 0.45 12.7 (2) 13.5(2.9) 0.21
MAPSE
lateral (mm) 17 (3.2) 16.5 (2.5) 0.56 16.3(3.2) 16.5(2.4) 0.87 13.8 (2.7) 15.1(2.3) 0.06

BSA4, body surface area, E/A ratio, mitral inflow E-wave/A-wave filling; £’ lateral, tissue Doppler imaging E prime measured at lateral mitral annulus; £’
medial, tissue Doppler imaging E prime measured at medial mitral annulus; E/E’ ratio, E-wave mitral inflow/ mean E’ lateral and E’ medial; EF, ejection
fraction; EDV, end-diastolic volume; ESV, end-systolic volume; LAV, left atrial volume; TDI s°, tissue Doppler imaging s’ at the lateral tricuspid annulus;

MAPSE, mitral annular plane systolic excursion; TAPSE, tricuspid annular plane systolic excursion
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Table 3.11. Mean difference in E/A ratio, LA volume and LA volume index between
trimesters in the two groups of women (actual values given in Table 3.10). All comparisons
have been adjusted by the Bonferroni correction for multiple tests. (T1: 11-14 weeks, T2: 20-
24 weeks, T3: 30-32 weeks)

No-surgery, N=18

T1vs2 T1lvs3 T2vs3
Mean P Mean difference P Mean difference P
difference
E/A ratio -0.02 (0.3) | 0.55 -0.2 (0.4) 0.03 -0.1(0.3) 0.1
LAV (ml) 6.5 (13.6) | 0.57 7.0 (18.5) <0.05 3.2 (6.3) 0.07
LAYV index (ml/BSA) 3.2 (6.3) 0.92 2.9 (6.8) <0.05 0.2 (7.6) 0.21
Post-bariatric surgery, N=18
T1vs2 T1lvs3 T2vs3
Mean P Mean difference P Mean difference P
difference
E/A ratio 0.1 (0.3) 0.68 -0.2 (0.3) 0.04 -0.2 (0.2) 0.1
LAV (ml) 2.7 (6.8) 0.17 2.6 (17.5) 0.07 1.4 (3.6) 0.53
LAYV index (ml/BSA) 1.4 (3.6) 0.51 1.5(5.1) 0.09 0.1 (8.8) 0.49

BSA, body surface area, E/A ratio, mitral inflow E-wave/A-wave filling; LAV, left atrial volume

Mixed model analysis was used to compare the systolic and diastolic function between groups
at each trimester and overall, after adjustment for age, race, gestational age, diabetes status and
smoking. The overall group comparison across all trimesters is given in Table 3.12 and the

estimated marginal means at each trimester for each group is given in Table 3.13.
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Table 3.12. Multilevel linear mixed-effects models for systolic, diastolic and longitudinal,

function, overall group comparison across all trimesters.

Overall group comparisons (All trimesters)

Mean Difference |
No-surgery — Post-bariatric surgery
(95% Confidence Interval for Difference)

Systolic function

EDV (mm) 4.706 (-0.922-10.334) 0.01
EDV index (mm/BSA) -1.561 (-4.021-0.898) 0.21
ESV (mm) 3.062 (0.272-5.851) 0.03

ESV index (mm/BSA) -0.068 (-1.298-1.161) 0.91
EF (%) -0.668 (-2.167-0.831) 0.38

TDI s' (cm) 0.056 (-0.798-0.909) 0.9

Diastolic function

E/A ratio -0.271 (-0.37-(-0.172)) <0.001
E' lateral (m/s) -1.806 (-2.773-(-0.838)) <0.001
E' medial (m/s) -1.303 (-2.024-(-0.583)) <0.001
E/ E' ratio 0.664 (0.099-1.23) 0.02
LAV (ml) 6.255 (2.592-9.918) <0.01
LAV index (ml/BSA) 0.578 (-1.122-2.277) 0.5

BSA4, body surface area, E/A ratio, mitral inflow E-wave/A-wave filling; £’ lateral, tissue Doppler
imaging E prime measured at lateral mitral annulus; £’ medial, tissue Doppler imaging E prime
measured at medial mitral annulus; E/E’ ratio, E-wave mitral inflow/ mean E’ lateral and E’ medial;
EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic volume; LAV, left atrial
volume; TDI s’, tissue Doppler imaging s’ at the lateral tricuspid annulus

90



Table 3.13. Multilevel linear mixed-effects models for systolic, diastolic and longitudinal function.

trimester and group are given.

Estimated marginal means (95% CI) for each

1st Trimester

2nd Trimester

3rd Trimester

11-14 weeks 20-24 weeks 30-32 weeks
No-surgery Post-bariatric P No-surgery Post-bariatric P No-surgery Post-bariatric P
surgery surgery surgery
N=20 N=20 N=33 N=33 N=30 N=30

Systolic function

EDV (mm) | 95.3 (83.8-106.8) 93.1(81.8-104.4) 0.78 99.8 (90.1 -109.5) 95.1 (84.8 -105.4) 032 | 103.8(93.7-113.8) | 96.6 (85.8-107.4) | 0.12
EDVindex | 41.7 (36.6 -46.7) 44.4 (39.4 -49.3) 0.19 43.8 (39.6 -48.1) 45.5 (41 -50) 0.37 45.5 (41.3 -49.7) 45.8 (41.3 -50.3) 0.97
(mm/BSA)

ESV (mm) | 37.6(32.1-43.2) 35.4 (30 -40.8) 0.49 40.3 (35.1 -45.5) 37.2 (31.7 -42.7) 0.23 42.9 (37.7 -48.1) 39 (33.4 -44.6) 0.10
ESV index 16.5 (14 -18.9) 16.9 (14.5 -19.3) 0.43 17.7 (15.4 -20) 17.8 (15.4 -20.3) 0.89 18.9 (16.7 -21.2) 18.5 (16.1 -20.9) 0.57
(mm/BSA)

EF (%) 60 (57 -63) 61 (58.1 -64) 0.72 59.3 (56.6 -62) 60.7 (57.8 -63.6) 0.23 59.9 (57.1 -62.7) 59.4 (56.4 -62.4) 0.77
TDI s' (cm) 13.3 (11.6 -15) 13.2 (11.5 -14.8) 0.86 13.5(12.2 -14.8) 13.9 (12.4 -15.3) 0.58 13.3 (11.9 -14.6) 12.9 (11.4 -14.3) 0.60
Diastolic function

E/A ratio 1.2(1-1.4) 1.6 (1.3-1.7) <0.01 1.2 (1.1-1.4) 1.5(1.3-1.7) <0.001 1.1(0.9-1.3) 1.4 (1.2-1.5) <0.001
E' lateral 15 (13 -17) 17 (15.1 -19) 0.02 13.7 (12 -15.3) 15.9 (14.2 -17.7) 0.01 12.7 (11 -14.3) 13.8 (12 -15.5) 0.16
(m/s)
E' medial 9.1 (7.7-10.4) 10.7 (9.3 -12.1) 0.02 9.1(7.9-10.3) 10.3 (9 -11.5) 0.03 8.1(6.9-9.4) 9.2 (7.9 -10.5) 0.12
(m/s)
E/ E' ratio 6.9 (6-7.9) 6.2(53-7.2) 0.16 7.6 (6.7 -8.5) 7(6-7.9) 0.10 7.7 (6.7 -8.8) 7.1(6-8.2) 0.29
LAV (ml) 59.9 (52.3 -67.5) 54.5(47.2-61.9) 0.17 65 (58.7 -71.3) 58.5(51.8-65.2) <0.05 66.3 (60.3 -72.3) 59.4 (52.8 -66) 0.02
LAVindex | 26.3(22.8-29.7) 25.7(22.4 -29.1) 0.78 28.3 (25.4 -31.3) 28 (24.8 -31.1) 0.85 29.2 (26.2 -32.2) 28.4 (25.1 -31.6) 0.58
(ml/BSA)

BSA, body surface area, E/A ratio, mitral inflow E-wave/A-wave filling; £’ lateral, tissue Doppler imaging E prime measured at lateral mitral annulus; £’
medial, tissue Doppler imaging E prime measured at medial mitral annulus; E/E’ ratio, E-wave mitral inflow/ mean E’ lateral and E’ medial; EF, ejection

fraction; EDV, end-diastolic volume; ESV, end-systolic volume; LAV, left atrial volume; LVEF, left ventricle ejection fraction; 7D/ s°, tissue Doppler
imaging s’ at the lateral tricuspid annulus
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Within both groups, the end-diastolic volume (EDV) and end systolic volume (ESV) trended
upwards with a slight decreasing trend in the EF however, there were no significant changes
during gestation. When comparing the groups in the overall analysis, EDV and ESV were
significantly lower in the post-bariatric group (Table 3.12, Figures 3.9, 3.10), however this
difference did not remain after correction for body surface area (BSA) (Table 3.12). There were
no significant differences between the trimesters or groups for TDI s’ at the right lateral

annulus.
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Figure 3.9. Mixed model analysis for end diastolic volume across trimesters in both groups
examined.
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Figure 3.10. Mixed model analysis for end systolic volume across trimesters in both groups

examined.
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Within both groups the E/A ratio reduced through the trimesters and when comparing the
groups, the E/A ratio was higher in the post-bariatric group compared to the no-surgery group

in all trimesters (Table 3.12, Figure 3.11).
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Figure 3.11. Mixed model analysis for mitral inflow E-wave/A-wave ratio across trimesters in

both groups examined.

Tissue Doppler indices, E’ lateral and E’ medial did not change significantly during gestation,
when comparing the groups, E’ lateral and E’ medial were higher and E/E’ ratio was lower in
the post-bariatric compared to the no-surgery group in the overall analysis (Table 3.12, Figure

3.12).
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Figure 3.12. Mixed model analysis for tissue Doppler imaging (TDI) E’ lateral and E’ medial
mitral annulus across trimesters in both groups examined.

Within groups, the LA volume trended upwards across the trimesters and was significant in the
no-surgery group. In the overall analysis the LA volume was significantly lower in the post-
bariatric compared to the no-surgery group (Figure 3.13) although this did not persist after
correction for BSA (Table 3.12). There was no significant change in MAPSE or TAPSE during

gestation within either group or between groups.
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Figure 3.13. Mixed model analysis for left atrial volume across trimesters in both groups

examined.
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Global longitudinal and circumferential strain

A subgroup of 15 women in each group (no-surgery and post-bariatric) with adequate image
quality were used for strain analysis. The mean (standard deviation) in each trimester and
comparisons between the groups are given in Table 3.14. Within each group there was no

significant difference between the trimesters.

Table 3.14. Global longitudinal strain and global circumferential strain, mean (standard

deviation) for each trimester and group with p values of group comparison.

1st Trimester

No-surgery Post-bariatric surgery P
GLS -16.8(3.1) -17(2.5) 0.89
GCS -23(4.1) -22.7(5.5) 0.35
2nd Trimester
No-surgery Post-bariatric surgery P
GLS -15.7(4.3) -17.6(2.9) 0.16
GCS -21.0(4.3) -21.8(3.6) 0.5
3rd Trimester
No-surgery Post-bariatric surgery P
GLS -15.4(3.7) -18(3.5) 0.09
GCS -18.8(4.1) -22.1(3.5) 0.05

GCS global circumferential strain; GLS, global longitudinal strain

Mixed model analysis was used to compare the GLS and GCS between groups at each trimester
and overall, after adjustment for age, race, gestational age, GDM and smoking. The overall
comparison is given in Table 3.15 and the estimated marginal means at each trimester with
group comparison is given in Table 3.16. The overall analysis found that GLS was lower in the

post-bariatric group compared to the no-surgery group.
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Table 3.15. Multilevel linear mixed-effects models for global longitudinal strain and global

circumferential strain, overall group comparison across all trimesters

Overall group comparisons (All trimesters)

Mean Difference P
No-surgery — Post-bariatric surgery
(95% Confidence Interval for Difference)

GLS 2.20 (0.56-3.85) <0.01

GCS 1.64 (-0.73-4) 0.17

GCS global circumferential strain; GLS, global longitudinal strain

Table 3.16. Multilevel linear mixed-effects models for global longitudinal strain and global

circumferential strain. Estimated marginal means (95% CI) for each trimester and group are

given.
1st Trimester 2nd Trimester 3rd Trimester
No-surgery | Bariatric P No-surgery | Bariatric P No-surgery | Bariatric P
surgery surgery surgery
GLS -15.1 -16.6 0.58 | -14.4 -17.3 0.08 | -14.4 -17.6 0.06
(%) (-19-(-13.1)) | (-19.5-(- (-17.7- (- (-20.3-(- (-17.7-(- (-20.8- (-
13.6)) 11.2)) 14.4)) 11.1)) 14.3))
GCS -23.1 -22.88 0.59 | -22.33 -21.9 0.76 | -19.7 -23.3 0.03
(%) (-27.7-(- (-27.4-(-18.)) (-26.9-(- (-26.6-(- (-23.8- (- (-28.0-(-
18.5)) 17.7)) 19.2)) 15.7)) 20.4))

GCS global circumferential strain; GLS, global longitudinal strain

Birthweight

The birthweight percentiles in both groups examined are given with maternal characteristics in
Table 3.1. We then examined whether maternal cardiovascular parameters including MAP, CO

and TPR correlate with BW percentile (Table 3.17, Figures 3.14-3.19).
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Table 3.17. Pearson’s correlation (R) of birth weight percentile and cardiac output, total

peripheral resistance and mean arterial pressure in each group and trimester with p values.

No-surgery Post-Bariatric surgery
N=33 N=33
Trimester R P R |
Logl0CO |1 0.46 0.01 0.08 0.75
2 0.52 <0.01 0.05 0.78
3 0.51 <0.01 0.16 0.38
LonglO TPR | 1 -0.49 <0.01 -0.01 1.00
2 -0.63 <0.01 -0.07 0.70
3 -0.48 <0.01 -0.08 0.66
Logl0 MAP |1 -0.09 0.63 0.05 0.84
2 -0.27 0.13 0.06 0.73
3 -0.05 0.81 0.24 0.19

CO, cardiac output; MAP, mean arterial pressure; 7PR, total peripheral resistance
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4000

We found a positive significant correlation between CO and BW and a negative significant
correlation between TPR and BW in the no-surgery group (Figure 3.14-3.19). In the post-
bariatric women, we did not find significant correlations. In either group, we did not find any
significant correlation between MAP and BW.
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Figure 3.14. Correlation of maternal cardiac output and birth weight percentile in the first

trimester in the no-surgery group (left) and post-bariatric surgery group (right)

Simple Scatter with Fit Line of birth weight and cardiac output in the 2nd trimester Simple Scatter with Fit Line of birth weight and cardiac output in the 2nd trimester
Group: No surgery Group: Post-BS
e R Linear = 0271 F* Lincar = 0,003
100.00 @ ° ° ° v 100,00 ° o o
° % re ° °
2000 & 3000
. ° o o
° ° =
o L
P=<001 g . P=0.78
6000 - . g o
=
L] T o .
(% 2 ° b e
. £ e © 1
4000 E w00 e e &
° e E S ——
° — ° °
* °
200 ° 2000 L °
b °
¢ ° ° %0 ®
° L]
o - ° ° °
4000 6000 6000 10000 12000 14000 3000 4000 5000 6000 7000 2000 9000

Cardiac output, ml Cardiac output, ml

Figure 3.15. Correlation of maternal cardiac output and birth weight percentile in the second

trimester in the no-surgery group (left) and post-bariatric surgery group (right)
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Figure 3.16. Correlation of maternal cardiac output and birth weight percentile in the third
trimester in the no-surgery group (left) and post-bariatric surgery group (right)
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Figure 3.18. Correlation of maternal total peripheral resistance and birth weight percentile in

the second trimester in the no-surgery group (left) and post-bariatric surgery group (right)
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Figure 3.19. Correlation of maternal total peripheral resistance and birth weight percentile in

the third trimester in the no-surgery group (left) and post-bariatric surgery group (right)

Discussion

Our study has found significant differences between the groups in maternal haemodynamic
function, cardiac geometry and systolic and diastolic function. Maternal blood pressure, HR
and CO were lower and TPR higher in the post-bariatric group. In the same group, maternal
cardiac geometry differed with lower LV mass and RWT, in addition diastolic indices were
more favourable with higher E/A ratio, TDI E’ lateral and medial and lower E/E’ ratio and LA
volume. There was no difference in systolic function measured by EF, however, GLS was

lower in the post-bariatric group indicating better systolic function.

Traditionally, hypertension in obesity is related to excess plasma volume expansion and
increased CO due to excess body mass, with a concomitant decrease in natriuresis. The raised
CO leads to glomerular hyperfiltration and in turn raised distal tubular sodium delivery.
Complex mechanisms lead to the upregulation of the renin-angiotensin-aldosterone system and
stimulation of the sympathetic nervous system (SNS), which lead to increased sodium
reabsorption, plasma volume expansion and arterial hypertension. More recently it has been
suggested that hormonal factors may play a role and studies have found a reduction or
resolution in hypertension after bariatric surgery usually due to a combined effect of weight
loss and gut hormone manipulation. (10) Insulin, leptin, aldosterone and GLP-1 are all known
to be involved in BP control. (153) Obese individuals are resistant to leptin with regard to
appetite, but hyperleptinemia can stimulate sympathetic activity and the effects on the kidney

may influence the BP, similarly, hyperinsulinaema has a direct effect on the SNS. (153)
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Aldosterone is known to modulate vascular tone, possibly by increasing the pressor response
to catecholamines and impairing the vasodilatory response to acetylcholine. (154) GLP-1
infusion has been shown to increase sodium excretion and also reduced hydrogen secretion,
suggesting that GLP-1 might exert its renal effects by directly influencing the natrium-
hydrogen exchanger at the proximal tubule of the nephron. (153) Several studies have shown
that higher maternal BP in the first trimester of pregnancy is linked to higher risk of developing
hypertensive disorders later on in pregnancy. (62) Based on that, it would have been reasonable
to assume that the lower maternal BP found in post-bariatric women is likely to be associated
with the lower risk of developing hypertensive diseases later on in pregnancy, documented in

this population. (111, 155)

Heart rate increased with gestation in both groups, as expected (33) and was consistently lower
in the post-bariatric compared to the no-surgery group with similar pre-surgery BMI. Obesity
is associated with an imbalance between the sympathetic and para-sympathetic parts of the
autonomic nervous system, increased sympathetic outflow can result in raised HR, BP, and
microvasculature tone. (156) In studies outside of pregnancy it has been reported that after
bariatric surgery, HR is lower and HR recovery after exercise is improved. (157-159) The
increase in HR along with SV resulted in an increase in CO in both groups across gestation
suggesting that in both groups there is a normal maternal haemodynamic adaptation to
pregnancy. (37) When comparing the groups, women with previous bariatric surgery had lower
SV, HR and CO. The reduction in these haemodynamic indices is likely to be due to the
combined effect of weight loss resulting in a reduced circulating volume, substantial decrease
in SNS activity and improvement in cardiac and sympathetic baroreflex function. (160) Outside
pregnancy, studies before and after bariatric surgery show a lower CO after surgery in keeping
with our finding. (102, 161) Of note, the CO in the post-bariatric group was approaching that
of a normal BMI pregnant woman. (72, 162-164) The TPR trended downwards across
trimesters in both groups and was significantly lower in the third compared to first trimester
which is in keeping with physiological pregnancy changes. (165) When comparing the groups
across all trimesters in the overall analysis, the TPR was significantly higher in the post-
bariatric group and similar to that of normal BMI pregnancies reported in the literature. (33,

74)

With regard to cardiac geometry, LV mass increased during gestation which is consistent with
physiological pregnancy changes. (37, 166) The IVS, PW diameter, LV mass and RWT were

significantly lower in the post-bariatric compared to the no-surgery group with similar pre-
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surgery BMI. Our findings are in keeping with reported changes in cardiac geometry after
bariatric surgery. (91, 102, 167) The traditional haemodynamic model in obesity describes
increased stroke workload owing to an increased preload and SV leading to left ventricular
dilatation, which in turn causes a rise in wall stress and increasing myocardial mass to
compensate. Eccentric hypertrophy follows with subsequent left ventricular diastolic and
sometimes systolic dysfunction. In recent years it is thought that early hypertrophic changes of
the heart are secondary to obesity-associated hyperleptinaemia and the subsequent cardiac
dilatation seen in morbid obesity is likely volume-induced. It has been shown that leptin causes
hypertrophy and the weight loss achieved by bariatric surgery decreases leptin levels
significantly. (92, 93, 168) In our study, the no-surgery group showed a tendency towards
concentric LV remodelling (RWT=0.40), which was not the case for the post-bariatric group
(RWT=0.36).

With regard to systolic function, maternal EDV and ESV trended upwards in both groups, with
a slight decreasing trend in the EF however, there were no significant differences. Similarly, in
literature it is reported that maternal EDV and ESV have a non-significant increase in
pregnancy. (169) Changes in EF in pregnancy vary in studies with most of them suggesting no
change. (33, 37, 169) Despite the lack of difference in EF, GLS was lower in the post-bariatric
group suggesting better systolic function compared to the no-surgery group with similar pre-
surgery BMI. Global longitudinal strain has been shown to have increased sensitivity and
specificity in predicting cardiovascular outcomes across various cardiac pathologies and GLS
use clinically can identify subclinical left ventricular systolic dysfunction where EF is

normal.(170)

As far as the diastolic indices is concerned, we found that the E/A ratio reduced across gestation
in both groups, as expected (37) and was higher in the post-bariatric compared to the no-surgery
group with similar pre-surgery BMI suggesting better mitral filling in the former group.
Diastolic dysfunction including lower E/A ratio has been reported in obese pregnant women
suggesting a maladaptation to pregnancy. The post-bariatric pregnant women had better
diastolic function, as suggested by the higher E/A ratio, E’ lateral and medial and the lower
E/E’ ratio and LA volume. Similar to our findings but outside the setting of pregnancy, it has
been reported that E/A ratio, TDI E’ lateral and medial are higher and E/E’ ratio and LA volume
lower after bariatric surgery. (18, 171) Diastolic dysfunction in obesity is related to a
hyperdynamic circulation due to increased preload as well as afterload due to arterial stiffness,

leading to left ventricular hypertrophy, reduced compliance and altered LV filling patterns. The
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improvement in diastolic indices is likely to be due to a combined effect of weight loss,
reducing the circulating load, and the added benefit of gut hormone changes such as reduced

leptin induced hypertrophy. (91, 93)

We found that the post-bariatric group had a significantly lower BW percentile compared to
the no-surgery group with similar pre-surgery BMI which is in keeping with studies that have
reported smaller babies in women after bariatric surgery. (111) It is thought that this may be
due to the therapeutic post-surgical state of maternal malnourishment and micronutrient
deficiencies or the relatively lower maternal glucose availability. (172) In the no-surgery
group, we found a positive correlation between maternal CO and BW and a negative correlation
between TPR and BW. Our findings are consistent with other studies demonstrating similar

trends and a close association between maternal CO and fetal growth and BW. (58, 59)

In pathological pregnancy the maternal cardiovascular function has been shown to play an
important role with studies reporting a hyperdynamic circulation of high CO in both the clinical
and preclinical phase of the PE.(56, 173) We have found that women with previous bariatric
surgery have a lower CO and BP and this could mean they are less prone to develop
hypertensive disorders in pregnancy. (111) In addition, changes in LV geometry and diastolic
function have been reported in the physiological as well as pathological adaptation to
pregnancy. (37, 53) Left ventricle concentric remodelling and diastolic dysfunction have been
reported in study of mid-trimester pregnant women who subsequently went on to develop PE.
(53) Inrecent years there has been growing interest in the maternal cardiovascular function as
a precursor of hypertensive disease in pregnancy (47, 55); our findings of lower CO, BP and
LV mass/RWT with more favourable diastolic and systolic indices, may explain why women

with previous bariatric surgery have a lower incidence of hypertensive disease in pregnancy.

This study provides novel data on detailed cardiovascular assessments in women with previous
bariatric surgery and, to our knowledge, this has not been previously investigated. However,
there are limitations to our study design as previous studies outside of pregnancy examined the
same individuals before and after surgery. This was not feasible in our pregnant population so
we found a pregnant population that was as matched as closely as possible to the pre-surgery

status of the post-bariatric women with regards to age, race, BMI and diabetes status.
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Conclusion

This study has found significant differences between the groups in haemodynamic function,
cardiac geometry and systolic and diastolic function. The findings suggest a more optimal
cardiovascular adaptation to pregnancy in women with previous bariatric surgery compared to
women without surgery and may be associated with the reduced prevalence of hypertensive

disorders in pregnancy seen in the former population.
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Chapter 4

Maternal cardiovascular adaptation in
pregnancy in women with previous
bariatric surgery compared to women
with a similar early pregnancy BMI

Abstract

Background: As the obesity epidemic grows, bariatric surgery is becoming more common in
the management of obesity. Outside of pregnancy bariatric surgery is known to have several
positive cardiovascular implications, not only through weight loss, but also mediated through
the cardio-enteric axis. In pregnancy, the cardiovascular adaptation is vital in maintaining a
healthy pregnancy and maladaptation has been associated with hypertensive disease. Studies
have shown that late pre-eclampsia is associated with a high cardiac output in the pre-clinical
and clinical phase. Pregnancy after bariatric surgery associated with a reduced risk of
hypertensive disorders, however, the maternal cardiovascular system after bariatric surgery

has not been previously investigated.

Objective: To investigate the maternal cardiovascular adaptation to pregnancy in women with
previous bariatric surgery compared to women with a similar early pregnancy body mass index

(BMI) but no history of weight loss surgery.

Methods: This was a prospective, observational, longitudinal study. Participants were seen at
three time points in pregnancy; 12-14, 20-24 and 30-32 weeks. Women with previous bariatric
surgery were compared to women without surgery but with similar early pregnancy and also
matched for maternal age, race and gestational diabetes. At each time point blood pressure (BP)
was measured twice and the mean value was recorded. Maternal cardiac function was assessed
using transthoracic echocardiography. Multilevel linear mixed-effects models were used for all

the comparisons.

Results: The study included 41 pregnant women with and 41 without previous bariatric
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surgery. Overall, the maternal systolic and diastolic BP, heart rate and cardiac output were
lower in the post-bariatric women compared to the no-surgery group (p<0.01 for all
comparisons). There was no significant difference in ejection fraction between groups,
however, there was lower global longitudinal (p<0.01) and circumferential strain in the post-
bariatric group (p=0.02), suggesting better systolic function. There was evidence of more
optimal diastolic indices in the post-bariatric group with a higher E/A ratio (p<0.001), TDI E’
lateral (p<0.01)/medial (p=0.03) and lower left atrial volume (p<0.05).

Conclusions: Our findings suggest a more optimal cardiovascular adaptation to pregnancy in
women after bariatric surgery. As our groups were matched for early pregnancy BMI, it is
unlikely that the improved maternal cardiac performance is due solely to the weight loss and
indicates influence from the metabolic alterations as a result of the surgery. Studies of
pregnancy after bariatric surgery report lower rates of pre-eclampsia. The reasons of this
improvement are largely unknown. Bariatric surgery is associated with a lower maternal
cardiac output and BP, it would be reasonable to postulate that these haemodynamic alterations
play an important role in the lower prevalence of hypertensive disorders in pregnancy reported
in this population. This can inform national guidance regarding beneficial effects of bariatric

surgery in obese women of reproductive age contemplating pregnancy.

Introduction

The obesity epidemic is growing and has significant chronic health implications. (3) Obesity
has several effects on the cardiovascular system. Hemodynamically, there is increased cardiac
output (CO) as a result of increased stroke volume (SV) and heart rate (HR). The geometry is
altered with left arial (LA) enlargement and left ventricle (LV) hypertrophy compared to
individuals of normal BMI. Diastolic function can be impaired however systolic function is
usually preserved. (6, 19) Bariatric surgery is a successful treatment for sustainable weight loss
which achieves around 55% excess body weight loss across different surgical methods. (78,
79) Studies of cardiovascular function after bariatric surgery have found reduced hypertension,

changes in cardiac geometry and improvement in diastolic function. (10, 91)

Traditionally, it was thought that cardiac remodelling after bariatric surgery was solely due to

haemodynamic changes, such as lowering of the BP and weight loss. However, there is now
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evidence that manipulation of enteric gut hormones contributes to beneficial cardiovascular
effects via the entero-cardiac axis. (91) It has been reported that BP is lowered as early as 10

days post-bariatric surgery where weight loss is relatively limited. (89, 90)

Pregnancy is associated with significant maternal cardiovascular and haemodynamic changes
to support the gravid uterus and fetal development. Systemic vasodilation leads to a reduction
in total peripheral resistance (TPR) and an increase in SV and CO. (28) Maternal cardiovascular
adaptation to pregnancy has been implicated in the pathophysiology of pregnancy
complications such as pre-eclampsia (PE). (45) Late onset PE is associated with high CO and
low resistance in the pre-clinical and clinical phase. (54, 56) Similarly, maternal LV
remodeling and reduced diastolic indices have been reported in the pre-clinical and clinical

phase of the disease. (53, 54)

Obese pregnant women have an altered cardiovascular adaptation to pregnancy with a reported
40% prevalence of diastolic dysfunction and a significant reduction in global longitudinal
strain, a sensitive marker of systolic function. (72) A longitudinal study of obese pregnant
compared to normal BMI pregnant women found a high volume/low-resistance circulation in
the first and second trimester, however, in the third trimester, the CO of obese women
decreased which was not true in nonobese women. (74) These differences suggest a
maladaptive cardiovascular response to pregnancy. Obesity is associated with late PE and
studies have shown that both conditions demonstrate a hyperdynamic circulation with high CO

and low resistance. (47, 54, 72)

Several studies have reported that pregnancy following bariatric surgery is associated with a
reduced risk of complications, notably hypertensive disorders compared to women with similar
pre-surgery and similar early pregnancy BMI. (111) The mechanisms underlying the changes
in pregnancy outcomes are largely unknown, however, it is likely the maternal cardiovascular
adaptation plays a pivotal role in maintaining a healthy pregnancy and maladaptation has been
associated with hypertensive disease. Nevertheless, maternal cardiovascular changes in
pregnancies following bariatric surgery compared to women with similar early pregnancy BMI

has not been studied before.
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Hypothesis

In pregnancies following bariatric surgery, maternal cardiovascular adaptation is altered

compared to that of women with similar early pregnancy BMI.

Aim

1. Investigate longitudinally, the maternal cardiovascular adaptation to pregnancy in
women following bariatric surgery compared to women with similar early pregnancy
BMI. Maternal cardiovascular system will be assessed using 2D echocardiography,
including cardiac geometry, haemodynamic variables, systolic, diastolic and
longitudinal function.

2. Investigate the association of maternal haemodynamic indices with birth weight.

Methods

This was a prospective, observational, longitudinal study. Pregnant women were recruited from
April 2018 to June 2020 at Chelsea & Westminster Hospital, London, UK. Participants were
identified through a booking-perinatal database (CIMIS). Following the 1% trimester scan,
participants were approached by members of the research team and recruited in the following

groups:

e Group 1 — Pregnant women with previous bariatric surgery
e Group 2 — Pregnant women without a history of bariatric surgery matched for early

pregnancy BMI, age, race and presence of diabetes

Women who had a singleton pregnancy and attended at least two out of three research visits
were included. Participants were seen at three time points during their pregnancy, 12-14 weeks,
20-24 weeks and 30-32 weeks. Women who had bariatric surgery were matched to women
without surgery. Matching between the groups was achieved via categories for BMI (20-24.9,
25-29.9, 30-34.9, 35.0-39.9, >40), age (20-25, 26-30, 31-35, 25-40, >40), race (white or non-

white) and presence of diabetes mellitus.
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Maternal characteristics, including age, parity, race, smoking status and medication history
were recorded in the research database. Maternal weight was taken to the nearest 0.1 kg using
a calibrated electronic scale, with the patient wearing light clothing and no footwear. Height
was measured to the nearest 0.5 cm also without footwear. Blood pressure measurements were
performed manually using a sphygmomanometer (Accoson Dekamet, AC Cossor & Son
(Surgical) Ltd, London, UK) according to the recommendations of the British Hypertension
Society. (120) Two readings, 5 minutes apart, were taken in a seated position from the left arm.
The mean value was recorded. Maternal cardiovascular system was assessed using 2D
echocardiography and cardiac geometry, haemodynamic variables, systolic, diastolic and

longitudinal function were evaluated.

Transthoracic echocardiography was performed after a rest period of 10 minutes in the left
lateral decubitus position. Two-dimensional, M-mode and tissue Doppler imaging were
performed using a Ie33 Philips Ultrasound system according to European and American
guidelines. (135, 151) Standard parasternal and apical views were used and digital loops of 3
cardiac cycles with associated electrocardiogram information were stored on to the hard disk
of the machine. The methodology used for image acquisition and measurements is described
in detail in Chapter 2. Offline analysis was performed according to American and European
echocardiography guidelines. (135, 151) On a subgroup of patients, speckle tracking analysis
was performed to obtain global longitudinal and circumferential strain (GLS/GCS). Parasternal
short axis views and apical 2, 3 and 4 chamber views were analysed using the 2D Cardiac
Performance Analysis, TomTec Imaging System, Munich, Germany. The methodology used

is described in detail in Chapter 2.

Information on pregnancy outcomes were obtained from the Hospital’s perinatal database.
Development of gestational diabetes (GDM) and hypertensive disorders of pregnancy were
defined as previously described (Chapter 2). Birth weight percentiles were calculated, as

previously described (Chapter 2).

Statistical analyses

The statistical analysis is described in further detail in Chapter 2. In brief, the groups were

compared at each time point (trimester) and within each group the time points were compared
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using the unpaired Student t-test/Mann-Whitney or chi-square (x¥2) for numerical and

categorical data respectively. Differences were considered statistically significant at p<0.05.

Hierarchical modelling was used for further analysis of haemodynamic, geometric, diastolic
and strain imaging variables using multilevel linear mixed-effects models. The fixed effect
component included time (the 3 visits), study group, age, race and GDM, smoking, gestation
and first-order interaction between time and study group. The correlation of CO, TPR and MAP
with birth weight were assessed by Pearson’s correlation. All analyses were performed using

IBM SPSS Statistics, version 26.0, 2019 (IBM Corp., Armonk, New York, USA).

Sample size calculation was performed using the G*Power software (G*Power for Windows
Os X, v. 3.1, February 2020, Heinrich-Heine-Universitit, Dusseldorf, Germany).(152) There
are no previous studies investigating the cardiovascular system pregnant women with previous
bariatric surgery. Therefore, it was difficult to be accurate on the number of subjects required
in each group to obtain results with adequate power. Using studies of individuals before and
after bariatric surgery outside of the context of pregnancy we have estimated sample sizes. To
demonstrate a similar effect to Owan et al.(102) in CO and Kaier et al.(108) for mitral inflow
E-wave/A-wave (E/A) ratio and global longitudinal strain (GLS) for an alpha = 0.05 and a

power of 80%, we would need 14 study subjects in each group and each trimester.

Results

The study included 41 pregnant women post-bariatric surgery and 41 women without surgery
matched for early pregnancy BMI, age, race and GDM. The maternal characteristics are given
in Table 4.1. In the post-bariatric surgery group, 21 women had undergone a gastric bypass, 13
women had undergone a sleeve gastrectomy and 7 women had undergone gastric band. The
mean time interval between surgery and conception was 49.6 months. As expected, there were
no significant differences in the maternal demographics between the study groups. None of the
women in the post-bariatric group developed hypertensive disorders and these women, overall,

delivered smaller babies than the women without surgery.
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Table 4.1. Maternal demographic characteristics and pregnancy outcomes of the study

participants.
Variable No-surgery Post-bariatric surgery P

N=41 N=41

Age (years) 33.2(5.2) 33.6 (5.7) 0.78

Racial group

White, n (%) 33 (80.5) 34 (82.9) 0.78

Other, n (%) 8 (19.5) 7(17.1)

Body mass index at booking (kg/m?) 34.5 (6.8) 343 (7.1) 0.90

Body mass index prior to surgery - 46.5 (7.4) -

(kg/m?)

1st Trimester weight (kg) 93 (81.2-113.7) 92.1 (78.5-111.8) 0.72

2nd Trimester weight (kg) 97.2 (84.8-114.6) 99.7 (81.9-115.5) 0.87

3rd Trimester (kg) 99.6 (87.7-121.1) 102 (85.7-117.0) 0.78

Weight change T2-T1 3.1(1.1-4.4) 3.8(1.2-4.9) 0.39

Weight change T3-T2 3(1.4-4.2) 2.9 (0.7-4.8) 0.75

Weight change T3-T1 6 (2.6-7.8) 5.8 (1.3-9.6) 0.90

Parity

Nulliparous, n (%) 21 (51.2) 23 (56.1) 0.66

Parous, n (%) 20 (48.8) 18 (43.9)

Conception

Spontaneous, n (%) 35(85.4) 39 (95.1) 0.14

Assisted reproductive technology, n 6 (14.6) 2(4.9)

(%0)

Smoking

No, n (%) 39 (95.1) 37 (90.2) 0.40

Yes, n (%) 2(4.9) 4(9.9)

Hypertensive disorders of pregnancy

No, n (%) 37 (90.2) 41 (100) 0.04

Yes, n (%) 4 (90.8) 0(0)

Gestational diabetes mellitus

No, n (%) 34 (82.9) 34 (82.9) 1.00

Yes, n (%) 7(17.1) 7(17.1)

Mode of delivery

Spontaneous vaginal delivery, n (%) 18 (43.9) 20 (48.8) 0.81

Operative vaginal delivery, n (%) 5(12.2) 3(7.3) 0.51
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Caesarean section, n (%) 18 (43.9) 18 (43.9) 1.00
Gestational age at birth (weeks) 39.1 (38.4-40.4) 38.8 (37.7-39.7) 0.34
Birthweight (g) 3580 (3170-3805) 3110 (2530-3375) 0.01
Birth weight percentiles (%) 64 (38.5-84) 29 (6-56.5) 0.01

Data are expressed as mean (standard deviation), median (interquartile range) or n (%).
T1, first trimester; 72, second trimester; 73, third trimester
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Hemodynamic variables

The median raw values of the haemodynamic variables in the three trimesters of pregnancy and comparisons between the groups are given in

Table 4.2. Within each group the trimesters were compared and for significant differences, the mean difference and p values for trimester 1 vs 2,

trimester 1 vs 3 and trimester 2 vs 3 are given in Table 4.3.

Table 4.2. Haemodynamic variables, median (interquartile range) for each trimester and group with p values of group comparison.

1st Trimester 2nd Trimester 3rd Trimester
No-surgery Post-bariatric P No-surgery Post-bariatric P No-surgery Post-bariatric P
surgery surgery surgery
N=26 N=26 N=41 N=41 N=36 N=36

SBP (mmHg) 109.5 (102.4-117) 104.5 (93.8-110.5) 0.01 108 (100.5-115) 102.5 (91-110) <0.01 | 109 (102.6-114.5) 104 (95.8-111) 0.03
DBP (mmHg) 61.3 (60-70.3) 61.5 (59.8-67.5) 0.47 63 (59-69.5) 60 (56-63) <0.01 63 (61-68.8) 62 (58-68) 0.24
MAP (mmHg) 77.3 (74.3-84.6) 75.5 (71.9-81) 0.14 79.7 (72.8-84) 74.8 (68.2-78.3) <0.01 78.7 (75.4-83.4) 77.3 (70.3-82.5) 0.14
HR (bpm) 76 (70-84) 73 (66.5-75) 0.02 82 (71.5-88) 73 (67.5-80) 0.01 89.5 (80-95) 79 (71.5-86) 0.01
LVOT VTI (mm) 24.2 (21.6-26.3) 22 (21-24.3) 0.70 24.2 (22-26.1) 23 (21.6-26.6) 0.45 24.9 (21.1-27.7) 23.2 (21.2-25.7) 0.29
SV (ml) 77.1 (69.5-90.5) 72 (66.6-81.3) 0.12 83.6 (70.2-90.4) 81.7 (72.6-87.7) 0.66 82.2 (76.5-93.3) 82.4 (73.7-90.4) 0.74
CO (L/min) 6.1 (5.1-6.9) 5.1(4.5-5.7) 0.01 6.7 (6-7.6) 6 (5.3-6.9) 0.03 6.7 (5.9-8.5) 6.3 (5.7-7.4) 0.05
TPR (dynes/s per | 1076 (879.1-1316.7) 1213.8 (1097.3- 0.11 | 935.1 (816-1119.1) | 994.2 (856.7-1072.4) | 0.61 | 933.2(751.4-1084.1) 971.5 (868.2- 0.38

cm’) 1343.8) 1072.5)
SVI (mm/BSA) 39 (36.6-42.4) 36.6 (32-39.8) 0.05 40.3 (37.7-45) 39.5 (36.5-44.6) 0.62 40 (35.4-46.3) 40.8 (36.7-47.7) 0.80
CI (mm/BSA) 3(2.5-3.4) 2.5 (2.3-2.8) <0.01 3.3(2.9-3.7) 3(2.7-3.3) 0.01 3.3(2.9-4.2) 3.2 (2.8-3.6) 0.11

BSA, body surface area, CO, cardiac output; C/ cardiac index; DBP, diastolic blood pressure; HR, heart rate; LVOT TVI, left ventricle outflow tract velocity
time integral; MAP, mean arterial pressure; SV, stroke volume; SV1, stroke volume index; SBP, systolic blood pressure; TPR, total peripheral resistance
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Table 4.3. Mean difference of haemodynamic variables between trimesters in the two groups

of women (actual values given in Table 4.2). All comparisons have been adjusted by the

Bonferroni correction for multiple tests. (T1: 11-14 weeks, T2: 20-24 weeks, T3: 30-32

weeks)

No-surgery, N=22

T1vs2 T1vs3 T2vs3
Mean difference P Mean difference P Mean difference P
HR (bpm) 4.8 (10.2) 0.07 8 (10.6) 0.04 3.1(9.8) 0.18
CO (L/min) 0.4 (0.1) 0.06 0.8 (1.7) 0.02 0.4 (1.7) 0.54
TPR (dynes/s per -45 (268.1) 0.48 -81.9 (279.4) 0.03 -36.9 (301.2) 0.85
cmb)
CI (mm/BSA) 0.2 (0.6) 0.29 3.9 (0.8) 0.04 0.2 (0.8) 0.64
Post-bariatric surgery, N=22
T1vs2 T1vs3 T2vs3
Mean difference P Mean difference P Mean difference P
HR (bpm) 3.1(6) 0.4 7 (10.5) 0.04 4(8.9) 0.16
CO (L/min) 0.7 (0.7) 0.02 1.2(1.2) <0.001 0.5(0.9) 0.13
TPR (dynes/s per -192.7 (239.4) 0.01 -218.5 (309.2) 0.02 -25.8 (187.7) 0.4
cmb)
CI (mm/BSA) 0.3 (0.3) 0.02 0.6 (0.6) <0.001 0.3(0.4) 0.05

BSA, body surface area; CO, cardiac output; C/ cardiac index; HR, heart rate; TPR, total peripheral

resistance

Mixed model analysis was used to compare the haemodynamic variables between groups at

each trimester and overall, after adjustment for age, race, gestational age, diabetes status and

smoking. The overall group comparison across all trimesters is given in Table 3.4 and the

estimated marginal means at each trimester for each group is given in Table 3.5.
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Table 4.4. Multilevel linear mixed-effects models for Log10 haemodynamic variables,

overall group comparison across all trimesters

Overall group comparisons (All trimesters)
Mean Difference P
No-surgery — Post-bariatric surgery
(95% Confidence Interval for Difference)
Logl10 SBP (mmHg) 0.029 (0.019-0.04) <0.01
Logl10 DBP (mmHg) 0.023(0.01-0.036) <0.01
Log 10 MAP (mmHg) 0.026 (0.015-0.036) <0.01
Log10 HR (bpm) 0.035 (0.02-0.05) <0.01
Logl0 SV (ml) 0.009 (-0.01-0.029) 0.34
Logl10 CO (L/min) 0.045 (0.023-0.067) <0.01
Log10 TPR (dynes/s per cm’) -0.019 (-0.042-0.005) 0.12
Logl0 SVI (mm/BSA) 0.009 (-0.01-0.028) 0.37
Logl10 CI (mm/BSA) 0.044 (0.022-0.065) <0.01

BSA, body surface area; CO, cardiac output; C/ cardiac index; DBP, diastolic blood pressure; HR,
heart rate; MAP, mean arterial pressure; SV, stroke volume; SV, stroke volume index; SBP, systolic
blood pressure; TPR, total peripheral resistance
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Table 4.5. Multilevel linear mixed-effects models for Log10 hemodynamic variables. Estimated marginal means (95% CI) for each trimester

and group are given.

1st Trimester

2nd Trimester

3rd Trimester

No-surgery Post-bariatric P No-surgery Post-bariatric P No-surgery Post-bariatric P
surgery surgery N=36 surgery
N=26 N=26 N=41 N=41 N=36
Logl0 SBP (mmHe) | 3 1 96-2.11) | 2.00 (1.93-2.08) | <0.01 | 2.04 (2.022.06) | 2.01 (1.99-2.03) | <0.001 | 2.06 (2-2.11) | 2.03 (1.97-2.09) | 0.01
Logl0 DBP (mmHg) | 79 1 701 88) | 1.78 (1.69-1.86) | 038 | 1.81 (1.79-1.8) | 1.78 (1.76-1.80) | <0.001 | 1.84 (1.77-1.91) | 1.83 (1.76-1.90) | 0.42
Log LOMAP (mmHe) |} o5 (1 g1.1.96) | 1.87(1.79-1.94) | 0.09 | 1.90 (1.89-1.92) | 1.87(1.85-1.89) | <0.001 | 1.93 (1.87-1.98) | 1.91(1.85-1.97) | 0.1
LoglOHR (bpm) 1 95 (1 81:2.02) | 1.88(1.78-1.99) | 0.03 | 1.92(1.90-1.95) | 1.89 (1.86-1.91) | 0.01 | 1.93(1.85-2.02) | 1.89 (1.81-1.98) | <0.01
Logl0 SV (ml) 1.73 (1.60-1.87) | 1.70 (1.57-1.83) | 0.16 | 1.9(1.88-1.92) | 1.89(1.86-1.92) | 0.79 | 2.04 (1.96-2.13) | 2.02 (1.91-2.13) | 0.98
Logl0 CO(L/min) | 5 65 (350-3.80) | 3.58 (3.44-3.73) | <0.01 | 3.81 (3.78-3.85) | 3.78 (3.74-3.81) | 0.04 | 3.95 (3.83-4.07) | 3.91 (3.79-4.03) | 0.04
Loglopgfngyn“/ S 1 3.14(2.97-3.30) | 3.18(3.02-3.33) | 0.08 | 3.00(2.96-3.03) | 3.00(2.96-3.03) | 0.89 | 2.89(2.76-3.01) | 2.91 (2.78-3.04) | 0.25
LoglO SVImm/BSA) | 46 (132-1.50) | 1.42(1.29-1.55) | 0.13 | 1.59 (1.56-1.62) | 1.58 (1.55-1.61) | 0.85 | 1.69 (1.59-1.80) | 1.69 (1.59-1.80) | 0.91
Logl0 CLmm/BSA) | 5 37322.3.53) | 331 (3.16:3.45) | 0.01 | 3.5 (3.47-3.54) | 347 (3.44-3.50) | 0.04 | 3.62(3.50-3.74) | 3.58 (3.46-3.70) | 0.06

BSA, body surface area, CO, cardiac output; C/ cardiac index; DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial pressure; SV, stroke
volume; SV1, stroke volume index; SBP, systolic blood pressure; 7PR, total peripheral resistance
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Within each group there was no significant difference in BP across the trimesters (Table 4.3).
When comparing the groups, the post-bariatric surgery women had lower systolic blood
pressure (SBP) in all trimesters and lower diastolic blood pressure (DBP) and mean arterial
pressure (MAP) in the second trimester compared to the no surgery group. In the overall
analysis across all trimesters, the SBP, DBP and MAP were lower in the post-bariatric surgery

women compared to the no surgery group (Table 4.4, Figure 4.1).

Model for Log10 Blood pressure

2.1
2.05 SBP
. , P=<0.01
v 2 o .
2
@ 1.95
s MAP
o
o ® C
o 1.85
Eo DBP
- 18 / P=<0.01
1.75
1.7
1 2 3
Trimester

No-surgery  —@=— Post-bariatric surgery

Figure 4.1. Mixed model analysis systolic blood pressure (SBP), diastolic blood pressure

(DBP) and mean arterial pressure (MAP) across trimesters in both groups.

The HR was significantly higher in the third compared to first trimester in both groups (Table
4.3). When comparing the groups, the HR was lower in the post-bariatric group in all trimesters
and the overall time analysis compared to the no surgery group (Table 4.4, Table 4.5, Figure
4.2).
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Model for Log10 Heart rate
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Figure 4.2 Mixed model analysis for heart rate across trimesters in both groups

The SV trended upwards across trimesters in both groups however there was no significant
difference between trimesters within groups or between the groups (Table 4.3 and 4.4
respectively). The CO and CI trended upwards across trimesters in both groups and was
significantly higher in the third compared to first trimester (Table 4.3). In addition, there was
a significant increase between the first and second trimester in the post-bariatric surgery group.
When comparing the groups, the CO was lower in the post-bariatric surgery women compared
to the no surgery group in all trimesters and the overall analysis (Table 4.4, Table 4.5, Figure
4.3). The CI was significantly lower in the post-bariatric surgery group in the first and second

trimester as well as in the overall analysis (Table 4.4).
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Model for Log10 Stroke volume and Cardiac output
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Figure 4.3. Mixed model analysis for stroke volume (SV) and cardiac output (CO across

trimesters in both groups

The TPR trended downwards across trimesters in both groups and was significantly lower in
the third compared to first trimester (Table 4.3); in addition, there was a significant decrease
between the first and second trimester in the post-bariatric surgery group. When comparing the

groups, there was no significant difference in TPR (Table 4.4, Figure 4.4).
Model for Log10 TPR
33
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Figure 4.4. Mixed model analysis for total peripheral resistance (TPR) across trimesters in
both groups

119



Cardiac geometry

The median raw values of the haemodynamic variables in the three trimesters of pregnancy and comparisons between the groups are given in
Table 4.6. Within each group the trimesters were compared and for significant differences, the mean difference and p values for trimester 1 vs 2,

trimester 1 vs 3 and trimester 2 vs 3 are given in Table 4.7.

Table 4.6. Cardiac geometry, median (interquartile range) for each trimester and group with p values of group comparison

1st Trimester 2nd Trimester 3rd Trimester
No-surgery Post-bariatric P No-surgery Post-bariatric P No-surgery Post-bariatric P
surgery surgery surgery
N=26 N=26 N=41 N=41 N=36 N=36
LA (mm) 39 (36.8-41) 37.5 (35-41) 0.47 41 (37-42) 40 (38-42.5) 0.97 40 (36.3-42) 40 (37-41.5) 0.87
LA index 19 (18-21.1) 19.3 (17.1-20.6) | 0.83 19.8 (18.3-21.4) 19.8 (17.7-22.3) | 0.92 19.6 (17.4-21) 19.7 (17.5-21.5) | 0.37
(mm/BSA)
Aorta (mm) 27 (25-29) 27 (25-28) 0.30 27 (26-29) 27 (26-28) 0.81 28 (25-29.8) 27 (26-29) 0.75
Ascending 28 (26.8-30.3) 28 (27-29) 0.90 28 (26-30) 28 (26-29) 0.83 28 (26-30) 28 (27-29) 0.54
aorta (mm)
LVOT (mm) 20 (19-21.3) 20 (20-21) 0.98 21 (20-22) 21 (20-22) 0.82 20.5 (20-22) 21 (20-22) 0.27
IVS (mm) 8 (7-9) 8 (7-9) 0.56 8(8-9) 8(7.5-9) 0.77 9 (8-10) 8.5 (7.3-10) 0.48
LVEDD 48 (45.8-51.3) | 48.5(46.8-51.3) | 0.71 50 (47-55.8) 50 (48-52) 0.73 52 (47-54) 51 (48.3-54.8) | 0.83
(mm)
LVEDD 23.2(21.7-27.1) | 24.8(21.9-26) | 0.81 25.2 (23.1-26.6) 24.6 (22.6-26.6) | 0.63 | 25.6 (23-27.1) | 25.4(23.4-27.3) | 0.62
index
(mm/BSA)
PW (mm) 9 (7-9.3) 8.5 (8-9) 0.92 9 (8-10) 9 (8-10) 0.46 10 (8-11) 9 (8-10) 0.15
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RWT 0.37 (0.33-0.43) | 0.36 (0.33-0.41) | 0.94 | 0.39 (0.35-0.43) 0.38 (0.34-0.41) | 0.93 [ 0.41 (0.35-0.44) | 0.4 (0.36-0.41) | 0.12

LVM (g) 1428 (121- | 138.2(120.2-159) | 0.99 | 162.3 (131.1-178.5) | 155.1 (134.7- | 042 | 173.5(140.6- | 165(139.8-198) | 0.38
165.9) 175.9) 218.5)

LVM index | 68.5(63-79.3) | 70.8 (61.2-77.8) | 0.88 | 80.4 (68.4-89.3) 75.4 (67.4-85.8) | 0.51 | 82.8 (70.5-101.1) | 83 (71.3-92.2) | 0.68

(2/BSA)

BSA, body surface area, IV, interventricular septum; LA, left atrium diameter; LVEDD, left ventricle end-diastolic diameter; L VM, left ventricular mass;

LVOT, left ventricle outflow tract; PW, posterior wall thickness; RWT, relative wall thickness; BSA4, body surface area
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Table 4.7. Mean difference in cardiac geometry between trimesters in the two groups of

women (actual values given in Table 4.6). All comparisons have been adjusted by the

Bonferroni correction for multiple tests. (T1: 11-14 weeks, T2: 20-24 weeks, T3: 30-32

weeks)

No-surgery, N=22

T1vs2 T1vs3 T2vs3
Mean difference P Mean difference P Mean difference P
LVEDD (mm) 0.7 (2.5) 0.53 1.4(5.2) 0.77 0.3 (4.5) 0.8
LVEDD index 0.4(1.2) 0.43 0.2 (2.7) 0.6 0.2 (2.3) 0.9
(mm/BSA)

LVM (g) 13.6 (23.5) 0.14 21 (36) 0.02 7.5 (21.1) 0.62
LVM index (g/BSA) 6.8 (11.3) 0.11 10.3 (17.9) 0.03 6.7 (18.7) 0.64
Post-bariatric surgery, N=22

T1vs2 T1vs3 T2vs3
Mean difference P Mean difference P Mean difference P
LVEDD (mm) 1.7 (2.3) 0.07 3.6 (4.1) 0.01 1.9 (4.4) 0.19
LVEDD index 0.9 (1.2) 0.41 1.7 (1.9) <0.05 0.8 (2.1) 0.33
(mm/BSA)

LVM (g) 14.3 (12.2) 0.06 32.7 (35.7) 0.01 18.5 (36.5) 0.08

LVM index (g/BSA) 7.2 (6.2) 0.05 15.7 (16.3) <0.001 8.4 (17.3) 0.07

BSA, body surface area; LVEDD, left ventricle end-diastolic diameter; LVM, left ventricular mass

The left ventricle end-diastolic diameter (LVEDD) trended upwards across trimesters in both

groups with a significant increase in the third compared to first trimester in the post-bariatric

surgery group (Table 4.7). When comparing the groups there was no significant difference. For

both groups, the LA (left atrium) diameter, intraventricular septum (IVS), posterior wall (PW)

and relative wall thickness (RWT) showed a slight trend upwards across trimesters, however,

there was no significant differences between trimesters or between the groups (Table 4.7). The

LV mass significantly increased from the first compared to third trimester in both groups

however, there was no difference between the groups (Table 4.7).
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Systolic, diastolic and longitudinal function

The mean/median raw values of the systolic, diastolic and longitudinal function variables in the three trimesters of pregnancy and comparisons

between the groups are given in Table 4.8. Within each group the trimesters were compared and for significant differences, the mean difference

and p values for trimester 1 vs 2, trimester 1 vs 3 and trimester 2 vs 3 are given in Table 4.9.

Table 4.8. Systolic, diastolic and longitudinal function, median (interquartile range)/mean (standard deviation) for each time point and group

with p values.

1st Trimester

2nd Trimester

3rd Trimester

No-surgery Post-bariatric P No-surgery Post-bariatric P No-surgery Post-bariatric P
surgery surgery surgery
N=26 N=26 N=41 N=41 N=36 N=36
Systolic function
EDV (mm) 99.5 (76.3- 91.5 (75.8- 0.12 | 101 (84.5-112) 95 (85-113) 0.85 105 (81-112) 95 (88-111.8) 0.50
116.5) 103.3)
EDV index 47.4 (39.7-53.9) | 43.5(38.7-51.3) | 0.21 | 47.9 (43.1-52.4) | 48.5 (42.6-53.7) | 0.76 | 49 (39.1-54.2) 49.1 (43.8-54.8) | 0.31
(mm/BSA)
ESV (mm) 37 (33.8-45.3) 33 (29.8-38.5) | 0.03 40 (33-48) 38 (32-44) 0.55 39 (32-46) 40 (32.5-45) 0.63
ESV index 18.9 (17-20.7) 17 (14-18.8) 0.03 | 19.2 (15.6-23.3) | 19.2(16.5-22.8) | 0.97 | 19.2(15.4-21.1) | 19.3 (16.3-22.9) | 0.54
(mm/BSA)
EF (%) 59.5 (55-63.3) 61.5(57-63.5) | 0.18 60 (54-64) 62 (56.5-64) 0.27 59 (57-62) 59.5 (55-64.8) 0.94
TDI s' (cm) 13 (11.5-14) 12 (11-14) 0.51 13 (12-15) 13 (11.8-15) 0.89 13 (12-15) 12 (10.8-14) 0.022
Diastolic function
E velocity
(m/s) 84.5 (13.8) 85.0 (7.7) 0.85 79.1 (15.4) 86.7 (16.3) 0.04 75.9 (18.8) 77.65 (15.17) 0.66
A velocity
(m/s) 57.1 (10.3) 54.0 (9.2) 0.27 58.9 (11.2) 56.1 (10.9) 0.25 62.4 (13) 55.73 (10) 0.02
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E/A ratio

lateral (mm)

1.5 (0.25) 1.6 (0.3) 0.15 1.4 (0.3) 1.5 (0.3) 0.01 1.2 (0.3) 1.42* (0.3) 0.02
E'lateral (m/s) 14.8 (2.4) 16.1(3.1) | 0.10 13.5 (3.1) 159 4.6) | 0.01 13.2 (2.7) 13.5 3) 0.69
E' medial
(m/s) 10.5 (1.9) 11.1 (2.8) 0.36 10 (2.4) 10.9 (2.4) 0.08 9.4 (1.8) 9.97 (2.6) 0.28
E/ E' ratio 6.8 (1.1) 6.5 (1.3) 0.45 6.8 (1.4) 6.7 (1.5) 0.74 6.8 (2.1) 6.82 (1.8) 1.00
LAV (ml) 57.3 (12.1) 56.0 (7.8) 0.67 62.4 (9.5) 58.3 (9.1) 0.06 63.2 (13.7) 59.6 (8) 0.18
LAYV index
(ml/BSA) 28.2 (4.7) 28.1 (3.) 0.92 30.4 (3.9) 29.0 (5.0) 0.18 31.1 (6.3) 29.9 (5.3) 0.40
Longitudinal function
TAPSE (mm) | 22.5(21-25.3) | 22.5(19-24.3) |0.51 | 23.5(21-27) 22.5(21-25.8) 036 23(21-25.3) 21(19-25) 0.12
MAPSE septal | 16 (14.5-17) 14 (13-17) | 0.13 14 (13-16) 14(13-15) 0.94 13 (12-16) 13(12-15) 0.73
(mm)
MAPSE 18 (15-19) 17 (15.3-20) | 0.72 15 (13-17) 16 (15-18.8) | 0.05 15 (13-17) 16 (14-17.5) 0.20

BSA, body surface area, E/A ratio, mitral inflow E-wave/A-wave filling; £’ lateral, tissue Doppler imaging E prime measured at lateral mitral annulus; £’
medial, tissue Doppler imaging E prime measured at medial mitral annulus; E/E’ ratio, E-wave mitral inflow/ mean E’ lateral and E’ medial; EF, ejection
fraction; EDV, end-diastolic volume; LAV, left atrial volume; ESV, end-systolic volume; TDI s’, tissue Doppler imaging s’ at the lateral tricuspid annulus;
MAPSE, mitral annular plane systolic excursion; TAPSE, tricuspid annular plane systolic excursion
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Table 4.9. Mean difference in systolic, diastolic and longitudinal function between trimesters

in the two groups of women (actual values given in Table 4.8). All comparisons have been

adjusted by the Bonferroni correction for multiple tests. (T1: 11-14 weeks, T2: 20-24 weeks,

T3: 30-32 weeks)

No-surgery, N=22

T1vs2

T1vs3

T2vs3

Mean difference ‘ P

Mean difference ‘ P

Mean difference | P

Systolic function

EDV index (mm/BSA) 0.6 (12.6) 0.96 | -0.5 (13.3) 0.85 -1(7.9) 0.78
ESV (mm) 0.9 (10.9) 0.7 |-03(11.7) 0.8 -1.1 (8.7) 0.57
ESV index (mm/BSA) 0.5(5.5) 0.67 | 0(5.9) 0.81 -0.5 (4.6) 0.72
Diastolic function
E/A ratio -0.1 (0.3) 0.06 | -0.2 (0.3) 0.01 -0.1 (0.4) 0.23
LAYV index (ml/BSA) 4.2 (7.5) 0.14 | 5.7 (9) 0.02 1.5 (6.7) 0.05
Longitudinal function
MAPSE septal (mm) -1.8 (2.6) 0.03 | -2.4 (3.8) 0.02 -0.6 (2.2) 0.36
MAPSE lateral (mm) -2.53.2) 0.02 | -2.3 (3.8) 0.02 0.2 (2.8) 0.88
Post-bariatric surgery, N=22

T1vs2 T1vs3 T2vs3

Mean difference ‘ P

Mean difference P

Mean difference | P

Systolic function

EDV index (mm/BSA) 5.8(9.2) 0.03 | 6.3(9.8) 0.02 0.5 (5.6) 0.89
ESV (mm) 7.4 (11.7) 0.01 | 7(11.7) 0.03 -0.4 (7.8) 0.52
ESV index (mm/BSA) 34(54) 0.01 | 3.2(5.6) 0.03 -0.3(3.9) 0.56
Diastolic function

E/A ratio -0.1(0.3) 0.34 | -0.2 (0.3) 0.04 -0.1 (0.2) 0.15
LAV index (ml/BSA) -1 (7.6) 1 1.1 (9.5) 0.43 2.1 (11.1) 0.47
Longitudinal function

MAPSE septal (mm) -0.9 (3.8) 0.86 | -1.4(3.1) 0.06 -0.5(3.9) 0.06
MAPSE lateral (mm) 0.3(3.2) 0.82 | -1.4(3.2) 0.12 -1.7.(2.4) 0.11

BSA, body surface area; E/A ratio, mitral inflow E-wave/A-wave filling; EDV, end-diastolic

volume; LAV, left atrial volume; ESV, end-systolic volume; 7D/ s’, tissue Doppler imaging s’ at the

lateral tricuspid annulus; MAPSE, mitral annular plane systolic excursion
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Mixed model analysis was used to compare the diastolic function between groups at each

trimester and overall, after adjustment for age, race, BMI, gestational age, smoking and

GDM. The overall group comparison across all trimesters is given in Table 4.10 and the

estimated marginal means at each trimester for each group is given in Table 4.11.

Table 4.10. Multilevel linear mixed-effects models for diastolic function, overall group

comparison across all trimesters.

Overall group comparisons (All trimesters)

Mean Difference P
No-surgery — Post-bariatric surgery
(95% Confidence Interval for Difference)

E/A ratio -0.158 (-0.239-(-0.076)) <0.001

E' lateral (m/s) -1.364 (-2.234-(-0.493)) <0.01

E' medial (m/s) -0.713 (-1.364-(-0.061)) 0.03

E/ E' ratio 0.151 (-0.269-(0.57)) 0.48
LAV (ml) 2.686 (0.007-5.365) <0.05

LAV index (ml/BSA) 0.88 (-0.479-(2.24)) 0.20

BSA4, body surface area, E/A ratio, mitral inflow E-wave/A-wave filling; £’ lateral, tissue Doppler
imaging E prime measured at lateral mitral annulus; £’ medial, tissue Doppler imaging E prime
measured at medial mitral annulus; E/E’ ratio, E-wave mitral inflow/ mean E’ lateral and E’ medial;

LAV, left atrial volume
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Table 4.11. Multilevel linear mixed-effects models for diastolic function. Estimated marginal means (95% CI) for each trimester and group

are given.
1st Trimester 2nd Trimester 3rd Trimester
No-surgery Post-bariatric P No-surgery Post-bariatric P No-surgery Post-bariatric P
surgery surgery surgery
N=26 N=26 N=41 N=41 N=36 N=36

E/A ratio 1.5 (1.37-1.64) 1.61 (1.46-1.75) 0.17 | 1.37(1.24-1.51) | 1.56(1.43-1.70) | <0.01 | 1.26 (1.11-1.40) 1.4 (1.26-1.55) 0.02

E' lateral 15 (13.6-16.3) 16.3 (15-17.7) 0.08 | 13.6(12.1-15.2) | 16.1 (14.6-17.6) | 0.01 13.4 (12.1-14.8) 13.7 (12.4-15) 0.64
(m/s)

E' medial 10.4 (9.3-11.6) 11.1 (10-12.2) 0.29 9.9 (8.9-10.8) 10.8 (9.8-11.8) | 0.06 9.3 (8.3-10.3) 9.9 (8.9-10.9) 0.35
(m/s)

E/ E' ratio 6.7 (6.08-7.32) 6.4 (5.77-7.03) 0.38 | 6.81(6.19-7.42) | 6.66 (6.06-7.25) | 0.61 6.77 (6-7.54) 6.77 6.01-7.53) 0.93

LAV (ml) 58.8 (53.5-62.5) 57.4 (52.7-62) 0.86 63.1 (59-67.2) 59.3 (55.1-63.5) | 0.06 | 63.7 (58.8-68.5) | 60.8 (55.8-65.7) 0.02

LAV index | 28.4(26.1-30.7) | 28.44 (26.08-30.79) 1 30.7 (28.7-32.7) | 29.5(27.4-31.6) | 0.24 | 31.2(28.9-33.6) | 30.2 (27.7-32.7) 0.25

(ml/BSA)

BSA, body surface area, E/A ratio, mitral inflow E-wave/A-wave filling; £’ lateral, tissue Doppler imaging E prime measured at lateral mitral annulus; £’

medial, tissue Doppler imaging E prime measured at medial mitral annulus; E£/E’ ratio, E-wave mitral inflow/ mean E’ lateral and E’” medial; LAV, left atrial

volume
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Within both groups the end-diastolic volume (EDV) and end-systolic volume (ESV) showed a
slight upward trend across trimesters with a significant increase in EDV index and ESV index
between the first and third trimester in the post-bariatric surgery group (Table 4.9). When
comparing the groups, in the first trimester the ESV index was significantly lower in the post-
bariatric group compared to the no surgery group however there was no difference in the other
trimesters. There was no difference between trimesters or groups for ejection fraction (EF) or

TDI s’ at the right lateral annulus.

Within both groups the E/A ratio decreased through the trimesters and was significantly lower
in the third compared to first trimester (Table 4.9). When comparing the groups, the E/A ratio
was significantly higher in the post-bariatric group compared to the no surgery group in the

second and third trimester as well as in the overall analysis (Table 4.10, Figure 4.5).

E/A ratio

1.7

1.6 — P=<0.001

1.5

1.4

E/A ratio

1.3
1.2

1.1
1 2 3

Trimester

E/A No surgery —@— E/A Post-bariatric surgery

Figure 4.5. Mixed model analysis for mitral inflow E-wave/A-wave (E/A) ratio across

trimesters in both groups examined.

E’ lateral and E’ medial trended downwards across trimesters in both groups, however, there
was no significant difference (Table 4.9). When comparing the groups at each trimester, there
was no significant difference, however in the overall analysis across all trimesters, E’ lateral
and E’ medial were significantly higher in the post-bariatric surgery group compared to the no
surgery group (Table 4.10, Figure 4.6). There was no difference between trimesters or groups

for the E/E’ ratio.
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Figure 4.6. Mixed model analysis for Tissue Doppler imaging E’ lateral and medial across

trimesters in both groups examined.

The left atrial (LA) volume trended upwards through the trimesters in both groups with a
significant increase in the third compared to first trimester in the no-surgery group (Table 4.9).
When comparing the groups, the LA volume was significantly lower in the post-bariatric
surgery group in the overall analysis compared to the no-surgery group (Table 4.11, Figure 4.7)
although this did not persist after correction for BSA.

Left atrial volume

[o)]
N

LA volume, ml
(o))
o

58
56
54
1 2 3
Trimester

No surgery —@=— Post-bariatric surgery
Figure 4.7. Mixed model analysis for left atrial volume across trimesters in both groups

examined.

Lateral and septal mitral annular plane systolic excursion (MAPSE) trended downwards

across the trimesters and significantly decreased from the first to the second and third
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trimester in the no-surgery group. There was no difference between the groups (Table 4.10).
There was no difference between trimesters or groups in tricuspid annular plane systolic

excursion (TAPSE) (Table 4.10).

Global longitudinal and circumferential strain

A subgroup of 15 women in each group (no-surgery and post-bariatric) with adequate image
quality were used for strain analysis. The mean (standard deviation) in the three trimesters of
pregnancy and comparisons between the groups are given in Table 4.12. Within each group,

there was no significant difference between the trimesters.

Table 4.12. Global longitudinal strain and global circumferential strain, mean (standard

deviation) for each trimester and group with p values of group comparison.

1st Trimester

No-surgery Post-Bariatric Surgery P
GLS -16.2 (2.9) -18.0 (2.5) 0.07
GCS -19.2 (4.2) -21.1 (5.5) 0.48
2nd Trimester
No-surgery Post bariatric surgery p
GLS -16.1 (3.4) -17.1 (2.9) 0.19
GCS -20.3 (2.039) -20.8(3.6) 0.65
3rd Trimester
No-surgery Post bariatric surgery p
GLS -15.3 (2.0) -17.(3.5) 0.18
GCS -17.5 (3.8) -22.1(3.4) 0.01

GCS global circumferential strain; GLS, global longitudinal strain

Mixed model analysis was used to compare the GLS and GCS between groups at each
trimester and overall, after adjustment for age, race, gestational age, GDM and smoking. The
overall comparison is given in Table 4.13 and the estimated marginal means at each trimester

with group comparison is given in Table 4.14.
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Table 4.13. Multilevel linear mixed-effects models for global longitudinal strain and global

circumferential strain, overall group comparison across all trimesters

Overall group comparisons (All trimesters)

Mean Difference P
No-surgery — Post-bariatric surgery
(95% Confidence Interval for Difference)
GLS 1.79 (0.55-3.04) <0.01
GCS 2.35(0.4-4.27) 0.02

GCS global circumferential strain; GLS, global longitudinal strain

Table 4.14. Multilevel linear mixed-effects models for global longitudinal strain and global

circumferential strain. Estimated marginal means (95% CI) for each trimester and group are

given.
1% Trimester 2nd Trimester 3" Trimester
No Post- P No Post- P Post- P
surgery Bariatric surgery | Bariatric surgery Bariatric
Surgery Surgery Surgery
GLS -17.78 -18.45 0.13 -16.68 -17.91 0.18 -17.75 <0.01
(-17.26-(- | (-19.14-(- (-18.31-(- | (-19.97-(- (-18.55-(- | (-20.42-(-
12.28)) 13.76)) 13.05)) 14.66)) 13.18)) 15.08))
GCS -19.08 -22.48 0.99 -19.17 -21.88 0.32 -20.11 0.03
(-22.68-(- | (-24.56-(- (-23.33-(- | (-23.84-(- (-20.85-(- | (-25.44-(-
15.5)) 16.40)) 16.61)) 17.92)) 18.778))

Within each group we found no significant difference between the trimesters in GLS or GCS.

When comparing the groups, we found that the GLS and GCS were lower in the post-bariatric

women compared to the no-surgery group in the third trimester and in the overall analysis

across all trimesters (Table 4.13).

Birthweight

The birthweight percentiles in both groups examined are given with maternal characteristics in

Table 4.1. We then examined whether any of the maternal cardiovascular parameters including

MAP, CO and TPR correlate with birthweight (BW) percentile (Table 4.17, Table 4.18 and

Figures 4.11-4.13).
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Birth weight centile

100

Table 4.15. Pearson’s correlation (R) of cardiac output, total peripheral resistance and mean

arterial pressure with birth weight percentile in each group and trimester with p value

No surgery Post-Bariatric surgery
Trimester R P R P

CO 1 0.12 0.45 0.18 0.37
2 0.13 0.41 0.07 0.68

3 0.20 0.22 0.12 0.47

TPR 1 -0.13 0.44 -0.16 0.42
2 -0.06 0.71 -0.08 0.60

3 -0.25 0.12 -0.37 0.83

MAP 1 -0.12 0.45 0.13 0.54
2 -0.02 0.92 0.05 0.77

3 -0.17 0.30 0.26 0.12

CO, cardiac output; MAP, mean arterial pressure; TPR, total peripheral resistance

Table 4.16. Pearson’s correlation (R) of cardiac output, total peripheral resistance and mean

arterial pressure with birth weight percentile for the whole cohort at each trimester

Trimester R P
CO 1 0.27 0.03
2 0.18 0.11
3 0.23 <0.05
TPR 1 -0.23 <0.05
2 -0.07 0.56
3 -0.17 0.14
MAP 1 0.05 0.68
2 0.16 0.16
3 0.14 0.23

CO, cardiac output; MAP, mean arterial pressure; TPR, total peripheral resistance
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Figure 4.8. Correlation of maternal cardiac output and birth weight percentile in the first

trimester in the no-surgery group (left) and post-bariatric surgery group (right)
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Figure 4 9. Correlation of maternal cardiac output and birth weight percentile in the second

trimester in the no-surgery group (left) and post-bariatric surgery group (right)
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Figure 4.10. Correlation of maternal cardiac output and birth weight percentile in the third
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Figure 4.11. Correlation of maternal total peripheral resistance and birth weight percentile in

the first trimester in the no-surgery group (left) and post-bariatric surgery group (right)
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Figure 4.12. Correlation of maternal total peripheral resistance and birth weight percentile in

the second trimester in the no-surgery group (left) and post-bariatric surgery group (right)
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Figure 4.13. Correlation of maternal total peripheral resistance and birth weight percentile in

the third trimester in the no-surgery group (left) and post-bariatric surgery group (right)

We did not find any significant correlation between CO, TPR or MAP and BW percentile in

either group, however as CO increased, BW percentile also trended up and conversely as

TPR increased, in BW trended down. When considering the whole cohort, we found a

positive correlation between maternal CO (in the first and third trimesters) and BW

percentiles, this may not have been seen in the individual groups due to smaller numbers.
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Discussion

The study has shown that pregnant women with previous bariatric surgery have better
cardiovascular adaptation to pregnancy compared to women with similar early pregnancy BMI
but no history of weight loss surgery. Haemodynamically, post-bariatric pregnant women
demonstrated lower SBP, DBP, HR and CO. Diastolic indices were more favourable in the
post-bariatric women and systolic function, assessed by GLS and GCS were both better in
women with previous bariatric surgery. These findings suggest that bariatric surgery has a
positive impact on maternal cardiovascular adaptation, which appears to be beyond to what

would be expected by weight loss as our groups were closely matched for BMI.

Blood pressure was lower in the post-bariatric surgery group compared to the no surgery
group in the overall analysis across trimesters. The mechanisms of obesity hypertension are
complex and involve impaired renal pressure natriuresis due to physical compression of the
kidneys and activation of the renin angiotensin-aldosterone system (RAAS) and sympathetic
nervous system (SNS). Activation of the RAAS is in part due to renal compression as well as
SNS activity. The mechanism of SNS activation is not fully understood but thought to
involve leptin and the brain melanocortin system as well as hyperinsulinaemia. (8-10) Many
studies have found a reduction or resolution in hypertension after bariatric surgery usually
due to a combined effect of weight loss and changes in gastrointestinal peptides. (10) It has
been reported that BP is lowered as early as one week post-surgery, this is before any
meaningful weight loss has occurred and indicates an influence from the surgery itself. (89,
90, 174) It is thought this is due to an early reduction in SNS activity, studies of the SNS
after gastric bypass found that there was decrease in sympathetic activity and improvement in
the baroreceptor modulation of HR and sympathetic activity. (160, 175) It is suggested that
baroreflex impairment is a possible cause of the obesity-related sympathetic activation. (160,
176) Improvement in insulin sensitivity and reduction in leptin after bariatric surgery may
also be involved as both lead to direct stimulation of the SNS. (10, 177-179) Furthermore, it
has been shown that hyperleptinaemia and hyperinsulinaemia may be regulators of arterial
pressure independent of BMI or body fat percentage. (180) Increased plasma concentrations
of GLP-1 immediately after gastric bypass is known to improve insulin resistance and may
have a natriuretic and diuretic effect. (89, 97, 98, 181, 182) Our findings are in pregnant

women who were matched for early pregnancy BMI and therefore are focused on the effects
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of bariatric surgery rather than the impact of weight loss alone. We found a lower BP in the
post-bariatric group which may suggest the influence of gut hormone manipulation resulting
in a reduction in SNS activity. (10, 153, 183) Studies of pregnancy after bariatric surgery
report lower rates of PE compared to women with similar pre-surgery or early pregnancy
BMLI, but no history of weight loss surgery. (111, 117, 118, 155, 184) Further to this, a study
of pregnancy after bariatric surgery concluded that the prevalence of hypertensive disorders
was consistent with general community levels rather than outcomes from severely obese
women. (113) Our findings of lower BP after bariatric surgery may contribute to the

mechanism leading to lower rates of PE after bariatric surgery.

The maternal HR increased with gestation in both groups however was lower in the post-
bariatric compared to the no-surgery group. In studies outside of pregnancy it has been
reported that after bariatric surgery, HR is lower and HR recovery after exercise is improved
likely due to reduced sympathetic activity and better parasympathetic modulation. (157-159,
175) Maternal CO and CI increased with gestation in keeping with a physiological increases
in SV and HR due to an reduction in resistance leading to vasodilation and volume
expansion. (28) Studies of haemodynamic parameters after bariatric surgery outside
pregnancy describe a decrease in SV and CO after surgery. (102, 161) It has been shown that
SV and CO are related to BSA and it is likely the reduction after bariatric surgery is
influenced by the effect of weight loss on the circulating volume. (185, 186) However, a
study six weeks after gastric bypass found a reduction in CO and HR that was associated with
an increase in baroreceptor sensitivity and independent of changes in body weight, suggesting
a shift towards increased parasympathetic control. (88) In our study the changes in maternal
HR and SV in the post-bariatric women resulted in a reduction in CO, compared to women
without surgery. Of interest, the CO values in the post-bariatric group were similar to the
values reported in the literature for women of normal BMI. (72, 162-164) Our groups were
closely matched for BMI suggesting that the difference was due to the surgery itself rather
than weight loss. Cardiac output plays a pivotal role in the cardiovascular adaptation to
pregnancy and has been associated with the development of hypertensive disease in
pregnancy. A hyperdynamic circulation with high CO has been reported in the pre-clinical
and clinical phase of PE.(56, 173) Considering the lower prevalence of PE following bariatric
surgery (111), it can be postulated that the mechanism behind this involves changes in

maternal CO post-bariatric surgery.
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We confirmed a downward trend of TPR in both groups; consistent with findings in normal

pregnancy but we found no difference between the groups. (28)

As far as the maternal cardiac geometry is concerned, we found left ventricular mass
increased from the first to third trimester in both groups, in keeping with physiological
changes in pregnancy needed to cope with increased preload. (33) There was no differences
in the cardiac geometric indices between the groups. Many studies outside the setting of
pregnancy describe changes in cardiac geometry after surgery but most of these studies
assessed the same individuals before and after surgery and therefore their findings were
affected by the weight loss itself. In agreement with this, decrease in LV mass has been
shown to be linear to BMI reduction. (103, 187) However, it is also reported that LV mass
also correlates with leptin levels indicating the additional cardiovascular effects of gut

hormone changes after bariatric surgery.(188, 189)

There was evidence of diastolic improvement in the post-bariatric compared to the no-surgery
group. Mothers with previous bariatric surgery had higher E/A ratio, TDI E’ lateral/E’
medial and lower LA volume compared to the no surgery group. Studies before and after
bariatric surgery, outside the setting of pregnancy, conclude that the changes in diastolic
function are likely due to an improvement in diastolic dysfunction associated with obesity
and that the left atrial volume reflects chronic exposure to increased LV filling pressure. (91)
In both groups the E/A ratio deceased with gestation which is in keeping with literature,
interestingly, we found that the E/A ratio in the post-bariatric group was approaching that of a
normal BMI pregnant population. (33, 39) Outside of pregnancy, LV elastic recoil and
myocardial relaxation is swift so most LV filling occurs passively in early diastole with a
small amount of filling due to atrial contraction. During pregnancy there is a greater emphasis
on atrial contraction resulting in a reduced E/A ratio. This is due to left atrial pressure and, or
left ventricle end diastolic pressure increase in the second and third trimester requiring
increased atrial contractile force. Another potential mechanism is the increased LV mass in
pregnancy which may reduce compliance. (190) As our populations were matched for BMI, it
is possible that the surgery itself via the entero-cardiac axis is responsible for improvements
in diastolic function. GLP-1 has been shown to improve diastolic function and heart failure
survival in animal studies. (191) Levels of GLP-1, have been shown to increase after gastric
bypass and positively correlate with diastolic function. (181, 192) Treatment of diabetic

patients with GLP-1 showed an improved E/A ratio suggesting that GLP-1 may be able to
137



moderate diastolic dysfunction. (193) Ghrelin is involved in the modulation of the onset of
myocardial relaxation and is thought to cause negative lusitropism; decreased levels of

ghrelin after bariatric surgery are likely to contribute to an improved E/A ratio. (194, 195)

Speckle tracking analyses the degree of myocardial deformation throughout the cardiac cycle,
known as strain. Specific ventricular segments are assessed, and speckles created by
ultrasound are tracked throughout the cycle. Strain is calculated by measuring the differences
in distance and velocity of the speckle during the cardiac cycle. (196) Strain is advantageous
over EF as it allows for detection of myocardial dysfunction in the subclinical stage whereas
changes in EF are a relatively late stage in the development of myocardial dysfunction. (196-
198) In addition, systolic function measured by EF assesses radial fibres, however,
longitudinal fibres are more sensitive than radial ones to ischaemic and hypertensive diseases.
Speckle tracking avoids the angle dependent limitation of TDI and doesn’t include geometric
assumptions and volume dependence of EF. (33, 196, 198, 199) We found no significant
difference in GLS or GCS between trimesters in either group. Longitudinal studies of
deformation imaging in pregnancy are limited however, most show that in late pregnancy
there is a significant decrease in global strain and one study showed no difference. (43, 52,
169, 200) When comparing the groups, we found that the GLS and GCS were significantly
lower in the post-bariatric surgery group compared to the no-surgery group indicating better
systolic performance in the former group. Studies of cardiovascular function after bariatric
surgery, outside pregnancy, also show an improvement in GLS post-surgery where there is
often no change in EF. (108-110, 201, 202) Interestingly, improvement in GLS has been
found in individuals just one-month post-sleeve gastrectomy, although this was related to
weight loss, this early difference in GLS suggests that there could be some metabolic
influence via the entero-cardiac axis. (92, 93, 203) Secretin, glucagon and vasoactive
intestinal peptide are gut hormones that act as inotropes via enzyme adenylate cyclase which
is involved in cell communication. (91, 204) GLP-1 is known to improve insulin secretion
post-bariatric surgery and is involved in cardiac modulation. (203) It has also been shown to
improve LV systolic dysfunction after myocardial infarction and improve functional status in
patients with chronic heart failure.(205, 206) Leptin levels correlate with LV mass and are
reduced post-bariatric surgery which may also contribute to improved systolic performance.

(188)
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We found that the post-bariatric group had a significantly lower BW percentile than the no-
surgery group. Pregnancy following bariatric surgery has been associated with an increased
risk of delivering smaller babies and this is thought to be due to maternal malnourishment and
micronutrient deficiencies. (111, 172) However, suppressed maternal CO has also been
implicated as a potential mechanism in this pregnancy outcome. (58, 59) We found an overall
positive correlation between maternal CO and BW percentile, but this was not the case when
the groups were considered separately, perhaps due to the relatively small numbers in each
group. More studies will be required to investigate further the role of maternal cardiovascular

function in the development of PE and lower BW in pregnancies following bariatric surgery.

Conclusion

This study has found significant differences between the groups in haemodynamic function,
diastolic indices and systolic function, despite our groups being closely matched for BMI. We
found that bariatric surgery is associated with a more favourable maternal cardiovascular
adaptation to pregnancy, which is likely to be independent of the weight loss alone.
Cardiovascular changes in pregnant women after bariatric surgery, including better
haemodynamic profile and diastolic/systolic indices, could render these women less
susceptible to the development of hypertension and therefore, give some theory to the lower
prevalence of hypertensive disorders seen in this population. Our study could also inform
national guidance regarding beneficial effects of bariatric surgery in obese women of

reproductive age contemplating pregnancy.
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Chapter 5

Maternal cardiovascular adaptation 1n
pregnancy in obese pregnant women
compared to women with a normal body
mass index

Abstract

Background: Normal pregnancy requires several cardiovascular adaptations to support the
gravid uterus and maintain fetal growth. Maladaptation has been associated with the
development of pre-eclampsia and studies have shown altered haemodynamic indices and
cardiac function in the clinical and pre-clinical phase of the disease. Obesity is known to cause
cardiovascular compromise outside of pregnancy and is major risk factor for the development
of hypertensive disorders in pregnancy. Despite this there are limited studies investigating the

effect of obesity on the maternal cardiovascular system.

Methods: This was a prospective, observational, longitudinal study. Women with BMI> 30
were compared to women with BMI 20-25 at their booking appointment. Participants were
seen at three time points in pregnancy; 12-14, 20-24 and 30-32 weeks. Blood pressure (BP)
was measured and maternal cardiac geometry and function were assessed using transthoracic

echocardiography. Multilevel linear mixed-effects models were used for all the comparisons.

Results: 64 pregnant women with BMI>30 were compared to 14 pregnant women with BMI
20-25. The BP, heart rate and cardiac output were higher and total peripheral resistance was
lower in the obese group (p<0.01 for all comparisons). The cardiac geometry differed with a
higher left ventricle end diastolic diameter, intraventricular septal thickness, posterior wall
diameter, left ventricular mass and left atrial diameter in the obese group (p<0.001 for all
comparisons). Diastolic indices differed with a lower E/A ratio, tissue Doppler imaging E’
lateral/medial and higher left atrial volume in the obese group (p<0.01 for all

comparisons). There was a reduction in longitudinal function as assessed by mitral plane
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annular systolic excursion between the second and third trimester in the obese group which

was not the case in the normal BMI group.

Conclusions: Obesity is associated with a hyperdynamic circulation, altered cardiac geometry
and reduced diastolic reserve; these factors may contribute to the increased risk of hypertensive
disorders in obese pregnant women. Notably, both obesity and late pre-eclampsia share a

hyperdynamic circulation with high cardiac output and low resistance in the pre-clinical phase.

Introduction

Obesity is a leading health concern and is associated with significant mortality and morbidity.
(3) Obesity has several effects on the cardiovascular system with every 100g of fat deposited
cardiac output (CO) is increased by 30—50 ml/min which is associated with an increase in stroke
volume (SV) and heart rate (HR). High volume load leads to left ventricle (LV) dilation and
then hypertrophy as the myocardium starts to dilate against increased pressure overload. This
pressure is secondary to increased sympathetic activity due to the effects of hormones such as
leptin, insulin and other inflammatory mediators. The HR and CO increase result in decreasing
diastolic interval and therefore the time for myocardial perfusion. Impaired LV relaxation and
compliance leads to diastolic dysfunction. The conduction and contractility can be further
compromised when fat deposition occurs in the myocardial tissue. (93, 207) Although, diastolic
function is impaired, systolic function commonly remains normal but in severe sustained

obesity systolic dysfunction can also ensue. (6, 208)

Normal pregnancy is associated with significant maternal cardiovascular and haemodynamic
changes that are needed to support fetal growth. Systemic vasodilation leads to a reduction in
resistance and an increase in SV and CO. (28) In addition, there is a physiological eccentric
remodelling with increased LV mass. Systolic function, measured by ejection fraction (EF),
has been showed to be reduced compared to non-pregnant women however, it appears to
remain unchanged during pregnancy. Diastolic reserve is reduced throughout gestation and
there is evidence of dysfunction in around 25% of women at term. (37) In pregnancies
complicated by pre-eclampsia (PE) or fetal growth restriction, cardiovascular changes have

been reported in both the pre-clinical and clinical phase. (53, 55, 56)
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Studies of the effect of obesity (BMI >30) on the maternal cardiovascular system are limited
with varying results. Small cross-sectional studies in the third trimester (N=15 and N=8 obese
subjects) have found an increase in LV mass, however, no change in CO or LV function. (70,
71) Another study of morbidly obese (BMI>40) pregnant women in the second or third
trimester (N=23) found no difference in CO or SV, however when corrected for body surface
area (BSA), both indices were lower in the morbidly obese group. Conversely, another study
at term found higher CO and CI and lower resistance in the obese group (BMI>35, N=40), in
addition, 40% of obese pregnant women had diastolic dysfunction together with a significant
reduction in global longitudinal strain (GLS), a sensitive marker of systolic function, compared
to pregnant women with a BMI<30. (72) A longitudinal study found that, compared to non-
obese, obese pregnant women (N=232) demonstrate a high volume/low-resistance state in the
first and second trimester, however, in the third trimester, the CO in the obese group decreased
compared to the second trimester, and that a combination of volume changes due to pregnancy
and pre-existing obesity lead to a high-volume state in mid gestation and subsequent volume
overload in the third trimester. (74) These differences suggest a maladaptive cardiovascular
response to pregnancy in obese women. To our knowledge this is the only longitudinal study
of haemodynamic indices in obese pregnant women, however, they did not to investigate the
maternal cardiovascular geometry and function, which can give more information and reflect
the overall maternal cardiovascular adaptation to pregnancy. The few existing studies of
geometry and function described above are cross-sectional rather than longitudinal and are
mostly in the third trimester with varying results. The aim of the current study was to
investigate longitudinally, the maternal haemodynamic indices, cardiac geometry and systolic

and diastolic function in obese pregnant, compared to normal BMI, women.

Hypothesis

Pregnant obese women have an altered cardiovascular adaptation to pregnancy compared to

women with normal BMI.
Aim

1. To compare, longitudinally, the maternal cardiovascular adaptation to pregnancy in

women with BMI >30 with those of normal BMI. Maternal cardiovascular system
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will be assessed using 2D echocardiography and will include cardiac geometry,

haemodynamic variables, systolic, diastolic and longitudinal function.

2. To investigate the association of maternal haemodynamic function with BW.

Methods

This was a prospective, observational, longitudinal study. Pregnant women were recruited from
April 2018 to June 2020 at Chelsea & Westminster Hospital, London, UK. Participants were
identified through a booking-perinatal database (CIMIS). Following the 1% trimester scan,
participants, with singleton pregnancies, were approached by members of the research team

and recruited in the following groups:

e Group 1 — Pregnant women with early pregnancy BMI=20-25
e Group 2 — Pregnant women with early pregnancy BMI >30

Participants were seen at three time points during their pregnancy, 12-14, 20-24 and 30-32
weeks and women who attended at least two out of three research visits were included.
Maternal characteristics, including age, parity, race, smoking status, method of conception and
medication history were recorded in the research database. Maternal weight, height and manual
blood pressure (BP) were measured and recorded. The maternal cardiovascular system was
assessed using 2D echocardiography and haemodynamic variables, cardiac geometry, systolic,
diastolic and longitudinal function, were evaluated, as previously described in Chapter 2.
Pregnancy outcomes including development of diabetes or hypertensive disorders and delivery
outcomes including gestation at delivery, mode of delivery and birthweight (BW) were
obtained from the Hospital database. Birthweight percentiles, based on BW and gestation at

delivery, were calculated.

Statistical analysis

The groups were compared at each time point and within each group the time points were
compared using the unpaired Student t-test/Mann-Whitney or chi-square (y2) for numerical

and categorical data respectively. Differences were considered statistically significant at

p<0.05.
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Hierarchical modelling was used for further analysis of using multilevel linear mixed-effects
models. The fixed effect component included time (the 3 visits), study group, age, race,
diabetes status, smoking, gestation and first-order interaction between time and study group.
The correlation of CO, total peripheral resistance (TPR) and mean arterial pressure (MAP) with
birth weight (BW) were assessed by Pearson’s correlation. All analyses were performed using

IBM SPSS Statistics, version 26.0, 2019 (IBM Corp., Armonk, New York, USA).

Results

The study included 64 pregnant women with booking BMI >30 and 14 pregnant women with
booking BMI 20-25. The maternal characteristics of the study population are given in Table
5.1

Table 5.1. Maternal demographic characteristics and pregnancy outcomes of the study

participants.
Variable BMI<25 BMI>30 P value
N=14 N=64

Age (years) 34.2(3.9) 33.0 (%) 0.32

Racial group
White, n (%) 13 (93) 52 (82) 0.14
Other, n (%) 1(7) 12 (18)

Body mass index at booking (kg/m?) 22.7 (2) 38.0 (6.1) <0.001

Parity
Nulliparous, n (%) 9(64.3) 25(39.1) 0.22
Parous, n (%) 5@35.7) 39 (60.9)

Conception
Spontaneous, n (%) 13 (92.9) 56 (90.6) 0.57
Assisted reproductive technology, n (%) 1(7.1) 8(9.4)

Smoking

144



No, n (%) 14 (100) 61 (95.3) 0.41
Yes, n (%) 0(0) 3(4.7)
Hypertensive disorders of pregnancy
No, n (%) 14 (100) 59 (92.2) 0.28
Yes, n (%) 0(0) 5(7.8)
Gestational diabetes mellitus
No, n (%) 14 (100) 53 (82.8) 0.16
Yes, n (%) 0(0) 11(17.2)
Mode of delivery
Spontaneous vaginal delivery, n (%) 7 (50) 29 (45.3) 0.59
Operative vaginal delivery, n (%) 1(7.1) 5(7.8) 0.62
Caesarean section, n (%) 6 (42.9) 30 (46.9) 0.46
Gestational age at delivery (weeks) 39.9(0.9) 38.8 (1.7) 0.02
Birth weight (grams) 3446 (325) 3501 (553) 0.87
Birthweight percentiles (%) 51 (25.1) 67 (28.6) 0.08

Data are expressed as mean (standard deviation), median (interquartile range) or n (%).
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Hemodynamic variables

The median raw values of the haemodynamic variables in the three trimesters of pregnancy and comparisons between the groups are given in

Table 5.2. Within each group the trimesters were compared and for significant differences, the mean difference and p values for trimester 1 vs 2,

trimester 1 vs 3 and trimester 2 vs 3 are given in Table 5.3.

Table 5.2. Haemodynamic variables, median (interquartile range) for each trimester and group with p values of group comparison.

1st Trimester

2nd Trimester

3rd Trimester

11-14 weeks 20-24 weeks 30-32 weeks
BMI 20-25 BMI>30 P BMI 20-25 BMI>30 P BMI 20-25 BMI>30 P

N=14 N=64 N=14 N=64 N=14 N=64
SBP (mmHg) 101.3 (100-105) 109 (101-119) 0.01 102 (91.8-106.5) 111 (99-116.8) 0.01 103 (97-103.3) 116.5 (101- <0.01

117.6)
DBP (mmHg) 60.5 (57.8-65.1) 64.5 (60-71) 0.01 59.5 (55.5-61.3) 62.5 (59-70) <0.01 62 (58.5-64) 67 (60-69.3) 0.01
MAP (mmHg) 74.2 (72-77.8) 78.3 (73.8-86.3) 0.02 75.9 (68.1-76.8) 79.3 (73.3-85.1) <0.01 77.7 (71.7-76.7) 83.3 (73.7-84.3) 0.01
HR (bpm) 72 (67-78.5) 82 (75-88) <0.01 75.5 (66.5-80.5) 84 (75.3-91) 0.01 78 (68.5-89) 90 (82.8-98) <0.01
SV (ml) 73.4 (66.9-79.6) 80.2 (71.3-93.1) 0.03 74.4 (69-82.9) 84.7 (75.2-102.8) 0.03 80.3 (71-84.8) 83.5 (76.7-97.5) 0.11
CO (L/min) 5.3 (4.5-6.1) 6.8 (5.7-7.5) <0.001 6.0 (4.7-6.5) 7.0 (6.2-8.0) <0.001 6.3 (5.1-6.9) 7.2 (6.2-9.0) <0.01
TPR (dynes 1142.9 (959.8- 977.4 (841.8- 0.02 942.7 (881.7- 889.5 (759-995.8) 0.06 1023 (794.2-1163.1) 925.5 (705.1- 0.03

per s/cm) 1334.4) 1159.7) 1227.6) 988.8)
SI (ml/BSA) 44.4 (39.9-48.4) 39.3 (36.1-42.9) 0.01 43.8 (39.8-51.5) 40.7 (37.2-46.8) 0.08 47.3 (43.3-50.6) 40.0 (35.5-46.3) 0.01
CI (/BSA) 3.2 (2.6-3.9) 3.2 (2.8-3.6) 0.40 3.7 (2.7-3.9) 3.4 (3.1-3.7) 0.07 3.8(3.1-4.4) 3.5(3.1-44) 0.06

BSA, body surface area, CO, cardiac output; C/ cardiac index; DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial pressure; SV, stroke volume;
SVI, stroke volume index; SBP, systolic blood pressure; 7PR, total peripheral resistance
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Table 5.3. Mean difference of haemodynamic variables between trimesters in the two groups

of women (actual values given in Table 5.2). All comparisons have been adjusted by the

Bonferroni correction for multiple tests. (T1: 11-14 weeks, T2: 20-24 weeks, T3: 30-32

weeks)
BMI 20-25
T1vs2 T1vs3 T2vs3
Mean P Mean P Mean P
difference difference difference
HR (bpm) 2.5(7.7) 0.8 7 (10.3) <0.01 4.5 (8.3) 0.33
CO (L/min) 0.4 (0.9) 0.25 0.9 (1.2) <0.01 0.5(1.3) 0.52
TPR (dynes per -114 (173.3) 0.08 -159.4 <0.05 -41.2 0.62
s/cm) (203.2) (263.3)
CI (ml/BSA) 0.3 (0.5) 0.54 0.2 (0.9) 0.02 0(1.3) 0.4
BMI>30
T1vs2 T1vs3 T2vs3
Mean P Mean P Mean P
difference difference difference
HR (bpm) 2.3 (11.1) 0.31 7.5(9.6) <0.01 5.9 (10.7) <0.01
CO (L/min) 0.5 (1.1) 0.06 1(1.6) <0.01 0.5 (1.6) 0.22
TPR (dynes per -75.3 0.02 -134.8 <0.01 -56.3 0.17
s/cm) (201.3) (237.8) (227.9)
CI (ml/BSA) 0.2 (0.5) 0.05 0.5 (0.8) <0.01 0.2 (0.8) 0.19

BSA, body surface area, CO, cardiac output; CI/ cardiac index; HR, heart rate; TPR, total peripheral
resistance

Mixed model analysis was used to compare the haemodynamic variables between groups at
each trimester and overall, after adjustment for age, race, gestational age, diabetes status and
smoking. The overall group comparison across all trimesters is given in Table 5.4 and the

estimated marginal means at each trimester for each group is given in Table 5.5.
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Table 5.4 Multilevel linear mixed-effects models for Log10 haemodynamic variables, overall

group comparison across all trimesters

Overall group comparisons (All trimesters)
Mean Difference P
BMI>30 — BMI 20-25
(95% Confidence Interval for Difference)
SBP (mmHg) 0.04 (0.02-0.04) <0.001
DBP (mmHg) 0.06 (0.01-0.05) <0.01
MAP (mmHg) 0.04 (0.01-0.04) <0.001
HR (bpm) 0.04 (0.02-0.06) <0.001
SV (ml) 0.04 (0.01-0.07) 0.01
CO (L/min) 0.08 (0.05-0.12) <0.001
TPR (dynes per s/cm) -0.05 (-0.09-(-0.02)) <0.01
SI (mI/BSA) -0.05 (-0.08-(-0.03)) <0.01
CI (ml/BSA) -0.02 (-0.05-0.02) 0.31

BSA, body surface area, CO, cardiac output; C/ cardiac index; DBP, diastolic blood pressure; HR, heart
rate; MAP, mean arterial pressure; SV, stroke volume; SV1, stroke volume index; SBP, systolic blood
pressure; TPR, total peripheral resistance
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Table 5.5. Multilevel linear mixed-effects models for Logl10 hemodynamic variables. Estimated marginal means (95% CI) for each trimester

and group are given.

1st Trimester 2nd Trimester 3rd Trimester
11-14 weeks 20-24 weeks 30-32 weeks
BMI 20-25 BMI>30 P BMI 20-25 BMI>30 P BMI 20-25 BMI>30 P
N=14 N=64 N=14 N=64 N=14 N=64
2.03 (2.01-2.06) 2.06 (2.05-2.08) 0.01 2.05 (2-2.05) 2.08 (2.04-2.07) | 0.01 | 2.07 (2.01-2.06) | 2.11 (2.04-2.07) | <0.01
Logio SBP (mmHg)
Logio DBP (mmHg) 1.8 (1.77-1.84) 1.83 (1.8-1.84) 0.01 1.78 (1.75-1.81) 1.82 (1.8-1.84) 0.01 | 1.8(1.77-1.83) 1.85(1.8-1.84) | <0.01
1.89 (1.87-1.92) 1.92 (1.9-1.94) 0.02 1.88 (1.85-1.9) 1.91 (1.9-1.93) 0.01 | 1.89 (1.87-1.92) | 1.95(1.9-1.93) 0.01
LOglo MAP
Log oHR (bpm) 1.9 (1.87-1.94) 1.94 (1.92-1.96) 0.02 1.92 (1.88-1.95) 1.95(1.93-1.97) | 0.02 | 1.94 (1.9-1.97) 1.99 (1.96-2) <0.01
Logio SV (ml) 1.86 (1.81-1.92) 1.91 (1.87-1.94) 0.01 1.88 (1.82-1.94) 1.93 (1.89-1.96) | 0.01 | 1.89 (1.83-1.94) | 1.92 (1.89-1.96) | 0.06
Logio CO (I/min) 3.76 (3.7-3.82) 3.84 (3.81-3.88) <0.01 | 3.79(3.73-3.85) | 3.87(3.84-3.91) | 0.01 | 3.83 (3.76-3.89) | 3.89 (3.86-3.94) | 0.02
Logio TPR (dynes 3.04 (2.98-3.09) 2.98 (2.95-3.01) 0.03 2.99 (2.93-3.05) | 2.94(2.91-2.98) | 0.02 | 2.97 (2.91-3.03) | 2.91 (2.88-2.95) | 0.03
per s/cm)
Logio SVI (ml/BSA) 1.63 (1.58-1.68) 1.58 (1.55-1.61) 0.05 1.65 (1.59-1.7) 1.60 (1.57-1.63) | 0.08 | 1.66 (1.61-1.7) | 1.60 (1.57-1.63) | 0.02
Logio CI (ml/BSA) 3.53 (3.48-3.58) 3.52 (3.49-3.55) 0.71 3.56 (3.51-3.62) | 3.55(3.51-3.58) | 0.78 | 3.59 (3.53-3.65) | 3.56 (3.54-3.61) | 0.07

BSA, body surface area, CO, cardiac output; C/ cardiac index; DBP, diastolic blood pressure; HR, heart rate; MAP, mean arterial pressure; SV, stroke volume;
SV1, stroke volume index; SBP, systolic blood pressure; TPR, total peripheral resistance
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In summary, within each group there was an upward trend in systolic blood pressure (SBP)
across trimesters. Diastolic blood pressure (DBP) and mean arterial pressure (MAP) trended
down in the second trimester and then increased in the third trimester, however there were no
significant differences between trimesters in either group. Between groups, the obese group
had a higher SBP, DBP and MAP in all trimesters and overall, compared to the normal BMI
group. (Tables 5.4, 5.5 and Figure 5.1).
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Figure 5.1. Mixed model analysis systolic blood pressure (SBP), diastolic blood pressure

(DBP) and mean arterial pressure (MAP) across trimesters in both groups.

Maternal HR was higher in the third compared to first trimester in both groups and higher, in
all trimesters, in the obese compared to the normal BMI group (Tables 5.4, 5.5 and Figure 5.2).
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Figure 5.2. Mixed model analysis for heart rate across trimesters in both groups

The SV and CO trended up in both groups with a significant increase in CO in the third
compared to the first trimester. Between the second and third trimester there was a non-
significant increase in SV in the normal BMI group however a plateau in the obese group.
When comparing the groups, overall, the CO and SV were significantly higher in the obese
compared to the normal BMI group (Table 5.4, Figure 5.3). Conversely, when corrected for
BSA, the SVI was significantly lower and CI non-significantly lower in the obese, compared

to the normal BMI, group but only in the third trimester (Table 5.5, Figure 5.4).
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Figure 5.3. Mixed model analysis for stroke volume (SV) and cardiac output (CO) across

trimesters in both groups
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The total peripheral resistance (TPR) trended down across trimesters in both groups and was
significantly lower in the third compared to first trimester. When comparing the groups, the

TPR was lower in the obese compared to the normal BMI group (Table 5.4, Figure 5.5).
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Figure 5.5. Mixed model analysis for total peripheral resistance (TPR) across trimesters in

both groups
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Cardiac geometry

The mean raw values of the cardiac geometry in the three trimesters of pregnancy and comparisons between the groups are given in Table 5.6.

Within each group the trimesters were compared and for significant differences, the mean difference and p values for trimester 1 vs 2, trimester 1

vs 3 and trimester 2 vs 3 are given in Table 5.7.

Table 5.6. Cardiac geometry, mean (standard deviation) for each trimester and group with p values of group comparison

1st Trimester 2nd Trimester 3rd Trimester
11-14 weeks 20-24 weeks 30-32 weeks
BMI 20-25 BMI>30 P BMI 2-0-25 BMI>30 P BMI 20-25 BMI>30 P
N=14 N=64 N=14 N=64 N=14 N=64

LA (mm) 35.5(3.4) 39.6 (4.7) <0.01 36.6 (3.2) 40.3 (5.2) 0.02 37.6 (4.5) 40.1 (4.2) 0.02

LA index 21.3 (2.1) 18.9 (2.3) <0.01 22.6 (2.2) 19.3 (2.5) <0.01 22.1 (3) 19.2 (2.1) 0.01
(mm/BSA)

Aorta (mm) 25.1 (2.5) 27.5 (2.8) <0.01 24.4 (2.3) 27.5(3) <0.01 25.5(1.8) 27.6 (3.4) <0.01

Ascending 25.9 (2.5) 27.9 (3.4) 0.02 25.1 (2.5) 28 (2.7) <0.01 26.2 (2) 28.1 (2.8) 0.01
aorta (mm)

LVOT (mm) 19.2 (0.9) 20.6 (1.6) <0.001 19.7 (1.2) 20.9 (1.8) <0.01 19.9 (1) 21.2 (1.7) <0.01

IVS (mm) 6.9 (1.2) 8.5(1.5) <0.001 6.9 (1.4) 8.8(1.4) <0.01 7.7 (0.8) 9.1(1.3) <0.01

LVEDD (mm) 45.8 (2.5) 48.7 (5.4) <0.01 46.8 (3.2) 50.3 (4.9) <0.01 46 (3.9) 50.4 (5.3) <0.01

LVEDD index 27.5(2.3) 23.4 (2.7) <0.001 28.1 (3) 24.1 (2.6) <0.01 27.7 (2.8) 24.3 (2.7) <0.01
(mm/BSA)

PW (mm) 7.1(1.2) 9.1(1.5) <0.001 7.6 (1.6) 9.2(1.4) <0.01 8.2 (0.8) 10 (1.5) <0.01

RWT 0.31 (0.06) 0.38 (0.08) <0.01 0.33 (0.08) 0.37 (0.07) 0.04 0.36 (0.04) 0.4 (0.07) 0.01

LVM (g) 101.8 (21.2) 152.7 (35.8) <0.001 110.2 (27.1) 165.5 (35.8) <0.01 120.9 (20.4) 179.5 (41.6) <0.01

LVM index 61.3 (13.9) 72.7 (14.3) 0.01 66.1 (16.4) 78.5 (14.2) 0.02 72.9 (12.8) 85.7 (18.2) 0.01

(g/BSA)

BSA, body surface area, IV, interventricular septum; LA, left atrium diameter; LVEDD, left ventricle end-diastolic diameter; L VM, left ventricular mass;
LVOT, left ventricle outflow tract; PW, posterior wall thickness; RWT, relative wall thickness; BSA4, body surface area
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Table 5.7. Mean difference in cardiac geometry between trimesters in the two groups of

women (actual values given in Table 5.6). All comparisons have been adjusted by the

Bonferroni correction for multiple tests. (T1: 11-14 weeks, T2: 20-24 weeks, T3: 30-32

weeks)
BMI 25-30
T1vs2 T1vs3 T2vs3
Mean P Mean P Mean P
difference difference difference
IVS (mm) 0(1.8) 0.98 0.8(1.4) 0.06 0.8 (1.7) 0.12
PW (mm) 0.5 (1.1) 0.48 1.2 (1.3) 0.01 0.6 (1.6) 0.11
RWT 0.02 (0.05) | 0.73 | 0.05(0.06) 0.03 0.02 (0.08) 0.16
LVM (g) 8.9 (20.9) 0.4 18 (20.3) 0.03 9.1 (22) 0.16
LVM index (g/BSA) 5(12) 0.7 10.7 (11.5) 0.03 5.7 (13.4) 0.09
BMI>30
T1vs2 T1vs3 T2vs3
Mean P Mean P Mean P
difference difference difference
IVS (mm) 0.3 (1.6) 0.18 0.6 (2.3) <0.01 0.2 (1.7) 0.08
PW (mm) 0.2 (1.8) 0.75 1.1 (2) <0.001 0.8 (1.5) 0.01
RWT 0.01 (0.07) | 0.66 | 0.02 (0.08) 0.09 0.03 (0.07) 0.03
LVM (g) 9.9 (23.1) 0.05 | 25.9(33.2) <0.001 16 (30) 0.05
LVM index (g/BSA) 4.9 (10.8) 0.05 12.6 (16.1) <0.001 7.8 (14.4) 0.03

BSA, body surface area, IV, interventricular septum; LVM, left ventricular mass; PW, posterior wall

thickness; RWT, relative wall thickness

Mixed model analysis was used to compare the cardiac geometry between groups at each
trimester and overall, after adjustment for age, race, gestational age, diabetes status and

smoking. The overall group comparison across all trimesters is given in Table 5.8 and the

estimated marginal means at each trimester for each group is given in Table 5.9.
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Table 5.8. Multilevel linear mixed-effects models for cardiac geometry, overall group

comparison across all trimesters

Overall group comparisons (All trimesters)
Mean Difference, P
BMI>30 — BMI 20-25
(95% Confidence Interval for Difference)
LA (mm) 3.3(1.7-4.8) <0.001
LA index (mm) -2.8 (-3.6-(-2)) <0.001
IVS (mm) 1.4 (0.9-1.8) <0.001
LVEDD (mm) 3.7 (2-5.5) <0.001
LVEDD index (mm/BSA) -3.7 (-4.6-(-2.7)) <0.001
PW (mm) 1.8 (1.3-2.3) <0.001
RWT 0.05 (0.03-0.08) <0.001
LVM (g) 51.9 (39.4-64.5) <0.001
LVM index (g/BSA) 11.6 (6.1-17) <0.001

BSA, body surface area, IVS, interventricular septum; LA, left atrium diameter; LVEDD, left ventricle
end-diastolic diameter; LVM, left ventricular mass; PW, posterior wall thickness; RWT, relative wall
thickness; BSA4, body surface area
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Table 5.9. Multilevel linear mixed-effects models for cardiac geometry, estimated marginal means (95% CI) for each trimester and group are

given.
1st Trimester 2" Trimester 3rd Trimester
11-14 weeks 20-24 weeks 30-32 weeks
BMI <25 BMI>30 P BMI <25 BMI>30 P BMI <25 BMI>30 P
N=14 N=64 N=14 N=64 N=14 N=64
LA (mm) 35.6 (33.9-39.3) 39.1 (38.9-41.9) 0.01 36.8 (36-41.6) 40.1 (39.5- 0.03 37.8 (35.1-40.4) 41 (39.5-42.5) 0.02
42.6)
LA index (mm) 21.3 (19.9-22.8) 19 (18.2-19.8) <0.01 | 22.7 (21.2-24.1) 19.3 (18.5- <0.001 | 22.1(20.7-23.5) 19.2 (18.5-20) | <0.001
20.1)
IVS (mm) 7.7 (6.9-8.6) 9.1 (8.6-9.6) <0.01 7.7 (6.9-8.5) 9.4 (8.9-9.8) <0.001 8.6 (7.8-9.3) 9.7 (9.3-10.2) <0.01
LVEDD (mm) 45.1 (42-48.1) 48.2 (46.5-49.9) | <0.05 46.1 (43.1-49) 49.8 (48.1- 0.03 46.4 (42.1-48.6) 49.9 (48-51.5) 0.01
51.4)
LVEDD index 26.6 (25-28.2) 22.7 (21.8-23.6) | <0.001 | 27.2 (25.5-28.9) 23.4 (22.4- <0.001 27.8 (25-28.6) 23.6 (22.6- <0.01
(mm/BSA) 24.3) 24.6)
PW (mm) 7.2 (6.3-8.1) 9.2 (8.8-9.7) <0.001 7.7 (6.8-8.6) 9.4 (8.9-9.9) <0.001 8.3 (7.5-9.2) 10.1 (9.7-10.6) | <0.001
RWT 0.32 (0.27-0.36) 0.38 (0.36-0.41) 0.01 0.33 (0.29-0.38) 0.39 (0.35- 0.04 0.37 (0.32-0.41) 0.41 (0.38- 0.03
0.40) 0.43)
LVM (g) 110.6 (89.3-132) 158.7 (146.7- <0.001 119.1 (98.2- 171.8 (160- <0.001 125.1 (106.2- 180 (172.9- <0.001
170.7) 140) 183.6) 154.1) 199)
LVM index 63 (53.8-72.3) 73.7 (68.6-78.9) 0.03 | 67.8 (58.9-76.8) 79.7 (74.7- 0.01 71.6 (64-85.2) 87 (81.3-92.7) 0.01
(g/BSA) 84.8)

BSA, body surface area, IV, interventricular septum; LA, left atrium diameter; LVEDD, left ventricle end-diastolic diameter; L VM, left ventricular mass; PW,
posterior wall thickness; RWT, relative wall thickness; BSA, body surface area
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Table 5.10. Percentage of participants with left ventricle hypertrophy in each trimester and group

index>95g/m?)

1st Trimester P 2" Trimester P 3" Trimester P
11-14 weeks 20-24 weeks 30-32 weeks
BMI 20-25 BMI >30 BMI 20-25 BMI >30 BMI 20-25 BMI >30
Hypertrophy (RWT>0.42 and LVM 0% (0) 9% (6) | <001| 7% (1) 22% (14) | <0.01| 7% (1) 19% (12) | <0.01

LVM index, left ventricular mass/body surface area; RWT, relative wall thickness
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In summary, there was a significant increase with gestation in posterior wall thickness (PWT),
relative wall thickness (RWT), LV mass and LV mass index in both groups (Table 5.7). The
left atrial (LA) diameter, LA diameter index, interventricular septum (IVS), left ventricle end-
diastolic diameter (LVEDD), LVEDD index all trended upwards in both groups. When
comparing the groups, the LA diameter, [IVS, LVEDD, PWT, RWT, LV mass and LV mass
index were all higher in the obese group (Tables 5.8, 5.9 and Figures 5.6 and 5.7). The
prevalence of concentric LV hypertrophy (RWT>0.42 and LV mass index >95g/m?) was higher

in the obese group in all trimesters (Table 5.10).
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Figure 5.6. Mixed model analysis for relative wall thickness across trimesters in both groups
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Figure 5.7. Mixed model analysis of left ventricular mass (LVM) and left ventricular mass

index (LVMI) across trimesters in both groups
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Systolic, diastolic and longitudinal function

The mean raw values of the systolic, diastolic and longitudinal function in each trimester and comparisons between the groups are given in Table
5.11. Within each group the trimesters were compared and for significant differences, the mean difference and p values for trimester 1 vs 2,

trimester 1 vs 3 and trimester 2 vs 3 are given in Table 5.12.

Table 5.11. Systolic, diastolic and longitudinal function, mean (standard deviation) for each time point and group with p values.

1st Trimester

2nd Trimester

3rd Trimester

11-14 weeks 20-24 weeks 30-32 weeks
BMI 20-25,N=14 | BMI>30,N=64 | P BMI 20-25,N=14 | BMI>30,N=64 | P BMI 20-25,N=14 | BMI>30,N=64 | P
Systolic function
EDV (mm) 79.9 (17.7) 98.1 (19.6) <0.001 81.5 (15.5) 99.1 (19) <0.01 83.4 (12.2) 100.7 (21.8) <0.01
EDV index (mm/BSA) 48 (10.7) 46.6 (7.6) 0.66 48.9 (9.5) 47.1(7.3) 0.51 50.1 (6.4) 47.8 (8.2) 0.27
ESV (mm) 31(9.3) 39.6 (9.7) 0.01 31.6 (10.2) 39.9 (10.5) 0.01 32.6 (8.1) 41.5(10.9) <0.01
ESV index (mm/BSA) 18.7 (5.8) 18.8 (3.8) 0.93 19 (6.4) 18.9 (4.3) 0.95 19.6 (4.6) 19.7 (4.4) 0.95
EF (%) 62.4 (5.9) 60.3 (4.6) 0.22 61.6 (6.6) 59.9 (5.3) 0.39 61.5(5.3) 59.8 (4.4) 0.29
TDI s' (cm) 13.9 (1.8) 12.8 (2.3) 0.05 14.7 (2.2) 13.4 (2.5) 0.10 13.9 (2.1) 13.7 (3) 0.79
Diastolic function
E/A ratio 1.80 (0.21) 1.41 (0.33) 0.01 1.71 (0.32) 1.35(0.34) 0.01 1.63 (0.40) 1.22 (0.35) 0.01
E' lateral (m/s) 16.7 (4.3) 14.4 (3) 0.01 15.6 (3.6) 13.4 (3.1) 0.03 13.5 (2.7) 12.9 (2.9) 0.50
E' medial (m/s) 11.8 (1.7) 10 (2.2) <0.01 10.8 (1.8) 10.1 (2.6) 0.25 10.2 (2.3) 9.2 (2.1) 0.17
E/ E' ratio 59(1.4) 6.7 (1.6) 0.04 6.2 (1.5) 7.1 (1.5) 0.05 6.7 (1.6) 7.1 (2.2) 0.37
LAYV (ml) 55.6 (12.2) 60.8 (13.5) 0.01 57 (8.5) 64.2 (12.4) <0.01 57.8 (10.5) 64.5 (15.6) 0.01
LAYV index (ml/BSA) 32.3 (8.5) 31.1(5.6) 0.09 34.2 (9.4) 31.5(5.9) 0.07 34.1 (7.1) 31.8 (6.7) 0.06
Longitudinal function
TAPSE (mm) 25.3 (3.6) 22.5(3.4) 0.02 26.3 (3.4) 23.5(4.4) 0.02 25.4 (3.5) 22.1 (4.3) 0.01
MAPSE septal (mm) 14.6 (2.1) 15.3 (2.8) 0.28 14.2 (3.2) 14.1 (1.9) 0.89 14.1 (3.3) 13 (2.1) 0.29
MAPSE lateral (mm) 16.1 (2) 16.4 (3.1) 0.62 14.7 (2.1) 16.3 (3.3) 0.06 15.3 (2.1) 14.7 (3.1) 0.61
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BSA4, body surface area, E/A ratio, mitral inflow E-wave/A-wave filling; £’ lateral, tissue Doppler imaging E prime measured at lateral mitral annulus; £’
medial, tissue Doppler imaging E prime measured at medial mitral annulus; E/E’ ratio, E-wave mitral inflow/ mean E’ lateral and E’ medial; EF, ejection

fraction; EDV, end-diastolic volume; LAV, left atrial volume; ESV, end-systolic volume; TDI s’, tissue Doppler imaging s’ at the lateral tricuspid annulus;
MAPSE, mitral annular plane systolic excursion; TAPSE, tricuspid annular plane systolic excursion
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Table 5.12. Mean difference in diastolic and longitudinal function between trimesters in the

two groups of women (actual values given in Table 5.11). All comparisons have been

adjusted by the Bonferroni correction for multiple tests. (T1: 11-14 weeks, T2: 20-24 weeks,

T3: 30-32 weeks)

BMI 20-25
T1vs?2 T1vs3 T2vs3
Mean difference ‘ P Mean difference ‘ P Mean difference ‘ P
Diastolic function
E/A ratio -0.1(0.4) 0.35 -0.2 (0.5) 0.04 -0.1(0.4) 0.79
E' lateral (m/s) -1.1(3.9) 0.48 -0.3(5.2) 0.03 -1.5(3.0) 0.17
Longitudinal function
MAPSE septal
(mm) -0.1(2.1) 0.91 -0.4 (2.2) 0.46 -0.1(1.5) 0.72
MAPSE lateral
(mm) -0.2(2.1) 0.11 -0.5(2.7) 0.07 0.1(1.5) 0.65
BMI>30
T1vs2 T1vs3 T2vs3
Mean difference ‘ P Mean difference ‘ P Mean difference ‘ P
Diastolic function
E/A ratio -0.1(0.3) 0.21 -0.3(0.6) <0.01 -0.1(0.3) 0.03
E' lateral (m/s) -0.6(3.6) 0.05 -1.2(3.8) 0.01 -0.7(3.4) 0.46
Longitudinal function
MAPSE septal
(mm) -0.4(2.1) 0.06 -0.7 (2.7) <0.01 -1.4(1.5) <0.01
MAP(EEH};““M 0.1 (2.0) 0.73 10.9)2.4 <0.01 0.7 (2.3) 0.01

E/A ratio, mitral inflow E-wave/A-wave filling; E’ lateral, tissue Doppler imaging E prime
measured at lateral mitral annulus; MAPSE, mitral annular plane systolic excursion

Mixed model analysis was used to compare the systolic and diastolic function between

groups at each trimester and overall, after adjustment for age, race, gestational age, diabetes

status and smoking. The overall group comparison across all trimesters is given in Table

5.13 and the estimated marginal means at each trimester for each group are given in Table

5.14.
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Table 5.13. Multilevel linear mixed-effects models for systolic, diastolic and longitudinal,

function, overall group comparison across all trimesters.

Overall group comparisons (All trimesters)
Mean Difference |
BMI>30 — BMI 20-25
(95% Confidence Interval for Difference)
Systolic function
EDV (mm) 15.71 (8.7-22.71) <0.001
EDV index (mm/BSA) -2.43 (-5.3-0.45) 0.10
ESV (mm) 7.52 (3.87-11.16) <0.001
ESV index (mm/BSA) -0.31 (-1.9-1.28) 0.70
EF (%) -1.47 (-3.24-0.31) 0.10
TDI s' (cm) -1.02 (-1.94-(-0.1)) 0.03
Diastolic function
E/A ratio -0.28 (-0.38-(-0.17)) <0.001
E' lateral (m/s) -1.97 (-3.06-(-0.88)) <0.001
E' medial (m/s) -1.36 (-2.13-(-0.58)) <0.001
E/ E' ratio 0.68 (0.08-1.29) 0.03
LAV (ml) 12.14 (7.37-16.92) <0.01
LAYV index (ml/BSA) -1.43 (-3.77-0.92) 0.23
Longitudinal function
TAPSE (mm) -2.79 (-4.21-(-1.37)) <0.001
MAPSE septal (mm) -0.13 (-0.74-1) 0.77
MAPSE lateral (mm) -0.72 (-0.36-1.8) 0.19

BSA, body surface area, E/A ratio, mitral inflow E-wave/A-wave filling; £’ lateral, tissue Doppler
imaging E prime measured at lateral mitral annulus; £’ medial, tissue Doppler imaging E prime
measured at medial mitral annulus; E/E’ ratio, E-wave mitral inflow/ mean E’ lateral and E’ medial;
EF, ejection fraction; EDV, end-diastolic volume; LAV, left atrial volume; ESV, end-systolic
volume; TDI s’, tissue Doppler imaging s’ at the lateral tricuspid annulus; MAPSE, mitral annular
plane systolic excursion; TAPSE, tricuspid annular plane systolic excursion
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Table 5.14. Multilevel linear mixed-effects models for systolic, diastolic and longitudinal function. Estimated marginal means (95% CI) for each

trimester and group are given.

1st Trimester

2nd Trimester

3rd Trimester

11-14 weeks 20-24 weeks 30-32 weeks
BMI 20-25 BMI>30 P BMI 20-25 BMI>30 P BMI 20-25 BMI>30 P
N=14 N=64 N=14 N=64 N=14 N=64
Systolic function
EDV (mm) 83.9 (71.7-96.1) | 100.2 (93.2-107.3) | 0.01 | 85.5(73.5-97.5) 101.2 (94.4-108.1) | 0.01 | 87.6 (74.3-100.8) | 102.8 (95.4-110.1) 0.04
EDV index 48.7 (43.6-53.9) 46.8 (43.9-49.8) 0.40 | 49.7 (44.6-54.7) 47.3 (44.5-50.2) 0.39 50.9 (45.6-56.1) 47.9 (45-50.9) 0.25
(mm/BSA)
ESV (mm) 32.8 (26.7-38.9) 40.4 (36.8-44) 0.01 33.4 (26.8-40) 40.7 (37-44.4) 0.04 34.6 (27.8-41.4) 42.2 (38.4-46) 0.03
ESV index 19 (16.4-21.7) 18.8 (17.3-20.4) 0.80 | 19.4 (16.4-22.4) 19 (17.3-20.6) 0.83 20 (17.1-22.9) 19.7 (18.1-21.3) 0.88
(mm/BSA)
EF (%) 61.7 (58.6-64.7) 59.9 (58.2-61.7) 0.16 | 60.8 (57.4-64.2) 59.5 (57.6-61.4) 0.47 60.7 (57.6-63.8) 58.4 (57.7-61.2) 0.46
TDI s' (cm) 14.4 (12.9-15.8) 13 (12.2-13.9) 0.14 | 15.1 (13.5-16.7) 13.7 (12.8-14.5) 0.05 14.4 (12.7-16.2) 14 (13.1-15) 0.57
Diastolic function
E/A ratio 1.79 (1.52-2.12) 1.38 (1.25-1.42) 0.04 | 1.71(1.38-1.98) 1.31 (1.21-1.49) 0.01 1.62 (1.43-1.82) 1.21 (1.11-1.72) <0.001
E' lateral (m/s) 17.2 (15.1-19.2) 14.6 (13.4-15.7) 0.01 16 (14-18) 13.7 (12.6-14.8) 0.02 14.9 (12.1-15.8) 13.1 (12.1-14.2) 0.06
E' medial (m/s) 11.6 (10.3-12.9) 9.7 (8.9-10.4) 0.01 10.6 (9.1-12) 9.8 (9-10.6) 0.05 10 (8.6-11.3) 8.8 (8-9.6) 0.08
E/ E' ratio 6.3 (5.2-7.3) 7.1 (6.5-7.6) 0.24 6.6 (5.6-7.6) 7.4 (6.8-7.9) 0.04 7.1 (5.8-8.3) 7.5 (6.8-8.1) 0.16
LAV (ml) 53.6 (50.2-58.1) 60.8 (55.9-65.7) 0.01 57 (49.9-59.1) 64.2 (59.6-68.7) <0.01 | 57.8 (49.7-63.9) 64.5 (59.4-69.6) 0.03
LAYV index 31.6 (24.6-32.7) 31.5(26.1-30.8) 0.79 | 33.5(28.3-36.8) 32.0 (27.7-32.4) 0.41 34.4 (28-36.7) 32.3 (27.8-32.8) 0.42
(ml/BSA)
Longitudinal function
TAPSE (mm) 23.9 (21.6-26.2) 21.5(20.2-22.8) 0.03 | 24.9 (22.2-27.6) 22.5 (21-24) <0.01 24 (21.4-26.6) 21.1 (19.7-22.6) 0.06
MAPSE septal 14.5 (12.2-15.5) 13.9 (14-15.8) 0.39 13.9 (12-14.9) 13.6 (12.8-14.5) 0.84 13.9 (11.8-14.8) 12.6 (11.8-13.4) 0.63
(mm)
MAPSE lateral 15.2 (13.3-17) 15.7 (14.6-16.9) 0.47 | 14.8(11.7-15.8) 14.1 (14.5-16.7) 0.26 14.1 (12.2-16) 13.2 (12.9-15) 0.96
(mm)

BSA4, body surface area, E/A ratio, mitral inflow E-wave/A-wave filling; £’ lateral, tissue Doppler imaging E prime measured at lateral mitral annulus; £’
medial, tissue Doppler imaging E prime measured at medial mitral annulus; E/E’ ratio, E-wave mitral inflow/ mean E’ lateral and E’ medial; EF, ejection
fraction; EDV, end-diastolic volume; LAV, left atrial volume; ESV, end-systolic volume; 7D/ s’, tissue Doppler imaging s’ at the lateral tricuspid annulus;
MAPSE, mitral annular plane systolic excursion; TAPSE, tricuspid annular plane systolic excursion
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In summary, we assessed systolic function with the end-diastolic volume (EDV), end-systolic
volume (ESV), EF and tissue Doppler imaging (TDI) s’ at the lateral tricuspid annulus. In both
groups the EDV and ESV had a small upward trend and EF a slight downward trend with
gestation but there was no significant difference. When comparing the groups, ESV and EDV
were higher in the obese group however, there was no difference in the indexed value corrected
for BSA and no difference in EF. TDI s’ at the tricuspid lateral annulus did not change with

the gestation in either group but was lower in the obese compared to the normal BMI group.

Diastolic indices, mitral inflow E-wave/A-wave (E/A) ratio and TDI E’ at the lateral mitral
annulus decreased with gestation (Table 5.12) but TDI E’ at the medial mitral annulus, E/E’
ratio and LA volume did not change with gestation. When comparing the groups, the E/A ratio
and TDI E’ at lateral and medial were higher and E/E’ ratio lower in the obese compared to the
normal BMI group (Table 5.13, Figure 5.8 and 5.9). The LA volume was also higher in the

obese group but this did not persist after correction for BSA.
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Figure 5.8. Mixed model analysis of E-wave/A-wave ratio across trimesters in both groups
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Figure 5.9. Mixed model analysis tissue Doppler imaging (TDI) E’ at the lateral and medial

mitral annulus across trimesters in both groups

Longitudinal function for the right heart was assessed by tricuspid annular plane systolic
excursion (TAPSE) which did not change with gestation but was lower in the obese
compared to the normal BMI group. For left longitudinal function, mitral annular plane
systolic excursion (MAPSE) lateral and septal both reduced with gestation in the obese but
not in the normal BMI group. When comparing the groups, there was no significant

difference.

Birthweight

The birthweight percentiles in both groups examined are given in Table 5.1. We examined
whether any of the maternal cardiovascular parameters including MAP, CO and TPR

correlated with BW percentile in the whole cohort (Table 5.15 and Figures 5.10-5.11).
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Table 5.15. Pearson’s correlation (R) of cardiac output, total peripheral resistance and mean

arterial pressure with birth weight percentile at each trimester in the whole cohort

Trimester R |
CO 1 0.33 <0.01
2 0.32 <0.01
3 0.42 <0.001
TPR 1 -0.32 <0.01
2 -0.22 0.05
3 -0.42 <0.001
MAP 1 0.04 0.75
2 0.09 0.44
3 0.09 0.42

CO, cardiac output; MAP, mean arterial pressure; 7PR, total peripheral resistance

In the whole cohort, we found a positive correlation between maternal CO in all trimesters

and BW percentiles and a negative correlation between TPR, in the first and third trimesters,

and BW (Figures 5.10 and 5.11).
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Figure 5.10. Correlation of cardiac output and birth weight percentile in the first, second and

third trimester for the whole cohort.
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Figure 5.11. Correlation of total peripheral resistance and birth weight percentile in the first,

second and third trimesters for the whole cohort

Discussion

This study has shown that, obese pregnant women have a different haemodynamic profile,
altered cardiac geometry and impaired diastolic indices compared to pregnant women with a
normal BMLI. In particular, obese women have higher SBP, DBP, MAP, HR, SV and CO with
lower TPR. Furthermore, obese women demonstrated higher LA diameter, IVS, LVEDD,
PWT, RWT, LV mass and LV mass index with impaired diastolic indices including lower E/A
ratio, TDI E’ lateral, TDI E’ medial and higher E/E’ ratio compared to the normal BMI group

suggesting suboptimal cardiac geometry, haemodynamic and diastolic function.

Our haemodynamic findings in the obese group are consistent with literature of non-pregnant

obese individuals. Obesity is associated with increased plasma volume expansion and CO due
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to excess body mass, with a concomitant decrease in natriuresis. The raised CO leads to
glomerular hyperfiltration and in turn raised distal tubular sodium delivery. Complex
mechanisms lead to the upregulation of the renin-aldosterone-angiotensin system and
stimulation of the sympathetic nervous system, which lead to increased sodium reabsorption,
plasma volume expansion and arterial hypertension. (9, 10) Heart rate is known to be raised
in obese individuals due to autonomic impairment, defined by a reduction in parasympathetic
activity and relative predominance of sympathetic activity. (6, 209) We note that between the
second and third trimester the SV plateaued in the obese group whereas, there was a non-
significant increase in the normal BMI women, this may represent a situation of volume
overload in the third trimester in the former group as described in literature. (74) The higher
HR and SV in the obese group resulted in higher CO. However, when corrected for BSA, the
SVI was lower and CI non-significantly lower in the obese group in the third trimester (non-
significance likely due to the increased HR). The lower SVI in the obese group the third
trimester could again indicate an overstreched high volume system that is unable to keep up
with the demands of the advancing gestation. (73) Furthermore, we have confirmed a higher
maternal SBP, DBP and MAP in the obese pregnant women compared to the normal weight

counterparts. (210)

Maternal TPR decreased with gestation in both groups, in accordance with normal pregnancy
physiology, as peripheral vasodilation leads to a fall in systemic vascular resistance. (28) When
comparing the groups, TPR was lower in the obese, compared to the normal BMI group. Obese
individuals have an expanded intravascular volume to meet the elevated metabolic
requirements and as TPR is proportional to MAP and CO, an elevated CO, seen in our obese

pregnant women, will result in TPR reduction. (13, 211)

We found a significant increase in LV mass and RWT across gestation in both groups, probably
due to physiological myocardial hypertrophy needed to support the increased CO in pregnancy.
(37, 166) Maternal LA diameter, IVS, LVEDD, PWT, RWT, LV mass, LV mass index and LV
hypertrophy prevalence were all significantly higher in the obese group. Pregnancy itself is a
hyperdynamic state and it has been reported that even in normal pregnancy a small proportion
of women (5-6%) will have LV hypertrophy, defined by LV mass index>95g/m? and
RWT>0.42. (37) Our findings are consistent with obesity physiology where there is a
hyperdynamic circulation in order to cope with the metabolic demand of increased adipose

tissue and fat-free mass, which leads to LV dilation, increased wall stress and compensatory
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LV hypertrophy. Furthermore, hyperinsulinemia and hyperleptinemia could also be involved

in the pathogenesis of LV hypertrophy seen in this population. (6, 212, 213)

As expected, we found that obese women had higher EDV and ESV, which did not persist after
correction for BSA suggesting similar systolic function between the groups. Additionally, there
was no difference in EF between the groups, this is consistent with obese individuals outside
of pregnancy. (6, 214) Mitral annular plane systolic excursion assesses longitudinal function
and gives an indication of systolic function. In normal pregnancy, lateral and septal MAPSE
have been reported to be reduced at term. (37) We have found that obese women have a
reduction in MAPSE between the second and third trimester, which could indicate early cardiac

decompensation in this group.

There was a significant reduction in diastolic indices, E/A ratio and TDI E’ at the lateral mitral
annulus with gestation in accordance with literature published in normal pregnancy. It is
thought that the physiological myocardial hypertrophy causes decreased LV compliance,
leading to a reduction in early diastolic filling and a greater need for atrial contraction which
results in an increased A-wave and reduced E/A ratio. (37, 215) When comparing the groups,
the E/A ratio and TDI E’ lateral and medial were higher and E/E’ ratio lower in the obese group
which again is in keeping with reported findings in obese individuals. (22, 216) Left ventricular
hypertrophy leads to impaired relaxation and early filling abnormalities which are compensated
by augmented atrial contribution; these findings represent an early index of cardiac

dysfunction when systolic performance is normal. (217)

Right heart function, as assessed by TDI s’ and TAPSE, were lower in the obese compared to
the normal BMI group in accordance with findings outside the setting of pregnancy suggesting

suboptimal right heart function due to obesity. (218)

We found a correlation across gestation between haemodynamic parameters (CO and TPR)
and BW, which is in agreement with other studies showing that pre-pregnancy, early pregnancy
and third trimester CO and TPR are associated with BW, highlighting the importance of

maternal cardiovascular function in maintaining a healthy pregnancy. (46, 58, 219)

The relationship between obesity and hypertension outside the setting and during the course of

pregnancy is well documented. (8, 66) It has been reported that obese mothers are almost three
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times more likely to develop gestational hypertension or PE compared to those with a normal
BMLI. This risk is dose dependant and doubles with each 5 to 7 unit increase in pre-pregnancy
BMI (63) and it is almost five times more in morbidly obese women (BMI>50). (64, 220, 221)
It is conceivable that maternal obesity induced insulin resistance is associated with a reduced
cytotrophoblast migration and uterine spiral artery remodelling, which leads to placental
hypoxia and ischemia, which in turn leads to the release of anti-angiogenic and inflammatory
factors into the maternal circulation promoting endothelial dysfunction, reduction in nitric
oxide production and an increase in oxidative stress, that results in the development of PE.
(222) More recently, it is thought that the maternal cardiovascular system plays a pivotal role
in the pathophysiology of PE; the risk factors for PE are cardiovascular in nature,
cardiovascular signs and symptoms predominate the clinical picture of PE and cardiovascular
morbidity persists for decades after PE. (47, 222) In accordance with this notion, maternal
hyperdynamic circulation with high CO and low resistance has been described prior to the onset
as well as during the clinical phase of late PE. (55, 56, 223) In addition, a higher early
pregnancy maternal BP increases the susceptibility of developing PE. (62, 224) With regard to
cardiac geometry, it has been reported that 50% and 20% of pregnant women destinated to
develop PE have evidence of cardiac remodelling, with higher RWT, and concentric
hypertrophy, respectively. Additionally, diastolic function has been shown to be reduced prior
to the onset of term and pre-term PE. (53, 55) We have found that obese pregnant women also
share features of a hyperdynamic circulation with high BP and CO with low resistance, LV
hypertrophy and reduced diastolic indices. Given the similarities between the cardiac profile
of obese pregnant women and that of the pre-clinical phase of PE, it would be reasonable to
assume that the maternal cardiovascular adaptation of these women may predisposed them to

the development of hypertensive disorders during pregnancy.

Conclusions

In summary, we found that obese pregnant women have a different haemodynamic profile with
higher BP, CO and lower TPR, compared to normal BMI pregnant women. In addition, obese
women have altered cardiac geometry with a higher LV mass and prevalence of hypertrophy
and suboptimal diastolic function. The haemodynamic indices, cardiac geometry and diastolic
function in obesity all share features of the cardiovascular profile described in the pre-clinical
phase of PE and this may make these women more vulnerable to the development of

hypertension. Further studies are warranted to confirm that.
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Chapter 6

Maternal cardiovascular indices and
placental function in overweight/obese
pregnant women

Abstract

Background: During pregnancy significant maternal cardiovascular changes are needed to
support fetal growth and the competence of the maternal cardiovascular system may determine
the quality of the placental and fetal circulation. There is evidence that haemodynamic indices
are associated with placental function and birth weight in normal pregnancy. It has been shown
that lower maternal cardiac output and higher resistance is associated with a higher uterine
artery impedance; a key indicator of fetal growth restriction. Obesity is known to have several
cardiovascular implications and in pregnancy there is an increased risk of developing
hypertensive disease. Studies of obese pregnant women report altered hyperdynamic, systolic
and diastolic function and it is thought this maladaptation may be linked to adverse outcomes

in this population.

Objective: The aim of the current study was to investigate longitudinally the association
between maternal cardiovascular function and placental function in overweight/obese pregnant

women.

Methods: This was a prospective, observational, longitudinal study including 84 pregnant
women with booking body mass index (BMI)>25. Participants were seen at three time points;
12-14, 20-24 and 30-32 weeks of pregnancy. At each visit blood pressure was measured and
maternal cardiac function was assessed using trans-thoracic echocardiography. Pearson’s
correlation coefficient was used to evaluate the correlation between cardiac parameters and

placental function (PAPP-A, B-hCG, uterine artery pulsatility index) and birth weight (BW).

Results: Maternal cardiac output and left atrial volume positively, and total peripheral

resistance negatively correlated with BW percentile. Furthermore, in the first trimester, left
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atrial volume negatively correlated with uterine artery pulsatility index and systolic blood

pressure in the second trimester negatively correlated with PAPP-A.

Conclusions: The study has shown an association between maternal hemodynamic indices and
placental function and birth weight in overweight and obese pregnant women. We support
existing evidence of the importance of the maternal cardiovascular system in the pathogenesis

of fetal outcomes.

Introduction

During pregnancy, several coordinated and regulated processes take place to enable successful
fetal development. The formation and development of the placenta is one of these critical
events. This organ plays an essential role in pregnancy including fetal nourishment and gaseous
exchange.(225) The placenta, through implantation and development, modifies the uterine
circulation from one of low flow and high resistance to one of high flow and low resistance;
inadequate trophoblastic invasion predisposes to uteroplacental complications. (226) Doppler
ultrasonography can be used in pregnancy to assess the feto-placental circulation, with the
uterine artery doppler pulsatility index (PI) indicating vascular resistance on the maternal side
of the placental circulation and the umbilical artery PI indicating the vascular resistance on the
fetal side of the placenta. Doppler ultrasound of the uterine arteries gives indirect evidence of

uterine blood flow changes in pregnancy. (227, 228)

Placental hormones, mainly secreted by the syncytiotrophoblasts in a highly regulated way, are
vital for pregnancy establishment and maintenance. Beta human chorionic gonadotropin (B-
hCG) mediated effects are essential for early pregnancy maintenance and pregnancy associated
plasma protein (PAPP-A), along with insulin-like growth factors, is involved in invasion of the
endometrium and regulation of fetal growth. (229) As these hormones are released into the
maternal circulation, they can be targeted as biomarkers for the prediction of pregnancy
complications; PAPP-A and B-hCG are efficient serum markers in first trimester screening for
chromosomal abnormalities. (229, 230) In addition, there is evidence that low PAPP-A in the
first trimester can also be associated with fetal growth restriction (FGR) and pre-eclampsia

(PE). (231)

Normal pregnancy is associated with significant maternal cardiovascular and haemodynamic

changes that are needed to support fetal growth. Systemic vasodilation leads to a reduction in
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resistance and an increase in stroke volume (SV) and cardiac output (CO) ensuring optimal
blood supply to the placenta and fetus. (28) Maternal haemodynamic function had become an
area of interest in the pathophysiology of healthy and complicated pregnancy. In healthy
pregnancy, it has been shown that maternal CO from preconception and early pregnancy can
influence third trimester fetal growth and birth weight (BW). It is thought that a low maternal
CO and high resistance state results in reduced placental perfusion. As the timing of the
haemodynamic changes occur prior to the development of a functional placental unit at 12
weeks, it has been suggested that the maternal cardiovascular system, rather than
primary placental dysfunction, is the origin of pregnancy complications. (59) The competence
of maternal cardiovascular function may determine the quality of the placental and fetal
circulation, which links maternal CO with changes in the maternal uterine and fetal umbilical
doppler. (232) Lower maternal CO and higher peripheral vascular resistance (PVR) have been
shown to be associated with a higher umbilical and uterine artery impedance; both are key
indicators of fetal growth restriction. (232, 233) Tay et al. reported that uterine artery PI was
higher in fetal growth restriction with or without pre-eclampsia (PE) but not in PE alone. They
reported a negative relationship between CO and uterine and umbilical artery PI and a positive
relationship between PVR and uterine and umbilical PI. (232) A recent large study of normal
pregnancy in the third trimester found that placental function, assessed by placental growth
factor and soluble fms-like tyrosine kinase 1, were non-lineally associated with CO and PVR.
In addition, estimated fetal weight was positively and negatively associated with CO and PVR
respectively. They concluded that although causal mechanisms could not be established, there
is evidence of a significant relationship between maternal hemodynamic function and
fetoplacental needs. (234) Further to this, a longitudinal study of left atrial (LA) volume index
found that it successfully depicts cardiac adaptation to hemodynamic changes in pregnancy
and an increase in LA volume index negatively correlated with uterine artery PI, reflecting a

pronounced cardiac adaptation to increased blood volume in pregnancy. (235)

Obesity is known to have several cardiovascular implications outside of pregnancy with
increased SV and heart rate (HR) leading to increased CO, changes in cardiac geometry and
compromised diastolic and sometimes systolic function. (6) The cardiovascular adaptation to
pregnancy in obese women is associated with increased blood pressure (BP), CO and left
ventricle (LV) mass. Cardiac index (CI), the CO corrected for body surface area, has been
reported as both high and low in obese pregnant women compared to normal BMI pregnant

women. (72, 236) Obesity is associated with adverse pregnancy outcomes, notably
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hypertensive disorders. Studies of obese pregnant women report a hyperdynamic circulation
with high CO and low resistance with evidence of reduced diastolic and systolic function,
compared to non-obese pregnant women. This maladaptation has been thought to be linked to

adverse outcomes in this population.

With regard to placental function in obesity, a large study of 4212 women that found that the
physiological reduction in uterine artery PI during gestation was significantly less in
overweight and obese compared to normal weight women. They conclude that there may be
reduced baseline compliance in the uterine vasculature leading to impaired remodelling and
an inadequate reduction in the uterine artery PI, which may be related to an increased
incidence of placenta-related diseases in this population. (237) A population based study of
maternal characteristics found higher pre-pregnancy BMI was associated with higher third-
trimester uterine artery RI. (238) Another longitudinal study reported that in the second and
third trimesters, obese women with BMI >40 had higher mean uterine artery PI compared to
normal weight women. (239) Conversely, a study at term found that normal weight,
overweight and obese women have similar maternal and fetal blood flow parameters.

However, there was a positive association between BMI and uterine artery RI. (240)

Studies of the maternal cardiovascular system and placental function in obese pregnant
women are limited. A longitudinal study of cardiac performance in obese pregnant compared
to normal BMI pregnant women, reported that in both groups there was significant decrease
in uterine PI from the first to the third trimester, however, there was a smaller decrease in the
obese group. In the whole cohort, CI measured in the first trimester negatively correlated
uterine artery resistance index (RI) measured in the third trimester. Cardiac index and LV
mass were independent predictors of upper quartile uterine artery RI in the third trimester.
The authors concluded that a relationship exists between maternal cardiac adaptation and
uterine arteries flow pattern and that lower CI can affect spiral artery remodelling in early
pregnancy, which may lead to placental hypoperfusion in later pregnancy in obese women.

(236)

As described, there is evidence that haemodynamic indices are associated with placental
function and BW in normal pregnancy. (234) Furthermore, overweight and obese pregnant
women demonstrate a lesser reduction in uterine artery PI with gestation, compared to normal
weight pregnant women. (237) Only one study has considered the association of maternal

haemodynamic indices with placental function but the results were reported for the whole
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population rather than just the obese group. (236) The aim of the current study was to
investigate longitudinally the association of maternal cardiovascular function with placental
function and BW, as assessed by measurements of PAPP-A, B-hCG, uterine artery Pl and BW

percentile, in overweight/obese pregnant women.

Hypothesis

Maternal cardiovascular function is associated with placental function and BW in

overweight/obese pregnant women.
Aims

1. Investigate the association of maternal cardiovascular function with placental function,
as assessed by first trimester PAPP-A, B-hCG levels and uterine artery doppler
assessment in overweight/obese pregnant women.

2. Investigate the association of maternal cardiovascular function with BW percentile in

overweight/obese pregnant women.

Methods

This was a prospective, observational, longitudinal study. Pregnant women were recruited from
April 2018 to June 2020 at Chelsea & Westminster Hospital, London, UK. Participants were
identified through a booking-perinatal database (CIMIS), as previously described, and low risk
women with a booking BMI >25 and singleton pregnancy were approached and recruited.
Participants were seen at three time points during their pregnancy, 12-14, 20-24 and 30-32
weeks and women that attended at least two out of three research visits were included in this
study. Maternal characteristics, including age, parity, race, smoking status, method of
conception and medication history were recorded in the research database. Maternal weight,
height and manual BP were calculated and recorded. PAPP-A and B-hCG were measured as
part of the first trimester combined screening test (nuchal translucency, PAPP-A and B-hCG)
for chromosomal abnormalities and was recorded as multiples of median (MoM). Transvaginal
ultrasound scans were performed at each visit using a 5-9 MHz probe (Voluson E8 GE
Healthcare system, USA). Pulsed wave Doppler was used to assess the utero-placental

circulation. Three consecutive waveforms of the left and right uterine arteries were obtained
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and the mean of two readings of the PI was recorded. (126) At each visit, the maternal
cardiovascular function was assessed by 2D and Doppler trans-thoracic echocardiography
using the iE33 Ultrasound System (Philips Ultrasound, USA) equipped with a S5-1 transducer
(frequency 1-5MHz). The echocardiography methodology is described in further detail in
Chapter 2. Cardiovascular parameters assessed included systolic blood pressure (SBP),
diastolic blood pressure (DBP), heart rate (HR), CO, stroke volume (SV), total peripheral
resistance (TPR), left atria (LA) volume, mitral inflow velocity E-wave/A-wave (E/A) ratio

and ejection fraction (EF).

Information on pregnancy outcomes were obtained from the Hospital’s perinatal database.
Development of gestational diabetes (GDM) and hypertensive disorders of pregnancy were
defined as previously described (Chapter 2). Birth weight percentiles were calculated as

previously described (Chapter 2).

Statistical analysis

Pearson’s correlation coefficient (R) was used to evaluate the correlation between cardiac
parameters and PAPP-A, B-hCG, uterine artery Pl and BW percentile. Regression analysis was
used to assess whether correlations remained significant after consideration of the influence of

maternal characteristics including gestation, maternal age, race and development of GDM.

Results

The study included 84 pregnant women with booking BMI >25 and the maternal characteristics

of the study population are given in Table 6.1.

Table 6.1. Demographic characteristics and pregnancy outcomes of the study participants.

Variable BMI>25
N=84

Age (years) 33.3(4.8)
Racial group

White, n (%) 66 (78.6)
Other, n (%) 18 (21.4)
Body mass index at booking (kg/m?) 35.5(7.0)
Parity

177



Nulliparous, n (%) 41 (48.8)

Parous, n (%) 43 (51.2)
Conception

Spontaneous, n (%) 75 (89.2)
Assisted reproductive technology, n (%) 9 (10.7)
Smoking

No, n (%) 81 (96.4)
Yes, n (%) 3(3.6)
Hypertensive disorders of pregnancy

No, n (%) 77 (91.7)
Yes, n (%) 7 (8.3)
Gestational diabetes mellitus

No, n (%) 70 (83.3)
Yes, n (%) 14 (16.7)
Mode of delivery

Spontaneous vaginal delivery, n (%) 39 (46.4)
Operative vaginal delivery, n (%) 10 (11.9)
Caesarean section, n (%) 35(41.7)
Gestational age at delivery (weeks) 38.9 (1.6)
Birth weight (gr) 3480 (3120-3770)
Birthweight percentiles (%) 69.1 (37.4-85.2)

Data are expressed as mean (standard deviation), median (interquartile range) or n (%).

Mean uterine artery PI decreased with gestation (Table 6.2) however, there was no correlation

between BMI or weight and uterine artery PI (Table 6.3).
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Table 6.2. PAPP-A, B-hCG and mean uterine artery pulsatility index, at each trimester in

overweight and obese pregnant women.

BMI25
N=84
PAPP-A (MoM) 0.95 (0.61-1.44)
B-hCG (MoM) 0.99 (0.76-1.71)
Mean UtAPI-T1 1.58 (1.33-1.91)
Mean UtAPI-T2 1.04 (0.83-1.15)
Mean UtAPI-T3 0.81 (0.71-0.91)
UtAPI T1-T2
Mean Decrease 0.55 (0.39-0.81)
% Mean Decrease -37.55(-46.03-(-24.96))
UtAPI T2-T3
Mean Decrease 0.21 (0.11-0.36)
% Mean Decrease -18.63(-29.85-(-10.55))
UtAPI T1-T3
Mean Decrease 0.795 (0.55-1.08)
% Mean Decrease -47.31(-57.57-(-39.09))

Data are expressed as median (interquartile range), f-ACG, beta human chorionic
gonadotropin, PAPP-A (MoM), plasma protein A (multiples of median), Ut4PI, uterine artery
pulsatility index, 77-72, first trimester minus second trimester, 72-73, second trimester minus
third trimester, 7/-T3, first trimester minus third trimester

Table 6.3. Pearson’s corelation (R) of BMI and weight with mean uterine artery pulsatility

index at each trimester

BMI Weight (kg)

R P R P
UtAPI-T1 -0.01 0.91 0.03 0.98
UtAPI-T2 0.09 0.36 0.11 0.33
UtAPI-T3 0.12 0.27 0.07 0.57

UtAPI, uterine artery pulsatility index, 77, first trimester, 72, second trimester, 73, third
trimester

We next investigated the association of maternal haemodynamic parameters and placental
function/ BW percentile (Table 6.4). We found that first and second trimester SBP negatively
correlated with PAPP-A and the first trimester HR positively correlated with BW percentile.
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Table 6.4. Pearson’s correlation of maternal blood pressure and heart rate with PAPP-A, -

hCG uterine artery PI and BW percentile at each trimester, in overweight/obese pregnant

women.
BW percentile | PAPPA B-hCG Mean UtAPI- | Mean UtAPI- | Mean UtAPI-
(MoM) (MoM) T1 T2 T3
R P R P R P R P R P R P
Logio SBP-T1 0.10 042 | -0.27 | 0.02 | -0.07 | 0.54
-0.09 1042 |-0.02 |0.88 |-0.19 |0.10
LogioSBP-T2 | 0.10 042 | -0.26 | 0.02 | -0.08 | 0.54
-0.09 1042 |-0.02 | 0.88 |-0.19 |0.10
LogioSBP-T3 | 0.05 0.67 | -0.22 | 0.07 | -0.03 | 0.791
-0.11 1033 |-0.16 | 0.18 | -0.07 | 0.53
LogioDBP-T1 | 0.03 0.82 [0.03 |0.83|0.15 |0.199
-0.05 | 0.64 ]0.02 |0.8 |-0.08 |0.50
LogioDBP-T2 | -0.09 | 048 | -0.06 | 0.60 | 0.11 0.351
-0.08 |1 049 |-0.05 |0.68 |-0.15 |0.19
LogioDBP-T3 | -0.06 | 0.64 | -0.09 | 0.46 | 0.08 | 0.511
-0.07 1057 |-0.10 | 0.37 |-0.21 | 0.07
LogioHR-T1 0.23 0.04 |-0.14 |023]-0.01 |0918 |0.04 |0.74 |-0.08 |048 |0.12 |0.30
LogioHR-T2 0.20 0.08 |-0.13 | 0.25|-0.14 | 0.237 | 0.05 0.64 |-0.13 |0.23 0.11 0.33
LogioHR-T3 0.17 0.14 | -0.08 | 0.51 | -0.09 | 0.456 | 0.01 099 |-0.16 | 0.16 |-0.06 |0.59

SBP, systolic blood pressure, DBP, diastolic blood pressure, HR, heart rate, 7'/, first
trimester, 72, second trimester, 73, third trimester, BW, birth weight percentile, 5-hCG, beta
human chorionic gonadotropin, PAPP-A (MoM), plasma protein A (multiples of median),

UtAPI, uterine artery pulsatility index

We investigated the association between maternal cardiovascular parameters and placental

function/ BW percentile (Table 6.5) and found that in all trimesters, CO positively and TPR

negatively correlated with BW percentile. Left atrial volume in the first and second trimester

positively correlated with BW percentile and negatively correlated with the first trimester mean

uterine artery PI.

Table 6.5. Pearson’s correlation of cardiac output, stroke volume, total peripheral resistance

and left atrial volume with PAPP-A, B-hCG, uterine artery pulsatility index and birth weight

percentile at each trimester in overweight/obese pregnant women.

BW percentile PAPP-A (MoM) | B-hcg Mean Mean UtAPI-2 Mean UtAPI-3
(MoM) UtAPI-1
R P R P R P R P R P R P
LogioCO-T1 0.29 0.01 | -0.09 0.45 0.16 | 0.18 | -0.02 | 0.85 | -0.06 0.63 -0.06 | 0.61
LogioCO-T2 0.29 0.01 -0.12 0.30 004 | 074 | 001 | 1.00 | -0.12 030 | -0.05 | 0.67
LogioCO-T3 0.36 <0.01 | -0.03 0.80 -0.02 ] 0.89 | 0.02 | 0.88 | -0.12 0.30 0.06 0.60
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Logio TPR-T1 -0.31 0.01 0.08 0.52 -0.12 | 0.31 | -0.02 | 0.86 0.05 0.68 0.01 0.99
Logio TPR-T2 -0.30 0.01 0.05 0.69 -0.03 | 0.82 | -0.04 | 0.73 0.10 0.36 -0.03 0.78
Logio TPR-T3 -0.38 <0.01 | -0.03 0.79 0.02 | 0.88 | -0.06 | 0.63 0.06 0.62 -0.13 0.28
LogioSV-TI 0.17 0.12 -0.01 0.96 0.18 | 0.11 | -0.05 | 0.66 -0.01 0.94 -0.16 0.19
LogioSV-T2 0.19 0.09 -0.05 0.69 0.12 | 0.28 | -0.03 | 0.78 -0.05 0.69 -0.12 0.30
LogioSV-T3 0.32 <0.01 0.02 0.90 0.03 | 0.78 | 0.02 | 0.86 -0.04 0.76 0.12 0.32
Logio)LAV-TI 0.29 0.02 0.07 0.55 0.13 | 0.29 | -0.28 | 0.01 -0.02 0.85 -0.11 0.39
Logio)LAV-T2 0.30 0.01 0.00 1.00 0.2 0.09 | -0.14 | 0.22 -0.02 0.85 -0.07 0.55
LogioLAV-T3 -0.02 0.85 -0.07 0.55 0.18 | 0.15 | 0.15 | 0.20 0.02 0.88 0.00 0.99
CO, cardiac output, TPR, total peripheral resistance, SV, stroke volume, LAV, left atrial volume, T/,
first trimester, 72, second trimester, 73, third trimester, BW, birth weight percentile, f-hCG, beta
human chorionic gonadotropin, PAPP-A (MoM), plasma associated placental protein A (multiples of
median), UtAPI, uterine artery pulsatility index.
We assessed the correlation of maternal systolic/diastolic function (EF and E/A ratio) with
placental function (Table 6.6). In particular, second trimester ejection fraction inversely
correlated with mean uterine artery PI in the 3rd trimester.
Table 6.6. Pearson’s corelation of left ventricle ejection fraction and E-wave/A-wave ratio with
PAPP-A, B-hCG, uterine artery pulsatility index and birth weight percentile at each trimester
in overweight/obese pregnant women
BW PAPP-A B-hCG Mean UtAPI- | Mean UtAPI- | Mean UtAPI-
percentile (MoM (MoM) T1 T2 T3
R P R P R P R P R P R P
LVEF (%)-T1 | -0.03 | 0.78 | 0.05 | 0.70 | 0.06 0.60 | -0.12 | 0.31 | 0.01 1.00 | -0.17 | 0.16
LVEF (%)-T2 | -0.16 | 0.05 | 0.05 | 0.68 | -0.04 | 0.73 | -0.01 0.91 | 0.01 0.97 | -0.29 | 0.01
LVEF (%)-T3 | -0.16 | 0.16 | 0.10 | 0.40 | 0.04 0.73 | -0.06 | 0.61 | -0.01 | 0.94 | -0.07 | 0.55
E/A-T1 -0.16 | 0.16 | 0.10 | 039 | 0.16 0.17 | 0.02 0.88 | -0.06 | 0.62 | -0.10 | 0.42
E/A-T2 -0.05 | 0.69 | 0.04 |0.74 | 0.08 0.50 | 0.15 0.18 | 0.23 0.05 | 0.01 1.00
E/A-T3 -0.17 | 0.13 | 0.14 | 0.23 | 0.23 0.06 | 0.05 0.68 | 0.11 0.34 | 0.10 0.39

EF, ejection fraction, E/A4 ratio, E-wave/A-wave ratio, T1, first trimester, 72, second trimester, 73, third
trimester, BW, birth weight percentile, f-2CG, beta human chorionic gonadotropin, PAPP-4 (MoM),
plasma associated placental protein A (multiples of the median), UtA P, uterine artery pulsatility index.
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Regression analysis was used to assess whether correlations remained significant after the
influence of maternal characteristics, including gestation at assessment, maternal age, race and
development of GDM (Tables 6.7 and 6.8) After adjustment for maternal characteristics, CO
(all trimesters) and LA volume (first and second trimesters) remained positively and TPR (all
trimesters) remained negatively associated with BW percentile respectively (Figures 6.1-6.2).
Left atrial volume in the first trimester remained positively correlated with uterine artery PI

and SBP in the second trimester negatively correlated with PAPP-A (Table 6.7 and 6.8).

Table 6.7. Linear regression model of cardiac output, total peripheral resistance and left atrial
volume with birth weight percentile, after adjustment for gestation, maternal age, race and

development of gestational diabetes

BW percentile
R P
Logio CO-T1 0.39 0.03
Logio CO-T2 0.42 0.01
Logio CO-T3 0.46 <0.01
Logio TPR-T1 -0.42 0.01
Logio TPR-T2 -0.44 0.01
Logio TPR-T3 -0.47 <0.01
LogioLAV-T1 0.41 0.02
LogioLAV-T2 0.43 0.01
LogioLAV-T3 0.3 0.31

CO, cardiac output, TPR, total peripheral resistance, LAV, left atrial volume, T/, first
trimester, 72, second trimester, 73, third trimester, BW, birth weight

Table 6.8. Linear regression model of systolic blood pressure and PAPP-A, after adjustment

for gestation, maternal age, race and development of gestational diabetes

PAAP-A

R P
Logi0SBP-1 0.38 0.06
LogiSBP-2 0.21 0.03
LogioSBP-3 0.34 0.14

SBP, systolic blood pressure, PAPP-A (MoM), plasma associated placental protein A
(multiples of the median)
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Figure 6.1. Correlation of cardiac output and birth weight percentile in each trimester
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Discussion

The study has shown that maternal CO and LA volume positively and TPR negatively
correlated with BW percentile. Furthermore, in the first trimester, LA volume negatively
correlated with uterine artery PI and SBP in the second trimester negatively correlated with
PAPP-A. These correlations remained significant even after adjustment for maternal
characteristics. Our results show an association between maternal hemodynamic indices and

placental function and BW in overweight and obese pregnant women.

In keeping with expected physiological changes, uterine artery PI decreased with gestation
between the first and second trimester (37.6%) and between the second and third trimester
(18.6%). Our findings are similar to those reported in overweight/obese pregnant women,
second to third trimester decrease of 21.3% in overweight/obese vs 25.7% in normal BMI
pregnant women. (237) It is also reported that BMI is positively associated with uterine artery
RI. (238, 240) In our study we did not find a correlation between BMI and uterine artery PI;

this could have been due to the smaller sample size.

When correlating haemodynamic indices to placental function, we found that in all trimesters,
maternal CO positively and TPR negatively correlated with BW percentile. In addition, LA
volume in the first and second trimester also positively correlated with BW percentile and
second trimester SBP negatively correlated with PAPP-A. Studies of normal BMI pregnant
women also report similar association indicating that maternal cardiovascular changes may
play an important role in determining fetal growth and BW. (58, 59, 234, 241, 242) We report
that this correlation can be extended to overweight/obese pregnant women. Left atrial volume
in the first trimester negatively correlated with mean uterine artery PI, this is similar to a study
in normal weight pregnant women that reported a similar negative corelation between LA
volume and uterine artery PI and concluded that a lower resistance in the uterine arteries is a
reflection of a more pronounced cardiac adaptation to increased blood volume depicted by the

increase in the LA volume. (235)

In recent years it has been considered that PE and FGR may have a cardiovascular rather than
placental origin. (47, 53) Both cardiovascular disease and PE have shared risk factors including
advanced maternal age, weight, ethnicity and development of diabetes. It is thought that
placental oxidative stress or hypoxia is associated with the relative balance of cardiovascular

functional reserve and the cardiovascular volume/resistance load of pregnancy. (47) Studies of
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PE have reported altered haemodynamic indices with high CO and low resistance both before
and at the clinical onset of PE. (55, 56, 223) In addition, it has been shown that women
destinated to develop PE have abnormal cardiac geometry and diastolic dysfunction in the pre-
clinical phase. (53) Furthermore, there is an increased risk of cardiovascular disease long-term
despite the general notion that delivery is the ‘cure’ for PE and 50% of women will continue

to have persistent hypertension.(50, 243)

Early onset PE is more commonly associated with FGR and characterised by low CO and high
TPR, whereas late PE is associated with high CO and low TPR. (46, 55) Raised uterine artery
resistance is reported in early PE corresponding with increased growth restriction, whereas, in
late onset PE, BW is normal or even increased with no increase in uterine artery resistance.
(244, 245) Our findings of uterine artery PI in the overweight/obese population in the three
trimesters of pregnancy were similar to that of normal references ranges suggesting that
placental function is not different in our population and that late PE may be due to maternal

cardiovascular compromise rather than placental dysfunction. (246)

Conclusion

We build on existing evidence of a direct link between haemodynamic function (SBP, CO,
TPR and LA volume) and placenta-dependent indices and have shown that this relationship

extends to overweight/obese pregnant women.
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Chapter 7

Effect of post-bariatric maternal weight
loss and surgery to conception interval on
perinatal outcomes of nulliparous women

Abstract

Background: Bariatric surgery is associated with an increased risk of delivering a small

neonate. The role of maternal weight loss and surgery to conception interval is unclear.

Objectives: To investigate the effect of maternal weight loss, as a result of bariatric surgery,

and surgery to conception interval on fetal growth and birthweight

Methods: This was a prospective study of nulliparous women with previous bariatric surgery.
The type of surgery, time and pre-surgery weight was recorded, surgery-to-conception interval
was calculated as the time between surgery and conception, defined as the fourteenth day of
the pregnancy dated by first trimester ultrasound scan. Maternal weight was measured in the
first trimester and maternal weight change between pre-surgery and the first trimester of
pregnancy was defined as total weight loss. Fetal ultrasound scans were performed twice; 30-
32 and 35-37 weeks gestation and estimated fetal weight was calculated. Fetal growth rate was
calculated as the ratio of EFW increase (gr) between 30-32 and 35-37 weeks divided by the

time interval (days) between the two examinations. Birth weight was recorded.

Results: The study included 54 pregnant women; 26 with a restrictive procedure (gastric band
or vertical sleeve gastrectomy) and 28 with a gastric bypass. Surgery to conception interval
was not a significant predictor of the offspring’s growth, however, maternal total weight loss
was a significant predictor of fetal growth rate and predictor of birth weight, which remained

after adjustment for confounders.

Conclusions: Maternal weight loss, as a result of bariatric surgery, has an inverse correlation

with fetal growth rate and birth weight.
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Introduction

The rates of obesity are rising worldwide and in the UK, the latest NHS statistics report 60%
of women overweight and 29% obese. (247) Many of these women are of reproductive age.
The adverse effects of obesity are well known, notably this increased risk of developing
metabolic syndrome, diabetes, cardiovascular disease and death. (248) Lifestyle changes
and pharmacological treatment has been predominantly unsuccessful in achieving and
maintaining normal weight. (249) Conversely, bariatric surgery is proven to be the most
successful treatment for sustainable weight loss and the number of procedures performed is
increasing yearly. (79) Considering the beneficial effects of weight loss on health as well as
fertility, it is unsurprising the number of women entering pregnancy having had a previous
bariatric surgery is increasing. (250) Large studies show that that bariatric surgery improves
pregnancy outcomes by reducing the rate of gestational diabetes (GDM), pre-eclampsia (PE)
and delivery of large-for-gestational age (LGA) neonates. However, surgery is also
associated with an increased rate of small-for-gestational age (SGA) neonates. (111, 114)
Several factors may determine the impact of bariatric surgery on pregnancy outcomes, but
many of them have not been sufficiently investigated. It is recommended that pregnancy
should be avoided in the first 12-24 months following bariatric surgery due to the theoretical
harmful effect of maternal nutritional deficiencies on the fetal development (251) but a
number of retrospective studies investigating the effect of surgery-to-conception interval on
perinatal outcomes have shown no clear correlation between timing and pregnancy outcomes,
including birthweight (BW). (252-254) Nevertheless, none of the previous studies have
assessed the correlation of the amount of weight loss after bariatric surgery, with pregnancy
outcomes. Furthermore, although most of published studies based their investigations on data
from the first pregnancy following bariatric surgery, they all included both nulliparous and
parous women, without taking into consideration the previous obstetric history. Parity is
predictor of pregnancy outcomes and known to influence the risk of developing PE, GDM,
preterm delivery, LGA or SGA neonate and as a result, lack of adjustment for previous
obstetric history may have masked some of the effects of the surgery on pregnancy outcomes.

(255-259)

The aim of this study was to investigate the effect of maternal weight loss and surgery to
conception interval on the pregnancy outcome, in particular fetal growth and BW, in

nulliparous women with previous bariatric surgery.
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Methods

This was a prospective, observational, longitudinal study. Pregnant women were recruited from
May 2015 to April 2020 at Chelsea & Westminster Hospital, London, UK. Participants were
identified through a booking-perinatal database (CIMIS). Following the 1% trimester scan,
participants were approached by members of the research team and recruited if they were
nulliparous women with singleton pregnancies and had previous bariatric surgery. Maternal
demographics were obtained at the first research visit and recorded in our database. Information
on the type, time of the bariatric surgery and weight prior to the procedure was self-reported.
Assessment of maternal weight change between pre-surgery and first trimester of pregnancy
was defined as percent total weight loss (change) (%TWL) = (pre-surgery weight- early
pregnancy weight)/pre-surgery weight. Surgery-to-conception interval was calculated as the
time (in months) between surgery and conception which was defined as the fourteenth day of
pregnancy, as determined by the first trimester ultrasound scan. Women recruited prior to
December 2017 underwent a 75gr 2h oral glucose tolerance tests (OGTT) at 27-30 weeks of
gestation and GDM was defined according to NICE guidelines of fasting plasma glucose level
>5.6mmol/L and/or a 2-hour plasma glucose level of >7.8mmol/L. (128) Following
publications that OGTT may not be reliable for GDM diagnosis in women with previous gastric
bypass surgery, women recruited after December 2017 had capillary blood glucose monitoring
for two weeks as a diagnostic test for GDM. (127) Fetal ultrasound examinations were
performed twice at 30-32 and 35-37 weeks’ gestation and estimated fetal weight (EFW) was
calculated based on measurements of fetal head circumference (HC), abdominal circumference
(AC) and femur length (FL). (260) Fetal growth rate was calculated as the ratio of EFW
increase (in gr) between 30-32 and 35-37 weeks divided by the time interval (in days) between
the two examinations. Information on pregnancy outcomes was obtained from the Hospital’s
perinatal database. Birth weight (BW) percentiles were calculated using fetal weight and
gestation according to the Fetal Medicine Foundation. (131) Small-for-gestational age (SGA)
was defined as BW less than the 10™ percentile for the gestation. Large-for-gestational age

(LGA) was defined as BW more than the 90™ percentile for the gestation.

Statistics

After assessment of normality data were expressed as mean (standard deviation) or as median

(interquartile range) for normally and not normally distributed data respectively and as a
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percentage for categorical variables. Non-parametric data was made Gaussian after logio
transformation. Pearson’s correlation coefficient (R) was used to evaluate the correlation
between variables and variables with a univariate test p value of 0.15 were entered into a

multiple regression analysis model.

Results

The study included 54 nulliparous women with a previous bariatric surgery; 26 with a
restrictive procedure (gastric band or vertical sleeve gastrectomy) and 28 with a previous
gastric bypass. The maternal demographics and pregnancy outcomes of the study participants

are given in Table 7.1.

Table 7.1. Maternal demographic characteristics and pregnancy outcomes of the study
participants

Parameters All

n=54
Maternal age (years) 33.31 (5.8)
Racial group
White, n (%) 46 (85.2)
Other, n (%) 8 (14.8)
Smoking
No, n(%) 51 (94.4)
Yes, n(%) 3(5.6)
Method of conception
Spontaneous, n(%) 48 (88.9)
Assisted Reproductive Technology, n(%) 6 (11.1)
Type of bariatric surgery
Gastric band, n (%) 11(20.4)
Vertical sleeve gastrectomy, n (%) 15 (27.8)
Gastric bypass, n (%) 28 (51.8)
Pre-surgery weight (kg) 126.3 (25.0)
Pre-surgery BMI (kg/m?) 46.6 (8.3)
Surgery to early pregnancy total weight loss (kg) 35.4 (20.7)
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Surgery to early pregnancy total weight loss (%) 26.8 (14.2)
Body mass index reduction (kg/m?) 13.3(7.4)
Body mass index reduction (%) 27.5(13.4)
Surgery to conception time interval (months) 49.9 (31.4)
Booking weight (kg) 90.5 (18.8)
Booking body mass index (kg/m?) 33.1(6.3)

Estimated fetal weight at 30-32 weeks (gr)

1745.6 (236.6)

Estimated fetal weight at 35-37 weeks (gr)

2651.4 (348.1)
(n=51)

Fetal growth rate (gr/day) 28.8 (6.5)

(n=51)
Birthweight (gr) 3070.9 (564.2)
Birthweight (percentile) 34.1(32.3)
Gestational age at delivery (weeks) 39.1(1.4)
Small for gestational age, n(%) 18 (33.3)
Large for gestational age, n(%) 5(9.3)

Estimated fetal weight at 30-32 weeks (gr)

1745.6 (236.6)

Mode of delivery

Vaginal, n(%) 29 (53.7)
Caesarean section, n(%) 25 (46.3)
GDM

No, n(%) 43 (79.6)
Yes, n(%) 11(20.4)
Hypertensive disorders

No, n(%) 51 (94.5)
Yes, n(%) 3(5.6)

Compared to women with a previous restrictive procedure, those with a gastric bypass had
higher pre-surgery weight [117.5 (27.0) kg vs 134.2 (20.5) kg; p=0.01], pre-surgery BMI [43.9
(8.2) kg/m? vs 49.0 (7.7) kg/m?; p=0.02), pre-surgery to early pregnancy weight loss [20.9
(15.0)% vs 32.1 (11.4)%; p=0.003) and pre-surgery to early pregnancy BMI reduction [22.1
(13.7)% vs 32.2 (11.3)%; p=0.005]. Most of the women conceived spontaneously and only five

women conceived within 12 months of the surgery.
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In the whole group of 54 women, we aimed to identify which of the surgery, maternal
demographic and pregnancy characteristics could have an effect on fetal growth rate and BW,

our univariate analyses are given in Table 7.2.

Table 7.2. Multivariate analyses of surgery, maternal demographics and pregnancy

characteristics with fetal growth rate and birthweight

Parameters P value

Fetal growth rate | Birthweight
Surgery to conception interval 0.07 0.3
Total weight loss, % <0.01 <0.01
Type of bariatric surgery
Restrictive versus malabsorptive 0.27 0.18
Malabsorptive versus others 0.26 0.18
Gastric band versus others 0.19 0.19
Vertical sleeve gastrectomy versus others 0.96 0.74
Maternal age, yr 0.99 0.21
Maternal racial group (White versus others) 0.89 0.79
Maternal smoking, yes/no 0.39 0.21
Method of conception (spontaneous) 0.51 0.28
First trimester maternal body mass index, kg/m2 0.08 0.22
Development of preeclampsia, yes/no 0.47 0.87
Presence of glucose intolerance, yes/no 0.8 0.89
Gestational age at delivery, wk - 0.001

The following correlations with fetal growth rate were found: surgery to conception interval
(p=0.07), TWL (%) (p=<0.01) (Figure 7.1), type of bariatric surgery (p=0.27), maternal age
(p=0.99), racial group (p=0.89), smoking (p=0.39), method of conception (p=0.51), first
trimester maternal BMI (p=0.08), development of PE (p=0.47) and presence of glucose
intolerance (p=0.80). First trimester maternal BMI, surgery to conception interval and TWL
(%) were then entered into a multiple regression model and the latter remained a negatively
correlated with fetal growth rate (p=0.04), even after adjustment for first trimester maternal

BMI (p=0.76) and surgery to conception interval (p=0.26).

As far as BW is concerned, the following correlations were found: surgery to conception
interval (p=0.30), TWL (%) (p=<0.01) (Figure 7.1), type of bariatric surgery (p=0.18),
maternal age (p=0.21), racial group (p=0.79), smoking (p=0.21), method of conception
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(p=0.28), first trimester maternal BMI (p=0.22), gestational age at delivery (p=0.001)
development of PE (p=0.87) and presence of glucose intolerance (p=0.89). Maternal TWL and
gestational age at delivery were then entered into a multiple regression model and TWL
remained negatively correlated with BW (p=<0.01), even after adjustment for the gestational
age at delivery (p<0.01). The results were unchanged if BMI reduction, instead of TWL, was

examined.

P=<0.01 P=<0.01

3500
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Fetal growth rate (griday)
Birthweight (gr)
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10+ . 1500
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Pre-surgery to early pregnancy weight loss (%) Pre-surgery to early pregnancy weight loss (%)

Figure 7.1 Correlation of maternal pre-surgery to early pregnancy weight loss and fetal

growth rate (left) and birthweight (right)

Discussion

The study has showed that total maternal weight loss from pre-bariatric surgery to early
pregnancy in nulliparous women has a negative association with fetal growth rate in the third
trimester and BW. Conversely, surgery to conception time interval does not seem to have an

impact on pregnancy and neonatal outcome in these women.

Weight loss following bariatric surgery is thought to be multifactorial and involving the
BRAVE effect; Bile flow alteration, Reduction of gastric size, Anatomical gut rearrangement
and altered flow nutrients, Vagal manipulation and Enteric gut hormone regulation. (261)
Bariatric surgery and the decreased protein consumption has been shown to cause a breakdown
of tissues and organs such as muscles. (262) Studies in pregnant mice have shown that maternal
low protein diet changed the placental structure and function of the labyrinth zone and was
associated with delayed spongiotrophoblast hyperplasia and hypertrophy. (263) Further animal
studies have shown that protein restricted diet resulted in pre-pregnancy weight reduction,
alteration in the placental vasculature with a reduction in total vascular length, surface area,

volume and density together with a reduction in BW. (264) Studies in pregnant women have
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also shown that inter-pregnancy weight reduction of >2 BMI units was associated with
recurrent birth of an SGA neonate. (265) A population-based study looking at the effect of
maternal weight change between pregnancies showed that obese women with inter-pregnancy
BMI reduction of > 8 BMI units had double the risk of delivering an SGA neonate. (266) Given
these reported findings, we would anticipate that in higher weight loss, such as our population,
(loss of 13 BMI units), the effect on BW would be more pronounced. In keeping with this, we
have demonstrated that excessive maternal weight loss, following bariatric surgery, has an
adverse impact on the in-utero growth and BW of the offspring. It is not possible to establish
whether higher maternal weight loss is the result of surgically induced severe malabsorption or
of the women’s self-motivation. Regardless of method, weight loss is a measurable and
modifiable factor. Our findings indicate that, the degree of weight loss, as a result of the
surgery, could be adjusted, at least for women of reproductive age, in order to achieve the right
balance between the anticipated benefits to the mother and the potential risk of adverse

outcome in future pregnancies.

With regard to timing of conception, there is a general belief and recommendation that
following bariatric surgery, pregnancy should be delayed for 12-24 months in order to avoid
any adverse effects that rapid maternal weight loss can have on fetal development and weight.
(251) However, studies have shown that surgery to conception interval, less or more than 12
or 18 months, does not have a negative effect on pregnancy outcomes. (252-254) Conversely,
a recent study has shown that conception within 6 months of surgery may have a detrimental
effect on BW. (267) Our study is in keeping with most of the previous findings showing that,
surgery to conception interval was not an important predictor of fetal growth or BW, our

population conceived on average 4 years following surgery.

A strength of our findings is that we prospectively studied, only, nulliparous women with
previous bariatric surgery. Most of the studies assessing the effect of surgery on pregnancy
outcomes have been retrospective and included both nulliparous and parous women. Parity,
and especially delivery of a previous LGA neonate, is known to increase the BW and the risk
of another large neonate in subsequent pregnancies, even after adjustment for other maternal
characteristics. (258) Although all studies adjusted for parity, none of them considered the
previous obstetric history in their analyses. Therefore, inclusion of parous women, the majority
of who are likely to have had previous large babies in view of their high BMI, may have masked

the effect of surgery-related characteristics to pregnancy outcome. In our study the pre-surgery
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weight was self-reported and therefore there is a potential for re-call bias. However, women
undergoing weight loss surgery are intrinsically aware of their weight, it is unlikely that this is

a significant source of bias.

Conclusion

We have shown that in nulliparous women with previous bariatric surgery, excessive maternal
weight loss, as a result of the surgery, appears to have a negative effect on fetal growth rate
and BW of their offspring. Although larger future studies are needed to affirm our findings,
consideration and guidance should be given to achieving an ideal weight loss, in women of
reproductive age in order to prevent an adverse effect on the outcome of their future

pregnancies.
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Chapter 8

Final Summary and Discussion

Normal pregnancy requires significant cardiovascular changes and maladaptation along with
cardiovascular reserve has been associated with developing hypertensive disorders and growth
restriction. Obesity in pregnancy is associated with significant risks including hypertensive
disorders, gestational diabetes and large-for-gestational-age neonates. With an increasingly
obese population, bariatric surgery is a popular and effective treatment for sustained weight
loss with the number of operations increasing yearly. Many of those undertaking bariatric
surgery are women of childbearing age and pregnancy following bariatric surgery is known to
reduce the risk of hypertensive disorders. Nevertheless, there are limited longitudinal studies
on the cardiovascular adaptation to pregnancy in obese pregnant women and the cardiovascular
adaptation in women with previous bariatric surgery has never previously been investigated.
This thesis has sought to investigate the cardiovascular system in pregnancy in these groups of
women to better understand the mechanisms behind the increased and decreased risk of
hypertensive disorders in obese pregnant women and women following bariatric surgery

respectively.

Principle findings

e Maternal cardiovascular adaptation in women with previous bariatric surgery compared

to women with a similar pre-surgery BMI

Our study has found significant differences between the groups in maternal haemodynamic
function, cardiac geometry and systolic and diastolic function. Maternal blood pressure, heart
rate and cardiac output were lower and total peripheral resistance higher in the post-bariatric
group. In the same group, maternal cardiac geometry differed with lower left ventricle mass

and relative wall thickness, in addition diastolic and systolic indices were more favourable.

e Maternal cardiovascular adaptation in pregnancy in women with previous bariatric

surgery compared to women with a similar early pregnancy BMI
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The study found that pregnant women with previous bariatric surgery have better
cardiovascular adaptation to pregnancy compared to women with similar early pregnancy BMI
but no history of weight loss surgery. Haemodynamically, post-bariatric pregnant women
demonstrated lower blood pressure, heart rate and cardiac output. Diastolic indices were more
favourable in the post-bariatric women and systolic function, assessed by global longitudinal
and global circumferential strain were both better in women with previous bariatric surgery.
In contrast to the former study, we did not find any difference in cardiac geometry between the

groups.

The findings from both of these studies suggest that bariatric surgery has a positive impact on
the maternal cardiovascular adaptation, which appears to be beyond to what would be expected
by weight loss as the latter study was closely matched for early pregnancy BMI. Cardiovascular
changes in pregnant women after bariatric surgery could render these women less susceptible
to the development of hypertension and therefore, give some theory to the lower prevalence of
hypertensive disorders seen in this population. Our study could also inform national guidance
regarding beneficial effects of bariatric surgery in obese women of reproductive age

contemplating pregnancy.

e Maternal cardiovascular adaptation in pregnancy in obese pregnant women compared

to women with a normal body mass index

This study has shown that, obese pregnant women have a different haemodynamic profile,
altered cardiac geometry and impaired diastolic indices compared to pregnant women with a
normal BMI. In particular, obese women have higher blood pressure, heart rate, stroke volume,
cardiac output and lower total peripheral resistance. Furthermore, obese women demonstrated
different geometry with higher left atrial diameter, left ventricle end diastolic diameter,
posterior wall thickness, relative wall thickness, left ventricular mass and left ventricular mass
index. In addition, there was evidence of impaired diastolic indices including lower mitral
inflow E-wave/A-wave ratio and tissue Doppler imaging E’ lateral/ E’ medial and higher E/E’
ratio compared to the normal BMI group. Our findings suggest suboptimal cardiac geometry,
haemodynamic and diastolic function in the obese group. Obesity and hypertensive disorders
in pregnancy both share similar cardiovascular features in their pre-clinical phase and
cardiovascular maladaptation in obese pregnant women may play a role in the mechanism of

hypertensive disorders in this population.
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e Maternal cardiovascular indices and placental function in overweight/obese pregnant

women

In our overweight/obese population we found that cardiac output and left atrial volume
positively and total peripheral resistance negatively correlated with birthweight percentile.
Furthermore, in the first trimester, left atrial volume negatively correlated with uterine artery
pulsatility and systolic blood pressure in the second trimester negatively correlated with PAPP-
A. These correlations remained significant even after adjustment for maternal characteristics.
We build on existing evidence and show an association between maternal hemodynamic

indices and placental function and birthweight in overweight/obese pregnant women.

e Effect of post-bariatric maternal weight loss and surgery to conception

interval on perinatal outcomes of nulliparous women

This study showed that total maternal weight loss from pre-bariatric surgery to early pregnancy
in nulliparous women has a negative association with fetal growth rate in the third trimester
and BW. Conversely, surgery to conception time interval did not seem to have an impact on

pregnancy and neonatal outcome in these women.

Limitations

Limitations of echocardiography

Although echocardiography is a non-invasive, inexpensive and easily accessible method for
the cardiovascular assessment it has significant limitations. Technical issues include image
quality and measurement errors. For the CO, measurement of LVOT diameter relies on the
proper longitudinal plane and correct identification of the tissue-blood interface. As the CSA
is proportional to the square of the diameter, any error made will also be squared. Accurate
Doppler measurements relies on the ultrasound beam being parallel to the blood flow and a
proper apical-5-chamber view is imperative. Doppler assessment of diastolic function
requires parallel alignment of the Doppler beam and is heart rate and load dependant. The
diagnosis of diastolic dysfunction involves a complex algorithm of several measurements.
Estimation of EF also has significant drawbacks, it is dependant on image quality,
foreshortening of the LV from transducer positioning errors is common, it requires geometric

assumptions and is load dependant. Similarly, estimation of LV mass relies on geometric
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assumptions and beam orientation, in addition, small errors are magnified by the formula.

(268, 269)

Cardiac MRI represents the current gold standard in the non-invasive measurement of
ventricular volumes, function and left ventricular mass. The technique is 3D and hence
independent of geometrical assumptions, in addition there is clear definition of endocardial
and epicardial borders making it highly accurate and reproducible. Furthermore, it has the
ability to detect small changes in EF. However, for the purpose of this study cardiac MRI was
not feasible due to accessibility and cost. (270) Superior to cardiac MRI is invasive cardiac
catheterisation which has many diagnostic and therapeutic uses including coronary artery
disease, measuring haemodynamics, evaluation of left ventricular function and the treatment
of arrythmias and valve disease. The gold standard measurement for CO measurement is with
pulmonary artery catheterisation. Cold saline is injected with the change in temperature
measured downstream. In the Swan-Ganz method, catheters are fitted with a heated filament
which heats the blood and measures the resultant thermodilution trace. Given that it is
invasive, associated with significant risk and requires advanced skills and resources, it would

not have been appropriate for this study.(271, 272)

Limitations of the study

There were several limitations to our study, unfortunately we did not have information on the
pre-surgery or pre-pregnancy cardiac profile of the women with previous bariatric surgery
and these factors, might have affected the cardiovascular function during pregnancy (Chapter
3 and 4). In spite of the women being closely matched for BMI, the weight loss incurred by
the post-bariatric women is likely to have affected their cardiovascular function pre-
pregnancy. Although the women with no-surgery were closely matched to the post-bariatric
women, we had relatively small numbers and ideally would have included more women
without surgery to achieve 1:2 or 1:3 matching. Due to the relatively small number of women
in the post-bariatric group, we were unable to investigate the maternal cardiovascular
function according to the type of surgery performed (gastric bypass, sleeve or band), or in
cases of pregnancy induced hypertension or PE. In chapter 5 we compare normal BMI and
obese pregnant women, unfortunately, due to time constraints, we had a small number (14) of
women with normal BMI. Given the accessibility of low-risk pregnant women, this could

have been expanded if resources had permitted.
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Our results should be interpreted with caution as many parameters including the E/A ratio are
load dependant and unadjusted for HR or volume. In order to minimise this, we also used
TDI and strain via speckle tracking which are both less load dependant. Although we discuss
reduced diastolic and systolic reserve or better function in one group over another, our results
are still largely within the normal range and have not made a diagnosis of cardiac dysfunction
in these women. The diagnosis of diastolic dysfunction involves a complex algorithm with
several parameters, some of which we had not measured such as pulmonary venous flow.

It is also pertinent to note the limitation in interpreting an association study due to the
inability to prove causality. Further to this, although we have reported some significant

associations, the R number is relatively low.
Challenges

Learning to perform and analyse the echocardiographs independently was challenging in
itself but also compounded by difficult views due to breast enlargement in pregnancy and
obesity. With limited statistical knowledge at the start of the project, I spent a significant
amount of time learning how to perform the multilevel mixed model analysis. The
longitudinal design gave power to our study but withdrawals and missing data led to
challenges in our statistical analysis. In addition, matching post-bariatric women to no-
surgery controls was challenged by the development of GDM at 28 weeks. Potentially a
cohort design may have been simpler and increased sample size, however, the close matching

of the groups gave strength to our findings.
Strengths

This thesis provides novel data on detailed maternal cardiovascular assessments of
pregnancies with previous bariatric surgery. Although pregnant women with previous
bariatric surgery are relatively rare, we managed to recruit enough women to provide
significant results and with a longitudinal design adding strength to the findings. Several
modalities within echocardiography were utilised including 2D imaging, TDI, M-mode and
speckle tracking. In addition, following an intensive training period, all echocardiographic

examinations were performed and analysed by experienced operators.
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Future work

e Future work could include studies which separate the restrictive and malabsorptive
procedures to further investigate the effects of surgery on the maternal cardiovascular
system in pregnancy. In addition, strength to our findings could be achieved by
including 1:2 or 1:3 matching of women with previous bariatric surgery and women
without surgery.

e We could investigate women at term as most of late pre-eclampsia occurs at term it
would be beneficial to understand the cardiovascular changes at this point to better
understand the lower prevalence of hypertensive disorders in the post-bariatric surgery
pregnant population. Similarly, our study of obese and normal BMI pregnant women
could include a time point at term.

e The entero-cardiac axis could be investigated by measuring gut hormones such as leptin
and GLP-1 and correlating them to cardiovascular parameters to further investigate the

impact of bariatric surgery in the pregnant population.
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Appendix 1

Studies of cardiovascular changes after bariatric surgery

Title and Author

Meta-analysis

Results and conclusion

The Effects of Bariatric Surgery on Cardiac
Structure and Function: a Systematic Review of
Cardiac Imaging Outcomes.

N=1486
40 studies pre and
post-surgery

LV mass |
LV mass index |
LV end-diastolic volume |

Aggarwal el al. Follow up 3- LA diameter |
2016 45months LV EF improvement (1.198%, 95%CI -0.050-2.347)

E/A ratio improved

BMI | 13.51 points post-surgery from a baseline of 47.2 kg/m*
Effects of bariatric surgery on cardiac structure and | N= 1,022 LV mass |

function: a systematic review and meta-analysis.

23 studies pre and

LV mass indexed to height |

Cuspidi et al. post-surgery Relative wall thickness |
2016 Follow up 3- E/A ratio improved
45months LA diameter |
LV EF no change (10 studies N=600 subjects)
BMI | pre-surgery 39 to 60 kg/m? to post-surgery 29 to 40 kg/m?
Bariatric surgery and cardiovascular outcomes: a N=19 543 Hypertension | in 63%
systematic review. 73 studies Diabetes | in 73%

Vest et al.
2012

Echo data N=713
Follow up 3-176.4
months

Hyperlipidaemia | in 65%.

LVM |

LA diameter and LV diastolic dimension |

E/A ratio improved

LVEF no change (471 patients without a HF diagnosis)
BMI | pre-surgery 48.7 kg/m? to 31.6 kg/m” post-surgery.

Effect of bariatric surgery on cardiovascular risk
profile.

Heneghan et al.

2011

N=16 867
52 studies
Follow up 2-155m

Hypertension | in 68%
Diabetes | in 75%
Dyslipidaemia | in 71%.

Systolic BP | from 139 to 124 mm Hg, Diastolic BP from 87 to 77 mm

Hg.

40% relative risk | for 10-year coronary heart disease risk (determined

by the Framingham risk score).
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Effects of bariatric surgery on RV structure and
function.

Cuspidi et al.

2014

Systematic review
N=537

8 studies pre and
post-surgery.
Follow up 4.5-45m

RV mass | (on MRI but no association with function)

RV Myocardial performance index, Fractional area change 1

RV global longitudinal strain 1

LV mass and volume |

BMI |pre-surgery 37 to 51 kg/m” to post-surgery 29.9 to 37 kg/m?

Large studies Method Results

Favourable changes in cardiac geometry and N=423 LV wall thickness, relative wall thickness |
function following gastric bypass surgery: 2-year Pre surgery a post- Interventricular septum thickness |
follow-up in the Utah obesity study surgery. LV mass index |

Owan et al.
Feb 2011

Follow up 2 years

LV diastolic and systolic volumes, no change

Function:

LV endocardial fractional shortening, LV EF, no change
Midwall fractional shortening 1

RV Fractional area change 1

E/E' slightly improved

BMI | -15.4 points post-surgery

Ventricular remodeling post-bariatric surgery: is
the type of surgery relevant? A prospective study
with 3D speckle tracking.

N=52
Pre surgery a post-
surgery.

3D speckle tracking
LV EF 1 pre-surgery: 59+8% vs. post-surgery: 67+7%
RV EF 1 surgery: 60+9% vs. post-surgery: 68+8.2%

Kaier et al. Follow up 6 months | LV mass |
2014 18 laparoscopic RV mass |

sleeve gastrectomy Global RV strain 1

34 laparoscopic Global LV strain 1

gastric bypass Sleeve gastrectomy and gastric bypass had comparable effects.
Effects of bariatric surgery on cardiac remodelling: | N=52 LV wall thickness and mass |
Clinical and pathophysiologic implications Pre surgery a post- LV end-diastolic and end-systolic volumes |
Author(s): Graziani et al. surgery. LV EF 1 (from 55.9+/4.8 to 59.2+/-4.4%).
2013 Follow up 2 year E/A ratio slight improvement
The impact of bariatric surgery on renal and cardiac | N=61 Hypertension | incidence 69%
functions in morbidly obese patients. Pre surgery a post- Dyslipidaemia | incidence 73%
Luaces et al surgery. Diabetes | incidence 68%

2012

Follow up 1 year

LV mass index, relative wall thickness |

217



mhtml:file://C:%5CUsers%5CFdossant%5CDocuments%5Clit%20search%20deesha.mht!https://www.ncbi.nlm.nih.gov/pubmed/?term=Kaier%20TE%5BAuthor%5D&cauthor=true&cauthor_uid=24966185

Diastolic function no change

The Effect of Surgical Weight | on Left Ventricular
Structure and Function in Severe Obesity

Hsuan et al.
2012

N=66
Pre surgery a post-

surgery.
Follow up 3 months

LV wall thickness, relative wall thickness, septal thickness |
LV mass, and LV mass index |

Function:

LV fractional shortening no change

Peak systolic mitral annular velocity 1

E/A ratio improvement

Structural and Functional Changes in Left and
Right Ventricles After Major Weight Loss
Following Bariatric Surgery for Morbid Obesity
Graza 2010

N=57

Pre surgery a post-
surgery.

Follow up 3.7 years

Posterior wall thickness, septal thickness

LV mass and LV mass index |

LV EF, Myocardial performance index, no change
RV Myocardial performance index, no change

Weight loss after bariatric surgery improves aortic
elastic properties and left ventricular function in
individuals with morbid obesity: a 3-year follow-up

N=60
Pre surgery a post-
surgery.

LV diastolic diameter and volume |
LV mass and wall thickness |
Diastolic function 1

study. Follow up 36 months

Ikonomidis et al.

2007

Impact of obesity and surgical weight | on cardiac | N=52 LV mass index |

remodelling Pre surgery a post- LV end systolic volume and LV end diastolic volume 1
Mostfa et al. surgery. EF 1 from 59 +/- 8 to 67 +/- 7 p < 0.001

2018 Follow up 6 months | LV and RV longitudinal systolic strain 1

RV function: Fraction area change, Tricuspid annular plane systolic
exertion non-significant 1

The Effect of Weight Loss on the Cardiac Structure
and Function After Laparoscopic Adjustable
Gastric Banding Surgery in Morbidly Obese
Individuals

Dzenkevicitte et al.

2014

N=83
Pre surgery a post-

surgery.
Follow up 12 months

LV end-diastolic diameter |

LV mass, LV mass index |

LV geometry or LV hypertrophy subtypes, no change

E/A ratio |

E wave deceleration time, E/E' |

Overall diastolic dysfunction, no change

BMI | pre-surgery 46.9 kg/m? to 40.1 kg/m?

LV mass associated with weight loss, not change in blood pressure or
metabolic parameters
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Appendix 2.

Studies of hypertensive disorders in pregnancy after bariatric surgery

Title and Author Study and methods Results and conclusion

Maternal and neonatal outcomes after Meta-analysis Control: pre-surgery BMI

bariatric surgery; a systematic review and 20 studies BS: GH | (OR, 0.38; 95% CI, 0.19-0.76; number needed to
meta-analysis: do the benefits outweigh the | BS= 686 benefit, 11)

risks? C=584 pre-surgery and pre- | All hypertensive disorders | (OR, 0.38; 95% CI, 0.27-0.53;
Kwong et al. pregnancy BMI number needed to benefit, 8)

Control: pre-pregnancy BMI
BS: PE no difference

Maternal and neonatal outcomes in women
undergoing bariatric surgery: a systematic
review and meta-analysis.

Galazis et al.

Meta-analysis

17 studies

BS= 5361

C=160,773 in multiple
groups

Control: Total meta-analysis, BS: | (P=0.007)

Control: obese women before or no surgery, BS= no difference
PE

Control: same women before and after BS, BS: PE |

Control: different women after and before BS, BS: PE |
Control: pre-pregnancy BMI, BS: no difference (P=0.08)
Control: pre-surgery BMI, BS: no difference

Control: obese women with no BS, LAGB: PE |

Maternal and neonatal outcome after
laparoscopic adjustable gastric banding: a
systematic review.

Vrebosch et al.

Systematic review

4 studies with control group
BS =285

C=1614 obese

7 without a control group
BS=477

Control: same women before and after BS, obese women,
normal weight women

BS: PIH and PE |compared to obese but higher than in normal
weight without surgery

A meta-analysis of maternal and fetal
outcomes of pregnancy after bariatric
surgery
Yi et al.

Meta-analysis
Nine studies
BS =1350
C=3843 obese

BS: hypertensive disorders | (OR 0.42, 95% CI 0.23-0.78; I* =
83.3%, P <0.001)

Pregnancy and fertility following bariatric
surgery: a systematic review.
Maggard et al.

Systematic review
13 studies

BS: hypertensive disease |
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Obstetrical and neonatal outcomes in B=415 Control: pre-pregnancy BMI, BS: PE | (3.9% vs 5.6% in
women following gastric bypass: a Danish | C= 827 matched pre- control, P<0001)

national cohort study. pregnancy BMI Control: normal BMI, BS: no significant difference (3.9% vs
Berlac et al. C=829 normal BMI 2.2% normal BMI)

Maternal and neonatal outcomes for BS=295 BS: PIH| (OR 0.31, 95% CI 0.14-0.65; P=0.0009)

pregnancies before and after gastric bypass
surgery.
Adams et al.

C =295 pre-surgery BMI

Impact of bariatric surgery on hypertensive
disorders in pregnancy: retrospective
analysis of insurance claims data.

Bennett et al.

BS=316
C= 269 delivered before
surgery

BS: PE and eclampsia | (OR 0.20, 95% CI 0.09 to 0.44),
Chronic hypertension | (OR 0.39, 0.20 to 0.74)
GH | (OR 0.16, 0.07 to 0.37)

Downsizing pregnancy complications: A
study of paired pregnancy outcomes before
and after bariatric surgery

Aricha-Tamir et al.

BS= 288 paired pregnancies
144 deliveries before
144 after bariatric surgery.

BS: hypertensive disorders | (31.9% versus 16.6%; P =.004)

Effect of bariatric surgery on pregnancy
outcome
Weintraub et al.

BS=507
C= 301 different women who
went on to have BS

BS: hypertensive disorders | (23.6% vs 11.2%; P <0.001)

Birth outcomes in obese women after
laparoscopic adjustable gastric banding
Dixon et al.

BS=79
C= 40 same woman pre-
surgery pregnancy

Control: same women before BS, BS: PIH and PE | (10% and
5% vs 45% and 28% in penultimate pregnancy, P=<0.05)
Control: obese, BS: PIH and PE | (10% and 5% vs 38% and

C=79 obese 25% in obese group, P=<0.05)
Comparable with community levels (12%, cohort=1382)
Pregnancy outcome in morbidly obese BS=69 BS: GH | (9.6% vs obese group 23.5%, P< 0.05)
women before and after laparoscopic C=120 obese

gastric banding.
Lapolla et al.

C=858 non-obese

PE | (12.0% vs obese group 20.8%, P< 0.05)
GH 1 (9.6% vs normal group 2.4%, P< 0.05)
PE 1 (12.0% vs normal group 2.3%, P<0.001)

Obstetrical and Neonatal Outcomes of
Pregnancies following Gastric Bypass
Surgery: A Retrospective Cohort Study in a
French Referral Centre.

BS 24

C=120 matched pre-
pregnancy BMI
C=120 normal BMI

PIH or PE no significant difference
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https://obgyn.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Berlac%2C+Janne+Foss

Santulli et al.

Obstetric outcome following laparoscopic | BS=13 BS: | PE (0% vs 3.1% in obese P<0.05), PIH (7.7% vs 8.2%,
adjustable gastric banding C= 414 matched pre- non-significant)
Ducareme et al. pregnancy BMI
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