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SUMMARY

Two-dim ensional echocardiography has revo lu tion ized  

card iovascular diagnosis by provid ing a non-invasive method o f 

visualis ing card iac structures in precise de ta il. I t  is, 

however, unable to  accura te ly  define the haemodynamic 

consequences o f card iac disease, o ften  necessary fo r  decisions 

regarding appropria te  pa tien t management and surg ical

recom m endation. As a resu lt, invasive investigation is s t i l l  

required in a substantia l number o f patients. Doppler 

ultrasound has the po te n tia l to  provide th is valuable 

haemodynamic in fo rm a tion  non-invasively, by measuring the 

d irec tion  and magnitude o f in tracard iac  blood flo w  ve loc ities .

This would enhance non-invasive diagnosis and prove o f m ajor 

c lin ica l im portance in the management o f patients w ith  adu lt and 

congenita l heart disease.

The aim o f th is  thesis is to investiga te  the accuracy o f 

Doppler ultrasound in spec ific  types o f cardiac disease and more 

p a rticu la rly , to  establish its  c lin ica l ro le in cardiovascular 

diagnosis in conditions where i t  is like ly  to  confer additiona l 

advantage over c lin ica l exam ination and conventional 

non-invasive techniques, and thereby have its  most m ajor 

c lin ica l im pact.
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Chapter 1 provides an in troduc tion  to  and h is to rica l 

rev iew  o f Doppler ultrasound. The aim  o f the thesis is discussed 

and also the reasons why card iac Doppler is lik e ly  to  prove o f 

p a rticu la r value in the investiga tion  o f the c lin ic a l problems 

examined in the subsequent chapters.

The methodology o f card iac Doppler ultrasound is 

described in Chapter 2. The physical p rincip les o f Doppler 

ultrasound are outlined, and a comparison made between 

continuous wave, pulsed wave and high pulse re p e titio n  

frequency Doppler. Doppler ultrasound systems alone and in 

com bination w ith  two-dim ensional echocardiographic imaging are 

described and the reasons fo r the p a rticu la r choice o f Doppler 

equipm ent used in this thesis are also discussed. The princip les 

o f the Bernoulli and m odified Bernoulli equations and 

th e ir applica tion  and im portance in the  non-invasive measurement 

o f obstructive  gradients have been summarized. F ina lly , the 

concept o f m itra l pressure h a lf- tim e  and its  re la tionsh ip  to  the 

degree o f m itra l obstruction has been introduced.

Chapter 3 describes the app lica tion  o f continuous wave 

Doppler to  50 normal subjects. This chapter deta ils  the 

appropria te  techniques and methods o f exam ination used to  obta in 

sa tis fac to ry  flow  ve loc ity  recordings and determ ines the normal 

range o f valve flow  ve locities, and m itra l pressure ha lf-tim es.

A o rtic  stenosis can be d if f ic u lt  to assess non-invasively
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and even card iac ca the terisa tion  is not always successful in 

dete rm in ing  its  severity. Chapter 4 discusses the app lica tion  

o f Doppler ultrasound to  patients w ith  a o rtic  stenosis 

dem onstrating its  accuracy in estim ating  valve gradients in 

these patients. In com bination w ith  c lin ica l exam ination and 

other non-invasive techniques i t  can also enhance the 

diagnostic accuracy o f non-invasive assessment and p red ic t the 

need fo r surgery in a s ign ifican t number o f these patients. 

Doppler ultrasound is the re fo re  o f c lin ic a l value in the 

subsequent management o f patients w ith  a o rtic  stenosis and can 

fu rth e r reduce the need fo r invasive investiga tion  in patients 

w ith  va lvu la r heart disease.

The c lin ica l and non-invasive assessment o f patients 

w ith  p rosthe tic  valves can o ften  prove d if f ic u lt  using 

conventional non-invasive techniques, and since many patients 

are m aintained on long te rm  anticoagulant therapy invasive 

investiga tion  is more hazardous. The v a lid ity  o f using the 

m odified  Bernoulli equation to  assess the degree o f obstruction 

across b ioprosthetic  valves is dem onstrated in Chapter 5 in a 

pu lsa tile  flo w  model w ith  exce llen t co rre la tion  obtained between 

the Doppler derived pressure gradients and those measured 

d ire c tly  in v itro . Chapter 6 then demonstrates tha t Doppler 

ultrasound can be applied in vivo and accurate ly assess 

p rosthe tic  valve gradients. The assessment o f m itra l p rosthe tic  

regurg ita tion  is discussed and illu s tra tes  the accuracy of 

Doppler ultrasound in iden tify ing  the presence of regurg ita tion
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but also h ighlights the problems associated w ith  its

quan tifica tion .

Doppler ultrasound is used in Chapter 7 to  investiga te  

d if fe re n t types o f newer b ioprosthetic  valve replacem ents and 

h igh ligh t the complex pressure/flow  relationships th a t ex ist 

across these bioprostheses in vivo, but which cannot be 

pred icted  from  in v itro  study. In add ition, in these

patien ts, the detection  o f b ioprosthetic  regurg ita tion , o ften  

c lin ic a lly  unsuspected, emphasizes the value o f Doppler 

ultrasound in assessing suspected b ioprosthetic  valve

dysfunction a t an early stage.

The com bination o f Doppler ultrasound measurement o f 

blood flo w  ve lo c ity  w ith  echocardiographic measurement o f vessel 

or o r if ic e  area can the o re tica lly  a llow  assessment o f vo lum etric  

f lo w  or card iac output. Chapter 8 discusses the m ethodological 

assessment o f cardiac output, w ith  the Doppler instrum enta tion  

used in th is thesis, and considers the substantia l problems 

re la ted  to  applica tion  o f Doppler ultrasound in th is area. The 

results dem onstrate tha t a suitable methodology fo r measuring 

card iac output can be established but tha t, because o f 

the considerable problems in accurate ly estim ation  vessel area, 

tha t the value o f the technique is in assessing re la tive  changes 

in output w ith in  an individual.

The haemodynamic consequences o f varying in tracard iac
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pacing m odalities is gaining considerable in te res t w ith  the 

in troduction  o f increasingly sophisticated permanent 

pacemakers. The Doppler assessment o f card iac output, idealy 

suited to  the assessment o f rap id ly changing pacing m odalities, 

is discussed in Chapter 9 and highlights the pa rticu la r 

advantages o f the Doppler card iac output in these 

patients. The haemodynamic benefits o f both a tr ia l and 

a tr io -v e n tr ic u la r (A-V) sequential pacing in contrast to  

ve n tricu la r pacing are demonstrated and also th a t va ria tion  in

the A-V in te rva l can a lte r card iac output. However, the

p a rticu la r A-V in te rva l providing the op tim a l haemodynamic

response varies w ith  heart ra te  and also between individuals and 

cannot the re fo re  be predicted p rio r to  Doppler exam ination. This 

suggests th a t Doppler ultrasound may be o f value in assessing 

the op tim a l pacing m odality  in patients p rio r to  permanent 

pacemaker insertion.

The app lica tion  o f Doppler ultrasound to  congenita l heart 

disease is discussed in Chapter 10, w ith  pa rticu la r reference 

to  those lesions which, despite two-dim ensional 

echocardiography, continue to require invasive haemodynamic 

assessment. This re lates mainly to lesions where obstructive  

gradients ex ist and I have demonstrated tha t continuous wave 

Doppler can accurate ly pred ic t gradients in pulmonary valve and 

a rte ry  stenosis and also in in fund ibular pulmonary stenosis. 

However, there are m ajor d if f ic u lt ie s  associated w ith  Doppler 

assessment o f coarc ta tion  o f the aorta . The accuracy o f the
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technique in th is area is questioned and the results o f Doppler 

ultrasound in coarc ta tion  should be in te rp re ted  w ith  extrem e 

caution. In ven tricu la r septal defects not only can i t  be used 

to  id e n tify  the presence o f such a lesion but by measurement o f 

the gradient across the in te rven tricu la r septum i t  is possible 

to  p red ic t, non-invasively, the pulmonary a rte ry  pressure 

essential in the surgical recommendation o f these patients.

In conclusion, th is  thesis concentrates on areas o f adu lt 

and paed ia tric  card io logy where cu rren t non-invasive techniques 

prove inadequate and card iac ca the te risa tion  and angiography are 

o ften  required. I t  demonstrates th a t Doppler ultrasound 

provides im po rtan t haemodynamic in fo rm a tion , not previously 

possible by non-invasive investiga tion, in a wide va rie ty  o f 

card io log ica l conditions. C urren tly , the m ajor app lica tion  o f 

th is  technique is in the assessment lesions where high ve lo c ity  

je ts are to  be expected, providing an accurate q uan tifica tion  o f 

obstructive  gradients, and a more q ua lita tive  assessment o f 

regurg itan t lesions. More im portan tly , i t  demonstrates the m ajor 

c lin ic a l im pact o f Doppler ultrasound in the assessment o f these 

patients and th a t is w ill establish an increasingly im po rtan t 

d iagnostic ro le in card io log ica l p ractice .
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CHAPTER 1

INTRODUCTION AND HISTORICAL REVIEW



INTRODUCTION

P oten tia l Role o f Cardiac Doppler

The development o f echocardiography over the last 15 

years has revo lu tion ized the investiga tion  o f card iac disorders.

Its  a b ility  to  produce accurate re a l-tim e  images o f the heart 

and associated structures non-invasively has made i t  an 

essentia l part o f the assessment o f both adults and ch ild ren 

w ith  heart disease. As a result in a number o f these patients, 

echocardiography when combined w ith  c lin ica l assessment and 

rou tine  non-invasive techniques allows surgical recommendations 

to  be made w ithou t the need fo r card iac ca the te risa tion  and 

angiography. It is unparalleled as a safe, simple, non-invasive 

technique fo r providing s truc tu ra l de ta il, but is o f l i t t le  

value in obtain ing the haemodynamic in fo rm a tion  o ften  necessary 

fo r  fu l l assessment o f cardiac lesions and as a resu lt there is 

a continu ing need fo r cardiac ca the terisa tion . A lthough a w e ll 

established procedure cardiac ca the terisa tion  is not en tire ly  

free  from  risk, pa rticu la rly  in many patients w ith  va lvu lar 

heart disease on long term  anticoagulant therapy. In addition 

the  procedure its e lf is not un ifo rm ly  successful. C learly , a 

non-invasive method o f obtaining physiological in fo rm ation  would 

be extrem ely valuable and com plim entary to  the s tru c tu ra l 

in fo rm a tion  obtained by conventional echocardiography.
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In it ia l methods of measuring physiological param eters 

included phonocardiography, pulse wave recordings and the 

com bination o f the two to  id e n tify  systo lic  tim e  

in terva ls .^  A lthough these early a ttem pts a t measuring 

physiological param eters provided some useful in fo rm a tion  they 

were o ften  techn ica lly  d if f ic u lt  to  perfo rm  and did not have a

m ajor diagnostic im pact. As a resu lt they are not w ide ly used in

cu rren t c lin ica l p ractice . More recen tly  there has been

in te res t in applying Doppler ultrasound to  the fie ld  o f

card io logy. The a b ility  o f th is non-invasive technique to  

study in tracard iac  blood flo w  patterns and ve loc ities  allows the 

po ten tia l to  provide accurate haemodynamic in fo rm a tion  in 

pa tien ts w ith  a va rie ty  o f cardiac disorders.

Doppler P rincip le

The p rinc ip le  o f Doppler ultrasound is based on the

Doppler e ffe c t f irs t  described in 1842 by C hris tian  Johann

Doppler. He described the colour change o f a star lig h t source 

produced by the re la tive  m otion between i t  and an observer. This 

results from  the change in frequency o f lig h t waves caused by 

th is re la tive  movement between source and observer. A s im ila r 

e ffe c t is recognized w ith  any wave source, the most apparent 

b^ing the changing p itch , or frequency, o f sound made by a 

passing tra in  or car. In addition the frequency d iffe rence  

between the transm itted  and re flec ted  waves is proportional to  

the ve loc ity  o f the re la tive  movement. If  the sound source



its e lf is im m obile the frequency s h ift and thereby ve lo c ity  

re la tes solely to  the moving ob ject. This is also applicable

to  ultrasound and i t  is hardly surprising th a t one o f the m ajor

developing applications o f the Doppler e ffe c t re lates to  the 

study o f blood flow .

HISTORICAL REVIEW

C lin ica l Development o f Doppler U ltrasound

The f ir s t  reports o f Doppler ultrasound in th is respect

described the use o f continuous wave Doppler. In th is technique

tw o  separate u ltrason ic p ie zo -e le c tric  crysta ls are used, one

continuously tra nsm itting  a t a given frequency while  the other

receives the re flec ted  ultrasound. This was f ir s t  used by

2 3Satomura in the 1950s ’ and subsequently by Franklin  in

1961.^ The technique was applied to the measurement o f

blood pressure by detecting  the movement o f the a rte ry  w a ll

re s tric te d  by a sphygmomanometer cu ff.'*  In 1968

Stegall^ used this method combining Doppler ultrasound and

c u ff sphygmomanometery to  compare the non-invasive systo lic and

d ias to lic  pressures w ith  in tra -a rte r ia l recordings. C orre la tion

co e ffic ie n ts  fo r systo lic and d ias to lic  pressures were 0.99 and

0.98 respective ly, and s im ila r results subsequently obtained by 

7
Poppers in 1973.



The next step involved detection  o f the moving blood

8its e lf, and led Yao e t al to measure blood pressure by

replacing the stethoscope w ith  a Doppler probe, and opened the

way fo r the use o f Doppler ultrasound in the investiga tion  o f

9 10peripheral vascular disease. Yao found tha t the

"pressure index", a ra tio  o f brachia l and ankle systo lic

pressures, was re la ted  to  the amount o f functiona l d isab ility

from  lower lim b  vascular disease and A llan  and T e r r y ^

graded the severity  o f the a rte r ia l diseaese by u tiliz in g

Doppler u ltrason ic pressure measurements a t various points along

the a rte r ia l system o f the a ffec ted  lim b. Consequent upon the

detection  o f blood flo w  there then developed much in te res t in

the shape o f the blood flo w  w aveform . In it ia lly  described in a

qua lita tive  fashion in occlusion of the profunda fem oris  

12a rte ry , measurement o f the the change in flow  w aveform

13shape, by measuring w aveform  tim e  delays and p u ls a tility
\i±

index has lead to  the use o f these techniques in

the q uan tifica tion  o f a rte r ia l occlusion. Using p u ls a tility

index, defined as the peak to  peak excursion o f the Doppler 

waveform  divided by its  mean height, Gosling has achieved 

accurate diagnosis o f occlusive a rte r ia l disease o f the lower 

lim bs. More recen tly  flow  patte rn  analysis by Doppler imaging 

systems has allowed three dimensional appreciation o f the

in te rna l s truc tu re  o f peripheral a rte ries and have allowed

Doppler data to  be analysed from  specific  parts o f the

peripheral a rte r ia l system.



The applica tion  to  card io logy o f the early  Doppler

techniques, in it ia lly  used to  examine the peripheral

vasculature, was lim ite d  by the sole use o f continuous wave

Doppler. Since i t  was not possible in the continuous wave mode

to se lective ly  study in tracard iac  flo w  recordings from

d iffe re n t chambers a t various depths, exam ination was

essentia lly lim ite d  to  the ex tracard iac structures. These

systems were however suitable fo r recording from  the m ajor

ex traca rd iac  vessels and w ith  the in troduction  o f d irec tiona l

continuous wave Doppler in s tru m e n ta tio n ^  the study o f

Doppler recordings from  the a o rtic  arch, or transcutaneous

16-18aortovelography, was developed. This was the

forerunner o f much o f the curren t in te res t in the study o f 

card iac function  by Doppler ultrasound. These early  

continuous wave systems incorporated fu l l spectrum analysis, 

provid ing a visual display o f the whole range o f frequency 

sh ifts  obtained over tim e . A lte rn a tive  applications soon

became apparent and using such a system Tunsta ll Pedoe was 

able to  dem onstrate excessive reverse flo w  in recordings from  

the subclavian a rte ry  in over 80% o f patients w ith  known a o rtic  

incompetence.

The in troduction  o f pulsed wave Doppler systems by 

P eronneau^ and B a k e r^  paved the way fo r the 

investiga tion  o f depth selected ve loc ity  recordings. These early 

systems used high u ltrasonic frequencies, greater than k MHz, 

and as a result tissue absorption made the investigation of
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deeper structures d if f ic u lt .  In addition pulsed wave systems

are unable to  measure high ve loc ities  accura te ly and the in it ia l

20methods used to provide d irec tiona l ve loc ity  fu rth e r

lim ite d  the magnitude o f the ve loc ities tha t could be

recorded by these systems. The development o f a pulsed Doppler

22ve loc im e te r by Angelson and Brubakk overcame many of

these problems by using a low er ultrasound frequency (2 MHz) and

a superior method o f determ in ing d irec tiona l ve loc ity , and

re fle c te d  s im ila r advances in the development o f pulsed Doppler

23-2 5systems by other workers.

The cu rren tly  availab le  "stand alone" Doppler systems 

such as tha t used fo r the m a jo rity  o f work in th is  thesis 

(Vingmed, Norway) confer many advantages over the above systems 

by combining both pulsed and continuous wave fa c ilit ie s . They 

are also in terfaced to  more sophisticated spectrum analysis 

instrum enta tion  providing more accurate real tim e  analysis o f 

the Doppler signals. These systems require a substantial degree 

o f sk ill in m anipulation o f the Doppler transducer as the 

Doppler signal is the only aid to  obtain ing the optim a l ve loc ity  

p ro file  from  the appropriate area of in te res t.

Development of Duplex Systems

There has there fo re  been much in te res t in the development 

o f Doppler systems combined w ith  echocardiographic imaging, 

known as "duplex" systems, to  provide a method o f guiding the
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Doppler beam w ith in  the in tracard iac  image. I t  should be noted

tha t op tim iz ing  a Doppler system has d iffe re n t requirem ents than

th a t o f an echocardiographic imaging system and the com bination

o f the tw o w ill,  to  a degree, compromise the sens itiv ity  o f the

Doppler equipment. "Stand alone" systems w ill the re fo re  have

some advantages over the ir "duplex" couterparts. The M-Mode

echocardiogram was in it ia lly  used in an a tte m p t to guide the

26Doppler ultrasound beam and lead to  the in troduction  o f

the te rm  "Doppler echocardiography". However the op tim a l

M-Mode echo transducer position is a t r ig h t angles to the

s truc tu re  o f in te res t in order to  provide maximum ultrasound

re fle c tio n  whereas the optim al Doppler transducer position is in

the d ire c t line o f blood flo w  in order to  m axim ize the Doppler

frequency sh ift. C lea rly  the M-Mode echocardiogram is fa r from

ideal in a iding the position o f the Doppler beam. This is not so

w ith  the com bination o f Doppler and two-dim ensional

echocardiographic imaging. Two-dimensional imaging from  the

apical and suprasternal positions in addition to  the parasternal

views allows real tim e  appreciation o f the in tracard iac

structures and has the potentia l to aligne the Doppler beam in

d ire c t line o f blood flow . I t  is now possible to  obtain

simultaneous real tim e  echocardiographic imaging w ithou t

reducing the maximum ve loc ity  tha t can be measured by pulsed

27Doppler. W ith these pa rticu la r systems i t  is also 

possible to  perfo rm  continuous wave exam ination w ith

simultaneous echo imaging. This type of system is like ly  to  be 

o f pa rticu la r value where complex in tracard iac anatomy exists as
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in complex congenita l heart disease.

A pp lica tion  of Cardiac Doppler

With the apparent po ten tia l o f Doppler ultrasound to  

study cardiac blood flo w  a number o f in it ia l studies have 

described the use of the technique in a va rie ty  o f card iac 

disorders.

Valvular Heart Disease

In adults w ith  va lvu lar heart disease, Doppler ultrasound

was f ir s t  successfully applied to  m itra l stenosis by Holen e t al 

28in 1976 who dem onstrated, using continuous wave Doppler,

tha t the pressure drop in m itra l stenosis could be ca lcu lated

from  the Doppler measurement o f m itra l flow  ve loc ity . The use o f

Doppler to  assess m itra l valve gradients has been confirm ed by a

number o f subsequent studies comparing the Doppler derived

29 30pressure drop w ith  tha t obtained at ca the terisa tion . ’

29I t  was Hatle  e t al who adopted a m od ifica tion  o f the

Bernoulli fo rm u la  to  ca lcu la te  the pressure drop across an

obstruction  from  the measured maximum ve loc ity  and is becoming a

w idely accepted method o f ca lcu la ting  valve gradients w ith

Doppler ultrasound. A fu rth e r advance in the Doppler assessment

31o f m itra l stenosis occurred when H atle e t al introduced 

the concept o f the m itra l "pressure h a lf- tim e ", the tim e  

in te rva l taken fo r the maximum d iasto lic  flow  to  fa ll to  the



equivalent o f ha lf its  in it ia l pressure derived using a

m od ifica tion  o f the Bernoulli form ula . This provided an

estim ation  of the degree o f m itra l valve obstruction  which was

independent o f cardiac output and could the re fo re  be re la ted  to

the m itra l valve area its e lf. In add ition to  the continuous wave

technique, pulsed wave Doppler has also been used to  assess 

32 33m itra l stenosis ’ but is a less sa tis fac to ry  method fo r 

provid ing a quan tita tive  assessment, because o f its  in a b ility  

to  measure high flo w  ve loc ities . This im portan t aspect o f 

pulsed Doppler w ill be discussed more fu lly  in Chapter -2.

However pulsed Doppler does have po ten tia l advantages in 

the assessment o f m itra l regurg ita tion . Systolic tu rbu len t flo w  

patterns can be detected w ith  the Doppler sample volume

positioned w ith in  the le f t  a tr ia l ca v ity  and high sens itiv ity  

and sp e c ific ity  has been reported in com bination both w ith  

M -M o d e ^ ” ^  and tw o -d im e n s io n a l^ ’ "^  echocardiography. 

In addition to  detecting  the presence o f m itra l regurg ita tion  by 

mapping the exten t o f tu rbu len t flo w  w ith in  the le f t  a tr ia l 

ca v ity , pulsed Doppler has been used to  estim ate  the severity  o f 

regurg ita tion  and has compared favourably w ith  le f t  ven tricu la r 

angiography.

In it ia l reports o f assessing a o rtic  stenosis by Doppler 

ultrasound u tilize d  the continuous wave technique and the
if. i

app lica tion  o f the m odified Bernoulli form ula. In 

measuring valve gradients excellen t results were obtained in
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patien ts under the age o f 50 and superior co rre la tion  obtained

42when ch ildren and younger adults were examined. However the

technique used was not as successful in patients over the age

o f f i f t y .  W ith the in troduction  o f spectra l analysis in 

com bination w ith  continuous wave Doppler im proved results have

been reported in both adults and ch ildren w ith  sa tis fac to ry

app lica tion  of the technique even in the older pa tien t 

p o p u la tio n .^  ^

Doppler ultrasound has been reported to  be a highly

sensitive and specific  method o f id e n tify in g  a o rtic

regurg ita tion  even in the absence o f c lin ica l 

47findings. In addition es tim ation  o f the ex ten t o f

regurg ita tion  has been made by mapping the exten t o f the

- 48regurg itan t je t w ith in  the le f t  ve n tricu la r ca v ity  or

u tiliz in g  a fo rw ard  to  reverse flow  ra tio  in patients w ith  pure

•+ +- ^  regurg ita tion .

There has been l i t t le  in fo rm a tion  availab le re la ting  to  

the use o f Doppler ultrasound in the assessment o f r ig h t heart 

lesions although a few  reports have used p u ls e d ^ * ^  or 

continuous wave^2” 5Zf Doppler to  measure pressure gradients 

both in pulmonary valve and in fundibular stenosis in in fants and 

ch ild ren and s im ila r results have been reported to  those 

obtained fo r a o rtic  stenosis. The diagnosis o f tricusp id

stenosis and regurg ita tion  by Doppler ultrasound has also been 

reported.



P rosthe tic  Valve Function

In add ition  to  the study o f na tive  valve disease several

reports have described the app lica tion  o f the Doppler technique

57 58to sm all numbers o f patients w ith  e ithe r mechanical ’ or 

porcine valve p ros theses.^  ^

V o lum etric  Flow Analysis

I t  has been suggested th a t by combining the Doppler

assessment o f a o rtic  flow  ve lo c ity  w ith  a o rtic  dimensions a

vo lum e tric  analysis o f flow  can be obtained and the po ten tia l

exists to  non-invasively measure stroke volume and card iac

output. Recent studies have shown good results comparing the

Doppler assessment w ith  invasive measurement o f card iac 

62-65output. O ther workers have va lidated card iac output

.+ 66 . . .  67,68 .+ ,measurements in v itro  and in vivo using m itra l

ra the r than a o rtic  flo w  in an a ttem p t to  overcome po ten tia l

problems in accurate ly measuring a o rtic  root dimensions. Doppler

ultrasound has also been used to  measure a o rtic  flow  ve lo c ity

curves w ithou t the com bination of echocardiography. W ithout

the measurement o f a o rtic  dimension absolute values o f stroke

volume and card iac output are not possible but re la tive  changes

in these param eters can the o re tica lly  be assessed. This has been

successfully demonstrated using continuous wave Doppler

u ltrasound,69,70 ^  transcutaneous aortovelography, and
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71 72also using pulsed wave systems. ’

Despite extensive work in va lida ting  the non-invasive

measurement o f card iac output by Doppler ultrasound an

established methodology has not emerged. The methods using

a o rtic  blood flow  ve lo c ity  have been most extensively

investigated and tend to  be more p ra c tica l in many intensive

care or laboratory s ituations. I t  has been suggested tha t,

a t present, i t  is preferab le  to  combine the measurement o f

a o rtic  flo w  ve loc ity  w ith  a o rtic  roo t dimension to  provide a

73vo lu m e tric  assessment o f card iac output though i f  only 

re la tive  change in card iac output is required th is  can 

acceptable be measured by Doppler ultrasound alone. However in 

the studies u tiliz in g  a o rtic  blood flo w  ve loc ity  and

echocardiographic estim ation  o f a o rtic  roo t dimension there is 

considerable va ria tion  in the exact methodology used.

If  an accurate methodology could be established the

technique has many po ten tia l applications and reports have

already been suggested th a t i t  may be o f value in the intensive

care se tting ,62,63,74 *n assessing the haemodynamic

response to vasodilator therapy in patients w ith  heart

7 5fa ilu re . The technique has pa rticu la r advantage in tha t 

i t  can provide m u ltip le  seria l measurements w ithou t the need fo r 

repeated in terven tion  ideal fo r m onitoring cardiac function  in 

c r it ic a lly  i l l  patients, and also of po ten tia l value in more 

healthy individuals where there is o ften  reluctance to
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subject them to  the re la tive ly  small risks associated w ith

76 77invasive haemodynamic m onitoring . ’

Congenital H eart Disease

In paed ia tric  card io logy echocardiography can now provide 

in fo rm a tion  on the in tracard iac  and great a rte ry  anatomy w ith  

considerable de ta il. However decisions regarding the need fo r 

surgery require knowledge not only o f the presence and s truc tu re  

o f a lesion but also o f its  haemodynamic consequences. I f  

Doppler ultrasound was able to  provide such haemodynamic 

in fo rm a tion  non-invasively i t  would c lea rly  have major po ten tia l 

in the assessment o f congenita l heart disease.

In it ia l studies o f Doppler ultrasound in paed ia tric  

card io logy have re la ted m ain ly to  two areas; the detection  and 

quan tita tion  o f obstructive  lesions, and the assessment o f shunt 

lesions.

The few  available reports using Doppler ultrasound to  

measure pressure gradients in r ig h t ven tricu la r ou tflow  

obstruction  were mentioned earlie r. Doppler ultrasound has also 

been applied to  a o rtic  coarc ta tion  in a small number o f
70

cases but cu rren tly  l i t t le  data exists as to  the va lid ity  

o f the technique in th is area.

In assessing lesions associated w ith  cardiac shunting
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Doppler studies have involved two approaches. E ither an

assessment o f the presence and/or magnitude of the shunt has

been determ ined or its  haemodynamic consequences measured by the

non-invasive assessment o f the pulmonary to  system ic flo w

ra tio . The measurement o f pulmonary to  system ic flo w  ra tio  by

the Doppler technique essentia lly involves assessing card iac

output from  both the r ig h t and le f t  heart. Several studies

com paring th is  w ith  invasive methods have reported good

79-83co rre la tion  between the tw o techniques. In the

diagnosis o f ind iv idua l congenita l lesions, the use o f 

Doppler ultrasound has been reported in a tr ia l septal 

d e f e c t s , ^  ven tricu la r septal d e fe c ts ^  ^  and in 

patent ductus a r te r io s u s .^

The use o f Doppler ultrasound has been reported in the

assessment o f complex form s o f congenita l heart 

91 92disease ’ where, because of the presence o f more com plex 

s tru c tu ra l abnorm alities, the use of an in tegrated echo and 

Doppler system is undoubtedly preferable.

AIM  OF THESIS

Although these in it ia l reports have suggested a

developing po ten tia l fo r the use o f Doppler ultrasound in a 

va rie ty  o f card iac disorders the c lin ica l role o f the technique 

remains to  be established.
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The aim of th is  thesis was to  investigate the areas o f 

card iovascular medicine where Doppler ultrasound has

p o te n tia lly  m ajor c lin ica l application and is most lik e ly  to  

have a s ig n ifican t im pact as a diagnostic technique.

THESIS OUTLINE

Chapter 2 w il l discuss the physical princip les o f 

Doppler ultrasound, the methodology used in th is  thesis and 

its  theo re tica l basis. I w il l also deal w ith  the pa rticu la r 

Doppler ins trum enta tion  and analysis used and the ra tiona le  fo r 

such a choice.

In applying a new technique to  any disease sta te  i t  is 

c le a rly  im portan t to f ir s t  determ ine what constitu tes no rm a lity . 

Chapter 3 w ill report the normal range of valve flow  ve loc ities  

obtained by Doppler ultraosund and the methods o f exam ination in 

a series o f healthy individuals.

Two-dimensional echocardiography is a w ell established

non-invasive method o f assessing the severity o f va lvar

stenoses. In adult patients i t  is o f particu la r value in the

. 9 3assessment o f m itra l stenosis, but d iff ic u ltie s  have 

been reported in accurate ly assessing patients w ith  a o rtic  

stenosis.9**’ 95 Chapter 4, w ill therefore discuss the
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c lin ic a l value o f Doppler ultrasound in assessing the severity  

o f a o rtic  stenosis in adults.

Chapters 5,6, and 7 re la te  to  the study o f p ros the tic

valve function . I w il l report the va lida tion  o f Doppler 

ultrasound both in v itro  and in vivo and the applica tion  o f the 

technique to the study o f 155 investiga tiona l b ioprosthetic  

valves.

The non-invasive assessment o f card iac function  

constitu tes a m ajor po ten tia l app lication o f Doppler ultrasound. 

Chapter 8 w ill concentrate  on the methodology o f card iac output 

assessment in order to  establish tha t most appropria te  fo r the 

Doppler instrum enta tion  used in th is thesis. There is growing 

in te res t in the haemodynamic consequences o f pacemaker function  

and the application o f non-invasive techniques to  its

assessment. Having established the appropriate methodology fo r 

the non-invasive assessment o f cardiac output Chapter 9 w ill 

discuss the results obtained in applying th is to  the 

haemodynamic investigation of varying pacemaker m odalities 

during e lectrophysio log ica l study.

F ina lly , Chapter 10 w ill deal w ith  the value o f Doppler 

ultrasound in the assessment o f congenital heart disease.

Continuing technological advancement in the fie ld  o f 

card iac Doppler ultrasound makes an assessment of its  c lin ica l



applications subject to  continual review. C learly  Doppler 

ultrasound has the po ten tia l to provide functiona l ra ther than 

s tru c tu ra l in fo rm a tion , com plim entary to  conventional 

echocardiography and can the re fo re  have a ce rta in  app lica tion  to  

most card iac lesions. However i t  is my a ttem p t is th is thesis to  

focus on the areas of major im pact in both adult and paed ia tric  

card io logy and to  place the ro le o f Doppler ultrasound in 

perspective to  cu rren tly  established non-invasive diagnosis.



CHAPTER 2

METHODOLGY
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INTRODUCTION

This thesis w ill investiga te  and evaluate the major 

c lin ic a l applications o f cardiac Doppler ultrasound. I t  is 

im p o rta n t to f ir s t  understand the princip les and basic

physics o f the Doppler technique and the re la tive  m erits  and 

lim ita tio n s  o f the varying types o f Doppler instrum enta tion . 

This chapter w il l consider some o f the basic physical princip les 

o f Doppler ultrasound w ith  pa rticu la r emphasis on the techniques 

used in the subsequent studies, describe the equipment chosen at 

the inception o f these studies and the reasons fo r such a 

choice, and also h igh ligh t the c lin ica l application o f the 

physical princip les o f Doppler ultrasound th a t confers the 

m ajor po ten tia l o f th is technique as a valuable noninvasive 

c lin ic a l investigation.

BASIC DOPPLER PHYSICS

The Doppler E ffe c t

The Doppler e ffe c t f ir s t  described by C hris tian  Johann 

Doppler in 1842, re lated the colour change o f star lig h t caused 

by re la tive  movement between the lig h t source and observer. 

A lthough f ir s t  described fo r lig h t waves the Doppler e ffe c t is
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re levan t to  any wave source. The change in the p itch  of sound 

caused by a passing car or tra in  is the re fo re  a result o f the 

Doppler e ffe c t. The Doppler e ffe c t is also appplicable to 

ultrasound and as illus tra ted  in Fig. 1 demonstrates the change 

in frequency o f the re flec ted  ultrasound caused by the re la tive  

movement between ob ject and sound source. I f  the ob ject is

m oving in the d irec tion  o f the sound source the re flec ted  

ultrasound frequency w il l be higher than the transm itted

frequency. S im ilarly , i f  the object is moving in the opposite 

d ire c tion  then the re fle c ted  ultrasound frequency w ill be lower 

than the transm itted  frequency. I t  is im m edia te ly  clear 

the re fo re  tha t Doppler ultrasound provides d irec tiona l

in fo rm a tion  o f the object studied. In addition however, the

change in the ultrasound frequency caused by the moving ob ject 

is d ire c tly  proportional to  its  ve lo c ity  as defined by the 

Doppler equation:-

V -  td -c
2f.cos9

where V = ve loc ity  o f blood flow , fd is the Doppler sh ift 

in frequency, c = ve loc ity  of sound, f  = em itted  ultrasound 

frequency and 9 = the angle between the d irection  o f blood flo w  

and the ultrasound beam.

For example, the ve loc ity  o f sound in b io logical tissue 

(c) is known at 1560 m/s, fo r a 2 MHz transducer the em itted  

ultrasound frequency (f) is 2,000,000 Hz. If  the ultrasound beam 

is in the d ire c t line o f blood flow  then cos9 w ill be 1. 

Therefore, if  the Doppler frequency sh ift is, fo r example,
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Figure Is The Doppler e ffe c t. An ob ject moving towards a sound 

source (A) produces an increase in the frequency o f re fle c te d  

ultrasound, and an object moving away from  a sound source (B) 

produces a decrease in re flec ted  ultrasound. In addition the 

change in the em itted  frequency is proportional to the ve lo c ity  

o f the moving object.
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2560Hz then:-

2560 X 1560 
~ 4000000 X 1

= 1 m/s

P o ten tia lly  there fo re , i t  is possible not only to  obtain 

te  d irec tion  o f blood flow  by Doppler ultrasound, but also its  

ve lo c ity . I f  the frequency o f the Doppler ultrasound transducer 

(f) is increased, then fo r a given flow  ve loc ity , and a s im ila r 

in te rcep t angle, the Doppler frequency sh ift obtained would be 

higher. A lte rna te ly , fo r an equivalent Doppler frequency s h ift 

using a higher frequency Doppler transducer, then the estim ated 

ve lo c ity  would be less. Therefore in the above equation i f  a 5 

MHz transducer, ra ther than a 2 MHz transducer had been used, a 

Doppler frequency sh ift o f 2560 Hz would be equivalent to  a 

ve lo c ity  o f 0.4 m/s.

Since the ve loc ity  o f ultrasound in b io log ica l tissue is 

constant and a ll Doppler studies in th is thesis were perform ed 

using a 2 MHz Doppler transducer, the measured ve loc ity  o f blood 

flo w  is re la ted  solely to  the Doppler frequency sh ift and the 

angle between the Doppler ultrasound beam and blood flow . 

Ideally the Doppler ultrasound beam should be aligned in the 

d irec tion  o f blood flow  where cos9 w ill be 1 and the ve lo c ity  

w ill be accurate ly re flec ted  by the measured Doppler frequency 

sh ift. Since the actual ve loc ity  o f blood w ill remain unchanged 

i t  can be seen from  the Doppler equation tha t i f  the in te rcep t
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angle between the Doppler ultrasound beam and blood flo w  is 

g reate r than zero, cos9 w ill become less than 1, and the 

Doppler frequency sh ift w il l be lowered, causing an 

underestim ation of the ve loc ity  o f flow . If the in te rcep t angle 

is 90 degrees then cos© w ill be 0 and since there w ill then be 

no change in the transm itted  frequency, i.e. no Doppler sh ift, 

since flo w  is ne ither moving towards or away from  the sound 

source, the detected ve loc ity  w ill also be 0. It would c lea rly  

be valuable to  measure the in te rcep t angle in com bination w ith  

the Doppler frequency sh ift in order to  provide an accurate 

estim a tion  o f flo w  ve loc ity . However, although echocardiography 

can provide s truc tu ra l de ta il and i t  is possible to  incorporate 

Doppler ultrasound w ith  an echocardiographic image, assessment 

o f the in te rcep t angle could only be accurate ly obtained in tw o  

dimensions whereas the actual angle between the Doppler beam and 

the d irec tion  o f flow  w ill be re lated in three dimensions. More 

im portan t, perhaps, is the fa c t tha t the d ire c tly  o f blood flo w  

may be unpredictable, p a rticu la rly  w ith  respect to je t lesions 

associated w ith  va lvu lar disease, and the d irection  of flow  

predicted on an anatom ical basis may bear l i t t le  re la tionsh ip  to 

the true  value. Using this method there is c lea rly  po ten tia l to 

s ig n ifica n tly  overestim ate the in te rcep t angle and cause 

d iscrepant overestim ation o f the true ve loc ity  o f flow . 

Fo rtuna te ly , i f  the in te rcep t angle is 20 degrees or less, 

ve lo c ity  w ill be underestimated by a maximum magnitude of

only 6% which would probably be acceptable fo r c lin ica l 

purposes. W ith the ava ilab ility  o f m u ltip le  praecordial position
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fo r ultrasound transducers i t  should be possible in the 

vast m a jo rity  o f cases to  angle the Doppler ultrasound beam 

close to  the d irec tion  o f blood flow , indicated by the position 

provid ing the largest Doppler sh ift fo r a pa rticu la r flo w  

ve lo c ity . I t  would then be possible to  e ffe c tiv e ly  ignore the 

in te rcep t angle from  the Doppler equation and flow  ve lo c ity  

would be re la ted solely to  the measured Doppler frequency sh ift.

W ith cardiac Doppler the moving objects are m ain ly the 

red blood corpusles so tha t m u ltip le  frequency sh ifts  w il l 

be obtained from  a single Doppler beam sample since th is  w ill 

conta in  a large number o f red blood cells. I f  a ll the blood 

ce lls  are trave lling  along regular lines a t a s im ila r ve loc ity , 

then blood flow  is term ed lam inar, and a narrow band o f Doppler 

frequency sh ifts w ill be obtained. However, i f  blood flo w  is 

tu rbu len t, then w ith in  the Doppler sample there w ill be blood 

ce lls tra ve llin g  a t many d iffe re n t ind ividual ve loc ities and 

d irections and w ill be re flec ted  by the wide range of frequency 

sh ifts  obtained.

Continuous and Pulsed Wave Techniques

Two basic cardiac Doppler ultrasound techniques are 

availab le , continuous and pulsed wave modes. In the continuous 

wave mode two separate p iezo-e lec tric  cyrsta ls are required, 

mounted side by side. One continuously em its ultrasound a t a
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given frequency while the other receives the re fle c ted  

ultrasound. Continuous wave Doppler w ill de tect the ve lo c ity  o f 

blood flo w  along the en tire  path o f the em itted  ultrasound beam 

and as a result cannot provide any resolution o f the depth o f 

sampling. Since the d iffe re n t blood elements along the Doppler 

beam w ill have d iffe re n t ve loc ities, a spectrum o f Doppler 

frequency sh ifts  w ill be received, but as we w ill see, w ith  

spectrum analysis i t  is possible to  d istinguish charac te ris tic  

f lo w  ve loc ities from  ce rta in  regions along the path o f the 

Doppler ultrasound beam. This is illus tra ted  in Figure 2 where a 

spectra l display o f a continuous wave Doppler signal is shown. 

A lthough flow  ve loc ities  are iden tified  along the whole o f the 

Doppler ultrasound beam, the maximum flow  ve loc ity  signal is 

c lea rly  a result o f flow  through the m itra l valve when compared 

w ith  the pulsed Doppler spectra l display o f m itra l flo w  ve lo c ity  

(Fig. 3). The major advantage o f the continuous wave technique 

however is tha t, unlike the pulsed wave mode, there is 

essentia lly no lim ita tio n  to the maximum ve loc ity  tha t can be 

measured. This is an extrem ely im portan t advantage in the 

assessment o f obstructive  lesions where maximum ve loc ities w ill 

extend w e ll ou tw ith  the range o f pulsed Doppler exam ination.

W ith the pulsed wave technique a single transducer acts 

both as a tra nsm itte r and a receiver, and ultrasound transm itted  

in a short burst is received by the transducer a fte r an 

appropriate tim e  delay. Once the transm itted  signal has been 

received a fu rthe r burst o f ultrasound can be transm itted  and
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the cycle  repeated. Since the ve loc ity  o f ultrasound in 

b io log ica l tissue is constant a t around 1560 m/s, the tim e  delay 

between transmission and reception allows measurement o f the 

depth o f the structure  re fle c ting  the ultrasound, identica l to  

the p rinc ip le  o f conventional echocardiography. By analysing 

signals occurring a fte r a ce rta in  tim e  delay a sample volume 

can be produced which can be varied to a t any depth along the 

Doppler beam. The length o f th is sample can also be varied by 

a lte r in g  the length o f the transm itted  pulse. This a b ility  to 

provide depth resolution o f Doppler sampling in conjunction w ith  

simultaneous echocardiographic imaging is the m ajor advantage o f 

the pulsed mode over continuous wave exam ination and allows the 

s ite  o f a pa rticu la r Doppler signal to  be determ ined in re la tion  

to  the s truc tu ra l in fo rm ation  obtained by echocardiography.

Frequency A liasing

The disadvantage o f the pulsed wave mode results from  a 

phenomenon known as frequency aliasing, which lim its  the maximum 

frequency tha t can be measured at a given depth. The frequency 

w ith  which a pulsed system transm its ultrasound pulses is known 

as the pulse repe tition  frequency. This is lim ited  by the fa c t 

th a t having transm itted  a pulse of ultrasound, in order to  avoid 

am bigu ity  o f depth, i t  has to w a it t i l l  the ultrasound pulse has 

been received before a fu rthe r pulse is transm itted . Since the 

ve lo c ity  o f ultrasound in b io logical tissue is constant then i t  

w il l take longer fo r an ultrasound pulse to  be re flec ted  from  a
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deeper structure , fu rthe r from  the ultrasound transducer, and 

the pulse repe tition  frequency w ill have to be lowered. I f  a 

fu r th e r pulse is transm itted  before the previous one has been 

received i t  w il l not be possible to detem ine whether a received 

signal has been re flec ted  from  the f ir s t  ultrasound pulse by a 

deep structure , or from  the second pulse by a s truc tu re  close to 

the ultrasound transducer. Since the m ajor advantage o f pulsed 

Doppler is its  a b ility  to provide depth resolution, in order to 

m a in ta in  th is the pulse re pe tition  frequency w ill be lim ite d .

The e ffe c t o f pulsed Doppler is s im ila r to  th a t o f a stroboscope

or movie p ic tu re . Here the movement o f a spinning object,

equivalent to the Doppler frequency, w ill be accurate ly defined 

providing i t  does not spin faste r than ha lf o f the tim e  between 

samples, i.e. ha lf the pulse re pe tition  frequency. When i t

exceeds this, as w ith  a stagecoach wheel in a Western movie, i t  

w il l appear to  spin as rap id ly in the opposite d irection . This 

in e ffe c t is frequency aliasing. Using pulsed Doppler there fo re  

the maximum frequency sh ift, and the re fo re  ve loc ity , measurable 

w il l equal one ha lf o f the pulse re p e titio n  frequency o f the 

system. This lim ita tio n  to  the maximum measured frequency is

known as the Nyquist lim it .  The fu rth e r from  the transducer th a t 

the pulsed Doppler sample volume is located then the lower the 

pulse repe tition  frequency w ill be and the re fo re  the lower the 

Nyquist lim it .  I f  a frequency sh ift higher than ha lf the pulse 

repe tition  frequency is produced then frequency aliasing occurs, 

and the top of the Doppler spectrum appears "cu t o ff"  and is 

located at the extrem e l im it  o f the opposite frequency channel,
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the equiva lent to  spinning in the opposite d irec tion , as 

dem onstrated in Fig. 4 fro m  a pa tien t w ith  m itra l

stenosis. In th is  example, w ith  knowledge o f the e ffe c t o f 

frequency a liasing, the m axim um  frequency is s t i l l  apparent and 

i t  would be possible to  replace th is  on top o f the positive 

Doppler frequency spectrum and obta in a true  ve lo c ity  record ing. 

However, i t  w il l be apparent th a t when the maximum frequency 

s h ift increases even fu rth e r, to  a leve l o f tw ice  the Nyquist 

l im it ,  equ iva lent to  the pulse repete tion  frequency, then the 

m axim um  frequency s h ift and hence ve lo c ity  w il l become lost 

w ith in  the Doppler signal, and a "w rap around" phenomenon

occurs. This is dem onstrated in F ig. 5 from  a pa tien t w ith  

m itra l regurg ita tion , where the very high peak ve loc ity , or

frequency, associated w ith  th is  lesion is lost.

High Pulse R epetition  Frequency Doppler

A po ten tia l solution to  frequency aliasing would be to  

increase the pulse re pe tition  frequency which would increase the 

maximum ve lo c ity  tha t could be measured. However, as discussed 

th is  would necessitate tra n sm ittin g  one or more fu rth e r pulses 

before the f ir s t  had been received and th is  would then cause 

depth am bigu ity , in tha t the Doppler signal would be a composite 

o f the received signals from  each transm itted  pulse o f 

ultrasound a t d iffe re n t depths along the line o f the Doppler 

beam. The orig in  o f a high ve lo c ity  recorded in the Doppler 

signal could be from  one o f several d iffe re n t depths. The
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a ttra c tio n  o f high pulse re p e titio n  frequency (HPRF) Doppler 

however, is tha t like  pulsed Doppler, i t  can be incorporated 

in to  a re a l-tim e  tw o-d im ensional echocardiographic image.

W ith HPRF Doppler i f  the pulse re p e titio n  frequency is doubled 

in order to  measure a higher v e lo c ity  a t a p a rticu la r depth then 

tw o Doppler pulse samples w il l appear w ith in  the 

echocardiographic image. S im ila rly  i f  i t  is treb led  then three 

pulse samples w il l appear. The depth am bigu ity caused by HPRF 

Doppler is only re la tive  however. For example, i f  one o f the 

three pulse samples is im m ed ia te ly  d is ta l to  a stenosed a o rtic  

valve, w h ile  the other tw o are w ith in  myocardium and chest w a ll 

echos on the tw o-dim ensional image, then c lea rly  the high 

ve lo c ity  je t must be a resu lt o f the Doppler s h ift o f ultrasound 

from  the sample d is ta l to  the a o rtic  valve, since th is is the 

only sample area where blood flo w  w ill be occurring. However, 

although i t  may be possible to  id e n tify  the s ite  o f o rig in  o f 

the maximum Doppler frequency s h ift by care fu l positioning o f 

the pulsed sample volumes, th is  requires considerable sk ill, and 

com plete abolition  o f depth am bigu ity  may not be possible. In 

addition, unlike continuous wave Doppler, since ve lo c ity  

recordings are only obtained from  a number o f small sample 

areas, there is considerable po ten tia l fo r missing the presence 

o f a high ve loc ity  je t w ith  HPRF Doppler. This could p a rtly  be 

overcom e by increasing the length o f the pulse sample or by 

increasing the number o f sample gates. Although th is would 

increase the likelihood o f id e n tif iy in g  a high ve loc ity  je t and 

increase the maximum recordable ve loc ity , i t  w il l also
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considerably increase the risk o f depth am bigu ity . In fa c t 

continuous wave Doppler could be regarded as an in f in ite  HPRF 

Doppler, where there are in f in ite  sample gates and no lim it  to 

the maximum ve lo c ity  tha t can be measured, but in add ition  there 

is no depth resolution o f the ve lo c ity  recording.

HPRF Doppler though th e o re tica lly  a ttra c tiv e  is 

p o te n tia lly  very d if f ic u lt  to  use and may confer l i t t le  bene fit 

over the com bination o f continuous and pulsed wave Doppler.

The optim al Doppler system the re fo re  is lik e ly  to  be one 

th a t combines both continuous and pulsed wave modes w ith  or 

w ith o u t the fa c i l i ty  fo r HPRF Doppler and w il l the re fo re  a llow  

measurement o f high ve loc ities  and also provid ing accurate depth 

reso lution in conjunction w ith  the anatom ical data provided by 

echocardiography.

Signal Analysis

A single blood ce ll passing through the region o f a 

Doppler beam w il l cause the re fle c ted  ultrasound to  osc illa te  a t 

a single frequency, the so called zero-crossing frequency, fo r 

the short period o f tim e  which i t  is w ith in  the Doppler beam, 

assuming tha t the blood ce ll is tra ve llin g  a t a constant 

v e lo c ity  through the ultrasound fie ld . In re a lity  however, the 

Doppler signal from  moving blood is a composite o f m u ltip le
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zero-crossing frequencies, or harm onic oscilla tions, from  

m u ltip le  blood ce lls  tra ve llin g  a t varying  ve loc ities , fo r 

vary ing  tim es, w ith in  the Doppler sample.

A lthough ultrasound is transm itted  a t high frequency, the 

Doppler frequency sh ifts , or changes in frequency o f the 

re fle c te d  ultrasound, are w ith in  the audio range. The sim plest 

m ethod o f signal analysis there fo re  is an audio representation 

o f the Doppler frequency sh ift, and indeed a ll the in fo rm a tion  

o f the Doppler signal w ill be contained w ith in  the audio signal. 

This also allows the Doppler signal to  be recorded on audio tape 

cassette fo r data storage and subsequent analysis. A lthough the 

audio signal may be o f considerable q ua lita tive  value, i t  is 

c le a rly  unable in its e lf  to  provide accurate  q uan tita tive  

in fo rm a tion , or display the complex deta iled s truc tu re  o f the 

Doppler signal.

I t  is possible to ca lcu la te  an instantaneous

zero-crossing frequency from  adjacent pairs o f zero-crossings

w ith in  the composite signal and display as a function  o f tim e  a

sca tte r gram o f the instantaneous frequency d is tribu tion  known

26as the tim e  in te rva l h istogram . Many o f the in it ia l 

ca rd iac Doppler units displayed the Doppler frequency 

in fo rm a tion  in th is manner. Using th is method of signal 

analysis, ca lcu la tion  o f the mean ve lo c ity  and an estim ation  o f 

the w id th  o f ve loc ity  d is tribu tion  is possible. However, i t  does 

not provide deta il o f the form  o f the ve loc ity  d is tribu tion  nor
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96is i t  able to  estim ate  the maximum ve loc ity , both 

e x trem e ly  im po rtan t aspects o f card iac Doppler exam ination. As a 

resu lt the use o f tim e  in te rva l histography imposes considerable 

lim ita tio n s  on the use of card iac Doppler and w ith  the 

in troduc tion  o f spectra l analysis rap id ly  became obsolete.

Spectra l Analysis

Spectral analysis has now superseded a ll o ther form s o f 

signal analysis. As the name suggests i t  provides a method o f 

analysing the whole range or spectrum o f frequency sh ifts , and 

the re fo re  ve loc ities , o f which the received Doppler signal is 

composed. There are essentia lly tw o  e lec tron ic  methods o f 

analysing the ve lo c ity  spectrum ; Fast Fourier Transform  (FFT) 

analysis and C h irp -z  transfo rm  analysis. The fo rm er u tilizes  

d ig ita l techniques whereas the la t te r  uses a range o f analogue 

frequency "buckets" or "bins". However, the e ffe c t o f these two 

methods o f spectra l analysis is s im ila r. They are capable o f 

separating the composite Doppler signal in to  its  ind iv idual 

frequencies, s im ila r to  iden tify ing  the ind iv idua l notes o f a 

musical chord. In addition the number o f ind iv idual signals o f a 

p a rticu la r frequency are id e n tifie d  and the re fo re  the in tens ity  

or "loudness" o f a single frequency w ith in  the Doppler signal 

can be displayed. These e lec tron ic  com putations can be perform ed 

very rap id ly  and updated as quickly as every 5 msec. This allows 

the whole range of frequency sh ifts , or equivalent ve loc ities , 

w ith in  the Doppler signal over a very short tim e  period, and
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th e ir respective am plitudes or in tens ities , to  be displayed 

v isua lly  in real tim e . From th is , judgement o f the q ua lity  o f 

the Doppler signal, exclusion o f e lec ton ic  noise from  visual 

v e lo c ity  display by gain adjustm ent, and id e n tif ic a tio n  o f the 

true  maximum v e lo c ity  are more easily obtained. Examples o f the 

display o f spectra l analysis is shown in Figures 2,3,4 & 5. In

th is  fo rm  o f display each dot or p ixe l represents a p a rticu la r 

frequency sh ift, or ve lo c ity , w ith in  a 10 msec tim e  period and 

displays the whole range of frequency sh ifts  repeated ly updated 

every 10 msec. I f  blood flo w  is d irected  towards the transducer 

then an increase in frequency is produced and is displayed above 

the zero v e lo c ity  line, whereas blood flo w  away from  the

transducer w ill cause a decrease in the transm itted  frequency 

and w ill be displayed as a Doppler frequency s h ift below the 

zero ve loc ity  line . In addition, the in tens ity  or am plitude o f 

each dot or p ixe l represents the volume o f blood ce lls w ith in  

the Doppler beam sample tra ve llin g  a t a p a rticu la r ve lo c ity  

w ith in  the 10 msec tim e  period. Measurement o f the maximum

Doppler frequency sh ift is perform ed from  the frozen image by a 

movable cursor dot, w ith  the maximum signal being assessed 

v isua lly  and the cursor then positioned a t the po in t o f maximum 

frequency as shown in Figure 2. The spectrum analyser w ill then 

give a d ig ita l readout o f the frequency sh ift re la ted  to  the 

cursor, shown a t the top o f Figure 2 as +2,500 Hz, ind ica ting  

th a t flo w  is towards the transducer and producing a maximum 

frequency sh ift o f 2,500 Hz. Using the Doppler equation,

discussed ea rlie r, the ve loc ity  can then be ca lcu la ted :-
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V eloc ity  -  ?.300Hz X 1560m/s
y " 4000000Hz

= 1 m/s

Note from  Figures 4 and 5 th a t the spectra l display has 

no e ffe c t on frequency a liasing. I t  is m erely an e lec tron ic  

method o f d isplaying the in fo rm a tion  w ith in  the composite 

Doppler signal and w il l have no e ffe c t on the ultrasound 

properties o f pulsed and continuous wave Doppler ultrasound. 

The app lica tion  o f spectra l analysis is c lea rly  advantageous in 

the study o f card iac Doppler and is the m ajor fa c to r which has 

po ten tia ted  considerable advances in the c lin ica l app lica tion  o f 

the technique.

DOPPLER INSTRUM ENTATION

In it ia l Experience

My in it ia l Doppler experience was w ith  the use o f an 

early  pulsed system which displayed the Doppler data as a tim e  

in te rva l h istogram  but was able to provide simultaneous 

two-d im ensional echocardiographic imaging (Diasonics V3400R). 

Being able to  position the Doppler sample gate w ith in  the 

sim ultaneously displayed echocardiographic image enhanced the
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in it ia l learning o f the Doppler technique and allowed

id e n tif ica tio n  o f the Doppler recordings from  a va rie ty  o f

in tracard iac  sites. However, m ajor lim ita tio n s  o f th is system

were apparent m ain ly because of the use o f tim e  in te rva l 

26histography, which did not a llow  assessment o f the

maximum flow  ve lo c ity . This would have been inadequete fo r the 

proposed studies o f th is thesis. Since i t  was able to  id e n tify  

the presence o f flo w  by th is signal analysis i t  was used 

successfully to  de tec t the presence o f m itra l regurg ita tion  in a 

number o f the patien ts w ith  m itra l valve replacements studied in 

chapter 6 where early in the learning curve o f the Doppler 

technique the guided position ing o f the Doppler sample volume by 

echocardiographic imaging was valuable. However, when subsequent 

im proved Doppler equipment became available, which did not 

provide echocardiographic imaging, - i t  became clear, not only 

th a t improved signal analysis was im portan t but also tha t the 

use o f simultaneous imaging could s ign ifican tly  compromise the 

qua lity  o f the recorded Doppler signal.

P o ten tia l Problems

When proposing fu rth e r investigation in to  card iac Doppler 

in 1983 there were two very d is tin c t types o f Doppler ultrasound 

equipm ent. "Stand alone" Doppler was available in the form  o f a 

dedicated Doppler ve loc im e te r (Vingmed, Norway) which had no 

echocardiographic imaging and a number o f duplex Doppler 

systems, combining echo and Doppler fa c ilit ie s  had been
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in troduced w ith  in b u ilt spectra l analysis o f the Doppler signal. 

Despite the apparent advantage o f the addition o f 

echocardiographic imaging there were a number o f po ten tia l 

concerns regarding duplex systems. The ultrasound transducers 

availab le  w ith  these systems tended to  be large and unsuitable 

fo r adequate imaging from  the suprasternal notch. Since, by the 

nature o f the Doppler technique, i t  is im po rtan t to obtain 

Doppler signals in the line o f blood flow , the suprasternal 

notch is lik e ly  to  be an im p o rta n t praecordia l position fo r 

Doppler recordings. In subsequent investiga tion  o f patients w ith  

a o rtic  stenosis i t  became clear th a t a number o f o ther 

p raecord ia l positions unsuitable fo r large imaging transducers 

were also im po rtan t, such as the r ig h t parasternal and 

supraclavicu lar approaches. These duplex systems suffered from  a 

lack o f v e rs a tility  in tha t they had no method o f ex trac ting  the 

raw Doppler data and in fle x ib le  ca lcu la tion  packages. This was 

a po te n tia l problem as i t  was unclear a t such a pre lim inary 

stage what subsequent ca lcu la tions or fu rth e r analysis o f the 

Doppler signal may be required. In addition the im portance of 

com prom ising Doppler sens itiv ity  by simultaneous two-dim ensional 

im aging had already been raised. More im po rtan tly  however, was 

the fa c t tha t the duplex systems did not have the fa c il ity  fo r 

continuous wave Doppler which would s ign ifican tly  l im it  there 

app lica tion , a problem not shared by the "stand alone" 

coun terpa rt.
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Doppler Velocim eter

For the above reasons I fe l t  the most appropriate Doppler 

ins trum enta tion  was the Vingmed A lfre d  Doppler ve loc im e te r 

(Vingmed, Norway). This "stand alone" system allowed both pulsed 

and continuous wave Doppler w ith  a 2MHz transducer which was 

sm all, w ith  an angulated head (Fig. 6) and ideal fo r exam ination 

from  the suprasternal notch. Indeed a ll duplex systems have now 

incorporated e ithe r the Vingmed system or provide a separate 

continuous wave Doppler fa c ilty  as pa rt o f the echo/Doppler 

system w ith  a s im ila r separate Doppler transducer. The Vingmed 

A lfre d  ve loc im e te r provides an audio Doppler signal in real tim e  

and had the fa c i l i ty  fo r recording on a standard s trip  chart 

recorder an analogue signal o f the mean and maximum ve loc ities  

estim ated by a ve loc ity  es tim a to r w ith in  the Doppler 

ve loc im e te r. However, i t  can also be in te rfaced  to  a separate 

spectrum  analyser fo r fu l l spectra l analysis.

Spectrum Analyser

Spectral analysis o f the Doppler signal can 

provide a visual display o f the whole range o f Doppler frequency 

sh ifts  and th e ir re la tive  in tensities in real tim e , and as a 

resu lt is valuable in guaging the qua lity  o f the Doppler 

record ing in com bination w ith  the audio signal. In the



Figure 6: Vingmed continuous and pulsed wave Doppler transducer

(2 Mega H ertz). The sp lit p ie zo -e le c tric  c rysta l allows one ha lf 

to  tra nsm it and the other to  receive ultrasound 

sim ultaneously during continuous wave operation and the small 

angulated head and crossbar fa c ilita te  position ing o f the 

transducer, p a rticu la rly  in the suprasternal notch and rig h t 

parasternal regions.
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continuous wave mode where no range resolution is possible,

blood flow , iden tified  a t d iffe re n t points along the Doppler

beam, o ften  trave ls  a t d iffe re n t ve loc ities  and though

impossible to  separate using the analogue estim a to r,

ch a ra c te ris tic  flo w  patterns can o ften  be iden tified  using

spectra l analysis. It  can also prove valuable in some patients,

p a rtic u la r ly  in the e lderly , where ultrasound penetration may

be d if f ic u l t  and a high ve lo c ity  je t may be o f very low

am plitude  or in tens ity  p a rticu la rly  a t the higher frequency

sh ifts  and whereas the few  high frequency but low am plitude

signals w ill be apparent on spectra l analysis the would

a lm ost ce rta in ly  be missed by a maximum ve lo c ity

97es tim a to r, causing underestim ation o f the maximum

ve lo c ity . This is o f po ten tia l im portance in p red icting  the 

severity  o f a o rtic  stenosis in e lderly  patients where c lin ica l 

signs may be d if f ic u lt  to  assess.

Spectrum analysers have only recently  been spec ifica lly  

developed fo r cardiac work and in it ia lly  an Angioscan vascular 

analyser was used in conjunction w ith  the A lfre d  ve loc im eter fo r 

the f ir s t  patients studied w ith  a o rtic  stenosis. This provided 

a sa tis fac to ry  visual display o f the ve loc ity  spectrum and

proved adequate fo r measuring the peak Doppler frequency o f high 

v e lo c ity  je ts in the aorta, but there was no fa c il ity  to display 

d ire c tio n a l ve loc ity  and the gain contro l allowed only four 

possible settings excluding any fine r adjustments.
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A ll spectra l analysis fo r the studies in th is thesis was 

perform ed using a Doptek spectrum analyser in tegra ted w ith  the 

Vingmed A lfred  ve loc im e te r. This recently  developed analyser 

provided a visual display o f the ve lo c ity  spectrum and allowed 

apprecia tion o f d irec tiona l flow . In addition i t  had a graduated 

gain con tro l and a ten second storable memory. When a 

sa tis fac to ry  image was obtained, a freeze fa c il ity  allowed the 

cu rren t image to be displayed or any from  the previous ten 

seconds. The peak frequency sh ift was guaged v isua lly and a 

movable cursor placed a t the appropria te  point on the Doppler 

signal, producing a d ig ita l display o f the Doppler frequency 

s h ift. The equivalent ve loc ity  could then be ca lcu lated using 

the Doppler equation. L a tte r ly , in liason w ith  Doptek a movable 

rea l tim e  cursor was incorporated which was operator dependent 

and allowed an appreciation o f the frequency sh ift in real tim e  

which allowed easy comparison of signals obtained from  a va rie ty  

o f praecord ia l positions w ithou t the need fo r freezing the 

image. In addition, since the com pletion . o f these studies the 

frequency sh ifts  obtained by positioning o f the cursor have also 

been displayed as a ve loc ity , assuming the angle w ith  blood flo w  

to  be zero, and obviating the need fo r ca lcu la tion  o f the 

Doppler equation. A fa c i l ity  fo r com puter dumping was available 

but its  use lim ited  by the curren t lack o f suitable com puter 

analysis programmes. The analyser its e lf also incorporates a 

ca lcu la tion  package w ith  median and maximum frequency 

fo llow ers. These id e n tify  the median and maximum frequency o f 

the Doppler signal a t each 10 msec in te rva l and can average
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e ithe r o f these over a card iac cycle  or any given tim e  period. 

They are o f p a rticu la r value when tim e  averaged ve lo c ity  over a 

card iac cycle  is required, as in the assessment o f card iac 

output.

DOPPLER EXAM IN ATIO N

The audio signal and the visual display o f the ve lo c ity  

spectrum  were u tilize d  in com bination when perfo rm ing  the 

Doppler exam ination to  obtain a sa tis fac to ry  Doppler signal. In 

add ition  the Doppler signal was recorded on audio tape and 

could be replayed through the spectrum  analyser a t a la te r tim e  

fo r fu rth e r analysis. During the exam ination care was taken to  

obtain the most sa tis fac to ry  spectra l signal by varying the 

probe position and the gain con tro l adjusted to  re je c t obvious 

in te rfe rence . A sa tis fac to ry  signal was guaged both by the 

q ua lity  o f the audio signal and by the presence o f a c le a rly  

dem arcated spectra l display. The addition o f the movable cursor 

line s im p lified  the comparison o f d iffe re n t ve loc ities  obtained 

w ith  transducer m anipulation and from  various praecord ia l 

positions.

While provid ing a versa tile  system w ith  both pulsed and 

continuous wave modes and avoiding any compromise o f 

Doppler se ns itiv ity  the obvious disadvantage o f th is system is 

the lack o f position ing o f the pulsed wave sample gate by
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simultaneous echocadiographic im aging. A ll patients studied had 

tw o-d im ensional echocardiography perform ed, where possible a t 

the same tim e  as the Doppler exam ination. When position ing of 

the pulsed sample gate was c r it ic a l,  as in the assessment o f 

m itra l p ros the tic  regurg ita tion , Doppler exam ination was always 

perform ed w ith  the separate tw o-d im ensional echocardiographic 

fa c ilit ie s  availab le. I f  required, by a lte rna tin g  the Doppler 

and echocardiographic transducers an adequate apprecia tion o f 

the  position o f the sample gate could then be obtained.

APPLIED DOPPLER PHYSICS

The tw o m ajor app lications o f physical theory to  

the Doppler exam ination re la te  to  the measurement o f pressure 

gradients and vo lu m e tric  flo w  analysis. The theory applied to  

the measurement o f pressure gradients is discussed in th is  

chapter since i t  is re levant to the m a jo rity  o f studies in 

th is  thesis. V o lum etric  flo w  analysis is however considered as 

an in te rg ra l part o f the m ethodological assessment o f card iac 

ou tpu t discussed in Chapter 8.

B ernou lli Equation

In flu id  dynamics, a narrow ing in a tube w ill cause flow  

passing through i t  to accelerate from  one ve lo c ity  a t a point
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proxim al to  the narrow ing or obstruction, to an increased 

ve lo c ity  a t a point w ith in  the obstruction. This re la tionsh ip  

between the ve lo c ity  and the pressure drop across an

obstruction  (p i - p2) is given by the Bernoulli equation:-

p l -  p2 = vl/2 p (v2^  - v l 2)  + ^  d v /d t ds, + R(vJ

This equation can be applied to  the study o f blood flo w  

across an obstruction  such as found in valve stenosis. Part 1 o f 

the equation re la tes to  the convective acce lera tion  o f blood. 

This acce lera tion  o f blood through an obstruction  is caused by 

its  convection from  one ve lo c ity  a t a point proxim al to  the 

obstruction  to  another ve lo c ity  a t the po in t o f m aximum

obstruction, hence the te rm  convective accelera tion. The d riv ing  

fo rce  to  th is  ve lo c ity  change is the pressure drop or gradient 

across the obstruction  and the change in ve lo c ity  is

p roportiona l to  the obstruc tive  gradient as shown in the

Bernou lli equation. The d is ta l ve lo c ity  is usually high and, as 

is true  in most cases o f in tracard iac  flow  recordings the 

ve lo c ity  proxim al to  the obstruction  low, usually less than 1 

msec” *. When these ve loc ities  are squared then subtraction  

o f the proxim al from  the d ista l ve lo c ity  makes l i t t le  d iffe rence  

to  the ca lcu lated gradient. The proxim al ve lo c ity  can then 

e ffe c tiv e ly  be ignored and the obstructive  gradient re la tes 

solely to  the maximum ve lo c ity  measured d is ta l to  the

obstruction. This assumption should always be borne in mind
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however, as i t  may not necessarily be va lid  in a ll s ituations.

For example, an increase in card iac output w ill cause an 

increase in the ve lo c ity  o f blood flo w  proxim a l to  an 

obstruction, as w ill the presence of s ign ifican t va lvu lar

regurg ita tion  producing as a resu lt an increase in fo rw ard  flo w .

The second part o f the equation involves flo w

accelera tion  which re la tes to  the in e rtia l forces encountered 

w ith  the acce lera tion  and deceleration o f f lo w  and w ill 

the re fo re  be apparent both a t the onset and a t the te rm in a tion  

o f flow , which applies only during valve opening and closure, 

whereas the maximum pressure gradient w ill occur a t some po in t 

in between. These forces are m in im al and do not the re fo re  e ffe c t 

the  measurement o f the obstruc tive  gradient, th e ir  main e ffe c t 

being the production o f a s ligh t tim e  delay between the

calcu lated and measured pressure curves. Again the re fo re  fo r 

c lin ic a l purposes flow  accelera tion  forces can be ignored.

The f in a l part o f the equation is concerned w ith  forces 

due to  viscous fr ic t io n , energy changes re la ted to  the 

in te rac tio n  between blood ce lls and th e ir in te rac tio n  w ith  the 

surface o f the card iac valves. Since the ve lo c ity  p ro file  o f an 

obstructive  je t is f la t ,  l i t t le  in te rac tion  occurs between 

blood ce lls a t th is point and i f  ve lo c ity  measurements are made 

w ith in  the je t then energy losses due to  in te rac tion  w ith  the 

valves are also avoided. The component o f the Bernoulli 

equation re la ting  to  viscous fr ic t io n  is o f m in im al im portance
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and can, fo r p ra c tica l purposes, be ignored.

A pp lica tion  o f the above considerations results in the 

m od ified  fo rm  o f the Bernou lli equation:-

p l -  p2 = 4V2

where V = the maximum ve lo c ity  recorded d is ta l to  the 

obstruction .

For example the re fo re  i f  a maximum v e lo c ity  o f U m /s was 

recorded d is ta l to  a valve stenosis by Doppler u ltrasound the 

ca lcu la ted  valve gradient, assuming th a t the ve lo c ity  p roxim a l 

to  the obstruction  was neglig ib le , would be:-

U X U2 = 6U mmHg

I f  the ve lo c ity  proxim al to  the obstruction  was 2 m/s 

th is  would have to  be taken in to  account in ca lcu la tion  o f the 

grad ien t and the re fo re :-

p l -  p2 = U(V22 -  V I2)

= U(U2 -  22)

= US mmHg
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This m od ified  fo rm u la  has become generally accepted as

the most applicable in the c lin ica l se tting  and has previously

proved successful in ca lcu la ting  valve gradients from  Doppler

29 ^ l
ve lo c ity  measurements. ’ A t th is  point i t  should be 

remembered th a t measurement o f pressure gradients by Doppler 

u ltrasound is dependent on the accurate measurement o f the 

m axim um  ve lo c ity  which is re la ted to  the in te rcep t angle between 

the ultrasound beam and blood flo w . As w ith  the po ten tia l to  

underestim ate v e lo c ity  o f blood flo w  by a large in te rcep t angle, 

since gradient measurements are derived from  th is  value, the 

po te n tia l alos exists to  s ig n ifica n tly  underestim ate valve 

g rad ien t i f  th is  in te rcep t angle is large. An angle o f the 

Doppler ultrasound beam o f 20 degrees to  blood flo w  w il l only 

underestim ate the pressure gradient by 12%, which would 

probably be acceptable fo r the m a jo rity  o f c lin ica l purposes. 

However, an angle o f 40 degrees w ill cause an underestim ation o f 

g rea te r than 40% which is lik e ly  to  produce c lin ic a lly  

unacceptable results. I t  is there fo re  o f considerable im portance 

to  search fo r the maximum Doppler signal ind ica tive  o f the 

sm allest in te rcep t angle when a ttem pting  to measure valve 

gradients from  the maximum ve lo c ity  by Doppler ultrasound. W ith 

the use o f a duplex system where simultaneous echocardographic 

im aging is availab le i t  is the o re c tica lly  possible to  in troduce 

an angle co rrec tion  fa c to r, and many o f the duplex systems w ill 

provide th is fa c i l ity .  However, blood flo w  has three ra ther than 

tw o  dimensional characte ris tics  and in diseased states the 

ac tua l d irec tion  o f the blood ve loc ity  je t may d iffe re n t
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s ig n ifica n tly  from  tha t predicted from  the echocardiographic 

image and, as a resu lt, the poss ib ility  o f s ig n ifican tly  

overestim ating  maximum ve loc ity  and hence pressure g rad ient 

exists.

I t  should be stressed tha t in ce rta in  s ituations such as 

found w ith  the com bination o f va lvar and sub-valvar a o rtic  

stenosis i t  is lik e ly  th a t th is equation w il l estim ate  the to ta l 

grad ien t across the le f t  ve n tricu la r o u tflo w  and i f  only the 

transva lva r gradient is desired then the proxim a l ve lo c ity , i.e. 

th a t d is ta l to  the sub-valvar obstruction, may have to  be taken 

in to  account.

Mean Valve Gradients

Pressure gradients can be ca lcu la ted by applying the 

m od ified  Bernoulli equation to  the m aximum ve lo c ity  recorded by 

Doppler ultrasound. I t  is standard p rac tice  from  pressure 

trac ings obtained a t card iac ca the te risa tion  to  express the 

grad ien t across the m itra l valve as a mean gradient ra ther than 

a m aximum gradient or an instantaneous gradient a t one point in 

the card iac cycle . It is possible to  obta in a mean m itra l valve 

g rad ient by Doppler ultrasound and the m odified  Bernoulli 

equation. In order to  do so i t  is necessary to  apply the 

m od ified  Bernoulli equation to  the maximum m itra l flo w  ve lo c ity  

a t a number o f in terva ls throughout diastole in order to obtain 

a series o f pressure gradients which can then be averaged to
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provide a mean valve gradient. The la rger the number o f samples 

obtained throughout d iasto le then the more accurate the 

assessment o f the mean valve gradient is lik e ly  to  be. Since the 

spectrum  analyser w ill provide updated Doppler 

frequency /ve loc ity  in fo rm a tion  a t 10 msec in te rva ls , fo r 

the most accurate  assessment o f mean m itra l grad ient the 

m od ified  Bernoulli equation should be applied a t each 10 msec 

in te rva l throughout d iasto le and the ca lcu lated pressure 

gradients then averaged.

I t  should be emphasized th a t the measurement o f mean 

m itra l valve grad ient by Doppler ultrasound in no way involves 

mean ve lo c ity , but is a re fle c tio n  o f the average value o f a 

series o f pressure gradients re la ted  to  the maximum m itra l f lo w  

ve lo c ity . In add ition  because o f the squared re la tionsh ip  o f 

m aximum ve lo c ity  and pressure gradient i t  is essential to  

assess the pressure grad ient from  each instantaneous maximum 

ve lo c ity  and i t  is not va lid  to average the maximum m itra l 

ve lo c ity  and then apply the m odified Bernoulli equation.

The im portance o f the m odified Bernoulli equation to  

card iac Doppler ultrasund cannot be over emphasized. Indeed, 

w ith  respect to  th is  thesis, its  c lin ica l value spans not 

only the investiga tion  o f va lvu lar heart disease and ven tricu la r 

o u tle t obstruction  but also the assessment o f p rosthe tic  valve 

func tion  and the pred iction  o f r igh t ve n tricu la r and pulmonary 

a rte ry  pressures in patients w ith  ven tricu la r septal defects.



Pressure H a lf-T im e

In m itra l stenosis using Doppler ultrasound from  the

apical position, i t  is possible to  measure pressure gradients

noninvasively from  the maximum m itra l flo w  ve lo c ity  by

29app lica tion  o f the m odified  Bernoulli equation. However, 

the accuracy o f assessing the actua l degree o f stenosis from  

the pressure gradient w ill be a ffe c ted  by heart ra te , card iac 

output and the presence o f m itra l regurg ita tion . This is not 

unique to  Doppler ultrasound and the same e ffe c t w il l occur w ith  

pressure gradients measured a t card iac ca the terisa tion .

31H at le  e t a l. have suggested a measurement o f

m itra l "pressure h a lf- tim e " as a method o f assessing the degree 

o f m itra l obstruction  which is independent o f va ria tion  in 

m itra l valve flow , and the re fo re  re la ted to  m itra l valve area. 

M itra l "pressure h a lf- tim e " is a measurement o f the tim e  in 

msec taken fo r the pressure drop to  fa l l  to  ha lf of its  in it ia l 

value. Since pressure gradient can be ca lcu lated from  the 

maximum m itra l ve loc ity , and there is a linear fa l l in the 

m itra l ve lo c ity  from  its  in it ia l peak, then i t  should be 

possible to  measure "pressure h a lf- tim e " from  Doppler record ing 

o f m itra l flow  ve loc ity . I f  the m odified Bernoulli equation is 

applied to  the peak m itra l flo w  ve loc ity , a peak m itra l gradient 

can be ca lcu lated and the "pressure h a lf- tim e " is then the tim e  

taken fo r the maximum ve loc ity  to  fa l l to  a value equivalent to
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h a lf o f the peak pressure gradient.

From  the m od ified  Bernou lli equation the peak pressure 

2
drop w ill be 4V and the "pressure h a lf- tim e " w ill be the

2
tim e  taken to  reach ha lf th is  in it ia l value, or 1/2 4V . 

The "pressure h a lf- t im e " can the re fo re  be expressed in term s o f 

v e lo c ity  and w il l be the tim e  taken fo r the ve lo c ity  to  fa l l to  

to  a value equiva lent to  the peak ve lo c ity  divided by the square 

roo t o f 2 (1.4). Pressure h a lf- tim e  can the re fo re  be measured 

d ire c tly  from  the Doppler ve lo c ity  recording.

A lthough the peak m itra l flo w  ve lo c ity  w ill vary w ith

changing flo w  through the m itra l valve, the ra te  a t which the

flo w  v e lo c ity  decreases should not, and there fo re  w ill provide

an assessment o f the actua l degree o f obstruction  independent o f

31the ca lcu la ted  pressure gradient. H atle  e t al. studied 40 

norm al subjects, 32 patients w ith  m itra l stenosis, 17 patients 

w ith  m itra l regurg ita tion  and 12 patien ts w ith  combined lesions.

In norm al subjects, m itra l pressure ha lf-tim es  ranged from  20-60 

msec, in patien ts w ith  isolated m itra l regurg ita tion  from  33-80 

msec, and in patien ts w ith  m itra l stenosis from  90-380 msec. No 

s ig n ifican t change in pressure h a lf- tim e  occurred w ith  exercise 

whereas s ig n ifican t increase in pressure gradients were noted, 

and no change occurred on repeated estim ations. In addition, in 

patien ts undergoing card iac ca the terisa tion  m itra l pressure 

h a lf- tim e  re la ted  closely w ith  invasive estim ation  o f m itra l 

valve area, w ith  increasing pressure ha lf-tim es  occurring w ith
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decreasing m itra l valve areas.

In order to  accura te ly  assess pressure gradients by 

Doppler, the ultrasound beam must be d irected in line o f through 

valve flo w , and a s ig n ifican t in te rcep t angle w ill cause peak 

ve lo c ity  and hence pressure g rad ient to  be underestimated. 

However, H atle  e t a l. found th a t although the peak ve lo c ity  

decreased w ith  an increasing in te rce p t angle, measurement o f the 

m itra l pressure h a lf- t im e  remained unchanged. This is dependent 

o f the  ultrasound beam in te rcep tin g  the ve lo c ity  je t a lbe it a t a 

considerable angle, whereas i f  the Doppler beam is not d irected  

a t the centra l part o f the ve lo c ity  je t, pressure drop may be 

underestim ated and pressure h a lf- t im e  prolonged. This is a 

resu lt o f Doppler signals being obtained only during part o f 

d iasto le  due to  m ovement o f the heart. I t  is very im portan t, 

the re fo re , tha t ca re fu l Doppler exam ination is perform ed in 

order to  obtain the cen tre line  ve loc ities , i f  accurate 

measurement o f m itra l pressure h a lf- tim e  is to  be made.

By combining the noninvasive measurement o f pressure 

g rad ient and m itra l pressure h a lf- tim e  an improved assessment o f 

m itra l valve obstruction  is possible than by pressure gradient 

measurement alone, since pressure h a lf- tim e  w ill provide an 

assessment o f the actua l degree o f m itra l obstruction, whereas 

pressure gradient w ill re fle c t the amount o f flow  through a 

m itra l o r if ic e  o f a pa rticu la r area. It is possible to  assess 

the degree of stenosis in patients w ith  combined m itra l stenosis
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and regurg ita tion , where a high pressure gradient in the 

presence o f a norm al or only s lig h tly  prolonged pressure

h a lf- t im e  would ind ica te  predom inant regurg ita tion  in the

absence o f s ign ifican t stenosis. In addition, by assessing a 

p a tien t w ith  m itra l stenosis on a seria l basis, an increase in 

the pressure h a lf- tim e  w il l ind icate  worsening stenosis, whereas 

increase in the pressure gradient alone w il l ind icate  only

increased m itra l flow .

I f  the use o f m itra l pressure h a lf- tim e  could be

extrapo la ted  to  p ros the tic  m itra l valves, where an in tr in s ic  

dergree o f obstruction  exists, even in norm ally function ing  

prostheses, and where c lin ica l assessment is less re liab le , then 

Doppler ultrasound w il l have considerable c lin ica l po ten tia l in 

the assessment o f these patien ts. In chapters 6 and 7 th is  

thesis w il l deal w ith  the app lica tion  and c lin ica l value of 

m itra l pressure h a lf- tim e  in patien ts w ill m itra l valve 

replacem ent.



CHAPTER 3

NORM AL DOPPLER EXAM IN ATIO N
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INTRODUCTION

Continuous and Pulsed Wave Doppler

In order to  successfully apply Doppler ultrasound to  the 

assessment o f various card iac abnorm alities i t  is im portan t 

f ir s t ly  to  exam ine norm al subjects w ith  th is  technique and 

establish the norm al range fo r the various in tracard iac  blood 

flo w  ve loc ities  and m itra l pressure h a lf- tim e . For ease o f 

exam ination, p a rticu la rly  where simultaneous imaging is not 

availab le, i t  is useful to  employ continuous wave Doppler to  

id e n tify  the flo w  pa tte rn  o f in te rest. Continuous wave Doppler 

w ith  id e n tify  a ll ve loc ities  encoutered along the Doppler beam 

including the low ve lo c ity  signals o u tw ith  the main ve lo c ity  

je t (see Fig. 2, chapter 2). Pulsed wave Doppler w ill display 

only the ve loc ities  present a t a specified depth o f sampling 

which, i f  positioned w ith in  the ve lo c ity  je t, w il l exclude the 

low  ve lo c ity  signals emerging from  the surrounding blood flo w  

(see Fig. 3, chapter 2).

V e loc ity  recordings in normal subjects w ill tend to  be 

w ith in  the the range o f pulsed Doppler, and w ith  duplex systems, 

simultaneous imaging can be used to  position the Doppler beam 

sample in the area o f the ve loc ity  je t o f in te res t. Iden tify ing  

the flo w  ve lo c ity  through a pa rticu la r valve w ill be more 

d if f ic u lt  w ithou t simultaneous imaging, and the broad Doppler
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beam o f continuous wave Doppler displaying ve loc ity  in fo rm a tion  

along its  whole length, w il l s im p lify  exam ination o f norm al 

subjects using "stand alone" Doppler. The use o f continuous wave 

Doppler in normals w ill not a ffe c t the measurement o f maximum 

ve lo c ity , the ranges o f which are im portan t to  establish in 

order to  progress to  measuring peak ve lo c ity  in patients w ith  

card iac abnorm alities. In accura te ly  assessing maximum ve lo c ity  

i t  is essential th a t ultrasound re fle c tio n  is obtained from  the 

cen tre line  blood flo w  ve loc ities, w ith o u t a s ign ifican t 

in te rce p t angle, a s itua tion  which w il l more readily  be achieved 

w ith  non-im aging Doppler using continuous wave exam ination.

Reported Norm al Values 

98H atle  has reported norm al values fo r maximum

ve lo c ity  measurements in 30 ch ild ren and 40 adults (Table 1),

though the exact methodology used was not c lea rly  deta iled.

Another study has reported the maximum ve loc ities in the

ascending aorta  and main pulmonary a rte ry  in 20 norm al 

99adults. In th is  study pulsed Doppler recordings were 

obtained w ith  the aid o f simultaneous two-dim ensional 

echocardiographic imaging. Main pulmonary a rte ry  ve lo c ity  was 

obtained from  the parasternal short axis view and a o rtic  f lo w  

ve lo c ity  from  the suprasternal notch. Doppler signals were 

analysed using spectrum analysis. Pulmonary a rte ry  ve loc ities  

ranged from  0.44 to  0.78 m/s, mean 0.63 m /s. S ign ifican tly  

higher a o rtic  ve loc ities  were obtained, w ith  a range o f 0.72 to
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1.20 m/s, mean 0.92 m/s. The reported results were h ighly 

reproducib le  w ith  v a r ia b ility  less than 10%.

S im ilar results both fo r ve lo c ity  measurements in the 

ascending aorta  and fo r th e ir rep ro du c ib ility  had previously 

been reported w ith  a "stand alone" pulsed Doppler ve loc im e te r as 

used in th is  thesis but peak ve lo c ity  was obtained using a

m aximum frequency es tim a to r ra ther than spectra l

. . 100 analysis.

The largest reported series o f norm al values fo r peak 

ve lo c ity  measurements through a ll fou r valves was reported in 

one hundred and ten adults and ch ildren. ̂  Ascending

a o rtic  recordings were obtained from  the suprasternal notch, 

pulm onary a rte ry  recordings from  the parasternal short axis and 

m itra l and tricusp id  recordings from  the apical position. Peak 

ve loc ities  in the pulsed mode were measured d ire c tly  from  the 

spectra l display and the results shown in Table 2. In th is study 

i t  was also noted th a t there was an inverse re la tionsh ip  between 

the peak ve lo c ity  and both age and body surface area fo r m itra l, 

tricusp id  and pulmonary flow  but not fo r a o rtic  flow . It was 

also noted tha t the acce lera tion  tim e , or tim e  to  peak ve lo c ity , 

in  both the pulmonary a rte ry  and aorta , increased s ign ifican tly  

w ith  age.

In an a tte m p t to provide a more accurate and ob jective  

analysis o f a o rtic  flo w  recordings in normal individuals,
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com puter analysis o f the Doppler signal has recen tly  been 

re p o r te d * ^ 5* ^  and has id e n tifie d  a linear increase in the 

v e lo c ity  o f flo w  in early  e jection , present over a constant tim e  

period, unrelated to  e ith e r age or weight and which is 

tra nsm itte d  a fte r  an appropria te  delay to  the peripheral 

a rte ries . Unlike the fo rm e r study mentioned these w orker found 

no s ig n ifican t d iffe rence  in the tim e  to  peak ve loc ity  in  the 

a o rtic  f lo w  w ith  varying age. In add ition they found a 

s ig n ifican t reduction in the  peak a o rtic  ve lo c ity  w ith  age and 

also found a s ig n ifican t inverse re la tionsh ip  between age and 

acce lera tion  o f a o rtic  flo w .

A im  o f Study

The studies in th is  thesis re la te  to  d is tin c t card iac 

disorders where the app lica tion  o f Doppler ultrasound is lik e ly  

to  prove valuable. In the m a jo rity  o f these lesions high blood 

flo w  ve loc ities  are lik e ly  to  be present and the re fo re  only 

accu ra te ly  assessed w ith  the use o f the continuous wave mode. 

Where there is severe obstruction, abnorm ally high ve loc ities  

w il l be encountered and i t  is extrem ely un like ly th a t any 

confusion would arise between normal and abnormal f lo w . The 

re ference ranges previously reported and described above would 

probably prove adequate fo r comparison in the m a jo rity  o f cases. 

However these studies a ll used pulsed Doppler instrum enta tion  

and i t  there fo re  seemed appropriate to  f ir s t  study normal 

ind iv iduals w ith  continuous wave Doppler not only to establish
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my own range o f valve flo w  ve loc ities  but also to  id e n tify  the 

op tim a l praecordia l positions fo r successful exam ination using 

th is  pa rticu la r "stand alone" Doppler system.

SUBJECTS

50 patien ts, 28 males and 22 fem ales, age range 5-76 

years, mean 31 years were studied. A ll were asym ptom atic

and had a norm al card iovascular exam ination. ECG, chest x -ray  

and two-dim ensional echocardiography were normal and ind ividuals 

were not selected because o f th e ir s u ita b ility  fo r  u ltrason ic 

exam ination. Indeed poor q ua lity  echocardiograms were obtained 

in  3 patien ts included in the study.

METHODS

A ll recordings were obtained in the resting s ta te  

im m ed ia te ly  fo llow ing  two-dim ensional echocardiography. Doppler 

exam ination was perform ed in the continuous wave mode and pulsed 

wave exam ination perform ed only to  check th a t no s ign ifican t 

discrepency was obtained between the tw o maximum flo w  

recordings. Follow ing detection  o f a sa tis fac to ry  Doppler 

signal, as described in the previous chapter, the maximum 

v e lo c ity  was ca lcu lated using the Doppler equation from  the
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m axim um  measured frequency sh ift on a frozen spectra l display 

or, la t te r ly ,  d ire c tly  from  the spectrum  analyser using the 

movable cursor which displays both frequency s h if t  and ve lo c ity  

in rea l tim e . The transducer positions described provided only 

an in it ia l guide to  the detection  o f the valve flo w  p ro file  and 

the op tim a l Doppler signal was obtained by ca re fu l transducer 

m anipu la tion guided by both the audio and spectra l signals.

Transducer Position

M itra l Flow

The pa tien t was positioned semi-supine in the le f t  

la te ra l position and the transducer placed a t the card iac apex 

and d irected  towards the m itra l valve id e n tifie d  by the previous 

two-dim ensional echocardogram. I f  f lo w  re la ting  to  the le f t  

ve n tricu la r ou tflo w  was apparent, id e n tifie d  by low ve lo c ity  

systo lic  f lo w  away from  the transducer, the transducer was

adjusted s lighty posterior and la te ra l in order to exclude th is .

In add ition  to  the maximum ve lo c ity  the m itra l pressure

h a lf- t im e  was also measured from  the spectra l display o f m itra l 

valve flo w  as described in the previous chapter.

A o r tic  Flow

Exam ination was perform ed from  a va rie ty  o f praecord ia l 

positions and the measurement o f maximum ve lo c ity  obtained from  

the op tim a l a o rtic  flow  recording in the ascending aorta . W ith

the pa tien t in the semi supine position the exam ination was
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perform ed from  the suprasternal notch, the subxiphoid and 

supraclavicu lar positions w ith  the transducer d irected  towards 

the a o rtic  va lve. In the le f t  la te ra l position a o rtic  f lo w  was 

id e n tifie d  by position ing the transducer a t the apex and in 

a d irec tion  an te rio r and m edial to  the m itra l f lo w  ve lo c ity  

signal. F ina lly  the pa tien t was placed in the r ig h t la te ra l 

decubitus position and the transducer positioned in the r ig h t 

parasternal region in e ithe r the f irs t ,  second or th ird  

in te rcos ta l space. The pulsed wave mode was used only in the 

apical position to  con firm  th a t a o rtic  flo w  was being obtained 

ra the r than f lo w  solely from  the le f t  ve n tricu la r o u tflo w  

tra c t by obta in ing  a pulsed signals d is ta l to  the a o rtic  valve 

cusps, though in the absence o f a o rtic  stenosis l i t t le  

d iffe rence  in the m axim um  ve lo c ity  would be expected between the 

le f t  ven tricu la r o u tflo w  and the ascending aorta .

Tricusp id  Flow

This was obtained w ith  the pa tien t in the le f t  la te ra l 

position e ithe r from  the apex w ith  the transducer angled to  

the r ig h t o f the m itra l flow , or from  the le f t  parasternal 

region d irected  substernally towards the rig h t.

Pulmonary F low

W ith the pa tien t s t i l l  in the le f t  la te ra l position 

pulmonary flo w  was examined from  the le f t  parasternal region, 

in the f ir s t  to fou rth  in te rcosta l spaces, superiorly to  tha t 

used to  de tect tricusp id  flow .
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RESULTS

The ranges obtained fo r peak flo w  ve loc ities  through the 

fou r card iac valves and m itra l pressure h a lf- tim e s  are shown in 

Table 3.

M itra l F low (Fig. 7)

S atis factory  m itra l f lo w  signals were obtained fro m  the 

apical position in the continuous wave mode in  a ll cases. Since 

a ll patients were in sinus rhythm  the typ ica l biphasic flo w  

ve lo c ity  pa tte rn  towards the transducer was obtained w ith  

in it ia l m itra l d ias to lic  f lo w  fo llow ed  by a fu rth e r increase in 

flo w  ve lo c ity  resu lting  from  a tr ia l systole. M itra l pressure 

h a lf- tim e s  in these patients ranged from  30 -  80 msec, mean 54

msec.

A o r tic  F low  (Fig. 8)

The most successful praecord ia l position fo r obta in ing 

the highest a o rtic  flow  ve lo c ity  w ith in  an ind iv idua l pa tien t 

was the suprasternal notch, w ith  a single peak flo w  ve lo c ity  

signal obtained during systo lic  e jection  w ith  flo w  id e n tifie d  

towards the transducer. This provided the op tim a l Doppler signal 

in 44 o f the 50 patients (88%). In the other 6 patients 

(12%) the apical position provided the best Doppler signal 

w ith in  an ind iv idual, w ith  systo lic e jection  flow  ve loc ity
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Figure 7: Continuous wave

Doppler spectra l display o f

norm al m itra l flo w  from  the 

apical position.

N0RHRL AORTIC FLOU

Figure 8: Continuous wave

Doppler spectra l display o f 

norm al a o rtic  f lo w  fo rm  the 

suprasternal notch.

s

F igure 9: Continuous wave

Doppler spectra l display o f

norm al tricusp id  flow  from  the 

le f t  parasternal position.

Figure 10: Continuous wave

Doppler spectra l display of 

normal pulm onary flo w  from  

the upper le f t  parasternal 

position.



detected away from  the transducer. Despite the fa c t th a t the 

suprasternal and apical positions provided the op tim a l flo w  in

a ll cases a o rtic  flo w  could be obtained from  several

d iffe re n t praecord ia l positions in a ll patients.

Tricusp id  Flow (Fig. 9)

This was best obtained in a ll cases from  the apical

position w ith  biphasic d ias to lic  f lo w  ve lo c ity  signals, s im ila r 

to  those o f m itra l valve flo w , detected towards the transducer. 

The parasternal position was also successful in o f the 50

patien ts  (86%).

Pulmonary Flow (Fig. 10)

S atis factory pulm onary flo w  recordings were obtained in 

a ll cases from  the upper le f t  parasternal position w ith  

systo lic  e jection  flo w  v e lo c ity  signals id e n tifie d  away from  the 

transducer.

DISCUSSION

The flow  ve loc ities  obtained in th is  series using the 

continuous wave mode are of s im ila r range and magnitude to  those 

previously reported fo r pulsed Doppler. In norm al individuals

the use o f continuous wave Doppler exam ination does not 

the re fo re  seem to  s ig n ifican tly  e ffe c t the recorded maximum 

ve lo c ity . There was a tendency fo r the maximum flo w  ve lo c ity  to
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decrease w ith  age, again s im ila r to  the previous reports 

mentioned, though th is did not reach s ta tis t ic a l s ign ificance 

fo r any o f the valve flow s.

Some previous studies have u tilize d  simultaneous

tw o-dim ensional echocardiographic imaging in order to  position 

the pulsed Doppler sample gate and i t  m ight be suspected 

th a t th is would prove advantageous in op tim iz ing  the flo w

signal. C e rta in ly , the use o f the separate echocardiogram in

th is  study did id e n tify  the position o f the u ltrason ic  w indow

which and aided the in it ia l position ing o f the Doppler 

probe p a rticu la rly  a t the card iac apex. However, m anipu la tion o f 

the Doppler transducer was s t i l l  c ruc ia l to  id e n tify  the 

op tim a l signal and th is  is also the case w ith  duplex Doppler 

systems. The use o f continuous wave ra the r than pulsed wave 

Doppler, by record ing ve loc ities  along the whole o f the Doppler 

beam, made i t  considerably easier to  id e n tify  the appropria te  

flo w  patte rn . However, having done so, sw itch ing  to  the pulsed 

wave mode w il l a llow  id e n tif ic a tio n  o f flo w  ve lo c ity  signals a t 

any single position along the Doppler beam but is not necessary 

fo r the measurement o f the maximum flo w  ve lo c ity  through a 

p a rticu la r valve (see Figs. 2 <5c 3, chapter 2). In add ition  since 

the d irec tion  o f the Doppler transducer a t the various 

praecord ia l positions was quite  d is tin c t fo r each valve flo w  

there  was no po ten tia l fo r confusion o f the flow  ve lo c ity  

through d iffe re n t valves using the continuous wave mode. The 

fa c t tha t the small Doppler transducer enabled a sa tis fac to ry
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record ing in a ll 3 patients where sa tis fac to ry  echocardiographic

images could not be obtained poses the question th a t in ce rta in

circum stances a "stand alone" system may prove superior to  a

"duplex" system. This may be so p a rticu la rly  in e lderly

104patien ts.

F ina lly  although th is  study has dem onstrated the op tim a l 

position ing o f the Doppler probe to  obta in  through valve flo w  in 

norm al individuals, i t  w il l subsequently become apparent in th is  

thesis tha t, in  an ind iv idua l pa tien t, these positions may not 

necessarily be the most appropria te  fo r  studying pa rticu la r flow  

ve loc ities  in the presence o f card iac disease.



CHAPTER 4

C LIN IC A L VALUE OF CONTINUOUS WAVE DOPPLER 

ULTRASOUND IN THE ASSESSMENT OF ADULTS WITH

AORTIC STENOSIS



INTRODUCTION

Non-.invasive Assessment o f Valvular H eart Disease

Conventional echocardiography has been able to provide 

such deta iled  in fo rm a tion  in many patients w ith  va lvu lar heart 

disease tha t i t  has been suggested patien ts can safely undergo 

va lve rep lacem ent w ithou t the need fo r p rio r card iac

c a th e te r is a t io n /^  A lthough many o f these studies have

been c ritic ise d  fo r th e ir d e s ig n / ^  Hall e t a / ^

have more recen tly  dem onstrated, in an elegant prospective 

study, where card iac ca the te risa tion  was perform ed in a ll 

pa tien ts  subsequent to  non-invasive assessment, th a t in the 

m a jo rity  o f patien ts w ith  va lvu lar heart disease, surgical 

recom m endation can safe ly be predicted on the basis o f a

' com plete  non-invasive assessment w ith  c lin ica l exam ination, ECG, 

chest X -ray  and echocardiography. A o rtic  stenosis was the one 

lesion where th is  non-invasive assessment proved unreliable, 

p a rticu la rly  in c a lc if ic  a o rtic  stenosis, and i t  is in th is  area

th a t Doppler ultrasound has pa rticu la r po ten tia l to  enhance the

non-invasive assessment o f valve disease.

Pulsed wave Doppler ultrasound has been used to

. 110
investiga te  turbulence patterns in a o rtic  stenosis

but, as we have seen, i t  is unable to accurate ly  measure the 

high ve loc ities  present in these patients. Continuous wave
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Doppler technique has been used successfully in v it ro  in a

pu lsa tile  f lo w  model to  quan tita te  s im ulated a o rtic

stenosis^ ^  and recent reports have suggested th a t in

patien ts w ith  a o rtic  stenosis there  is a good co rre la tion

between the Doppler derived gradient and th a t obtained a t

41 4 4  45
ca the te risa tion . ’ ’ However, the po ten tia l c lin ic a l

app lica tion  o f the technique has yet to  be fu lly  established.

A im  o f Study

This study was the re fo re  undertaken in patients w ith  

c lin ic a lly  suspected a o rtic  stenosis not only to  con firm  the 

accuracy o f continuous wave Doppler ultrasound in p red ic ting  

valve gradients but also w ith  the p a rticu la r aim o f assessing

its  c lin ica l value and possible ro le  in the subsequent 

management o f these patien ts.

PATIENTS AND METHODS

The study group comprised 5k adults, age range 15-7 k 

years, mean 51 years, undergoing card iac ca the te risa tion  a ll 

w ith  c lin ic a lly  suspected a o rtic  stenosis e ithe r alone or in

com bination w ith  o ther valve lesions. In it ia lly , a ll patients 

had a c lin ica l exam ination perform ed by tw o  experienced

cardio logists. In addition a 12 lead e lectrocard iogram , chest 

radiograph, and cross-sectional echocardiogram were perform ed in
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a ll patien ts before card iac ca the te risa tion .

Doppler Echocardiography

In a ll cases Doppler exam ination was perform ed p rio r

to  card iac ca the te risa tion  using the continuous wave mode.

Spectrum analysis was used in a ll patien ts since the maximum

frequency es tim a to r o f the ve loc im e te r is both gain and

threshold dependent and there  is the re fo re  a tendency fo r i t  to
41

underestim ate peak ve lo c ity  and hence valve gradient.

Doppler exam ination was perform ed in the resting sta te  fro m  a 

va rie ty  o f praecord ia l positions in order to  obta in  the Doppler 

signal showing the maximum systo lic  blood flo w  ve lo c ity  in the 

ascending aorta . In obta in ing th is  Doppler signal, the audio 

signal was a very im po rtan t add ition  to  spectrum analysis fo r 

ind ica ting  the presence o f high frequency lam inar flow . This 

pe rm itted  the maximum systo lic  frequency s h ift to  be obtained 

from  a c lea rly  dem arcated spectra l signal w ithou t obvious 

in te rfe rence  (Fig. 11). In an a tte m p t to  m in im ise the risk o f 

fa lse ly  low recordings a ll possible praecordia l positions were 

examined including suprasternal, apical, subcostal, 

supraclavicu lar, and rig h t parasternal in the r ig h t la te ra l 

decubitus position. Where Doppler exam ination proved successful 

from  more than one position the highest value obtained from  a 

w e ll demarcated Doppler signal was used to  ca lcu la te  the peak 

valve gradient. The maximum systo lic ve lo c ity  obtained was then 

used to  ca lcu la te  the t'ransvalvar gradient using the m odified
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AORTIC STENOSIS

Figure 11: Continuous wave Doppler spectra l display from  a 

pa tien t w ith  severe a o rtic  stenosis. High ve lo c ity  flo w  in the 

ascending aorta  is detected from  the suprasternal notch during 

each systo lic  con trac tion . The maximum systo lic  frequency sh ift 

o f 10,400 Hz, ind icated by the cursor, is equiva lent to a 

ve lo c ity  o f k msec” 1. A pp lica tion  of the m odified  Bernoulli 

equation estim ates a peak a o rtic  valve grad ient o f 6k mmHg.
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Bernoulli fo rm u la . For example, in Fig. 11 the m axim um  Doppler

frequency sh ift obtained fo rm  the suprasternal notch was 10,400

Hz, equ iva lent to  a peak ve loc ity  o f 4 m/s from  the Doppler

equation. The m odified Bernou lli equation states th a t the

2
pressure drop across an obstruction  is equal to  4V , so 

th a t the ca lcu la ted peak gradient w ill be 64 mmHg in th is  case.

Before card iac ca the te risa tion  an assessment o f the 

severity  o f a o rtic  obstruction  was made by the a ttend ing  

physician on the basis o f c lin ic a l exam ination, 

e lectroca rd iogram , chest radiograph, and cross-sectional 

echocardiogram . The valve lesion was then graded as e ithe r 

non-s ign ificant, su rg ica lly  s ign ifican t, or severity  in  doubt 

from  non-invasive in fo rm a tion . The resu lt o f the Doppler 

exam ination was then added and any appropria te  m od ifica tio n  o f 

the assessment o f severity  made p rio r to  card iac 

ca the te risa tion .

C ardiac C a the terisa tion

A ll patients underwent card iac ca the te risa tion , using 

the percutaneous fem ora l technique and, where possible, peak to  

peak systo lic  gradients (in mmHg) obtained by w ithd raw a l o f a 

flu id  f il le d  m u ltiho le  ca the ter across the a o rtic  valve. In 

add ition , tw o  patients underwent trans-septa l ca the te risa tion  

using the Brockenbrough technique in one and via a patent 

foram en ovale in another. A ll patien ts were prescribed lOmg
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diazepam o ra lly  as a prem edication 30 minutes before 

ca the te risa tion . This may have the e ffe c t o f lowering card iac 

output and transva lvar g radient. In an a tte m p t to  assess the

e ffe c ts  o f sedation on the a o rtic  valve gradient 31 o f the 42

patien ts also had a Doppler exam ination perform ed during card iac 

ca the te risa tion  im m ed ia te ly  a fte r w ithdraw al o f the ca the te r 

across the a o rtic  valve.

Peak to  Peak vs Peak Instantaneous Gradients

The maximum Doppler ve lo c ity  curve in  a p a tie n t w ith  

a o r tic  stenosis w ill be a re fle c tio n  o f the pressure d iffe rence  

between the le f t  ve n tric le  and the aorta  throughout systole, and 

the peak systo lic ve lo c ity  w ill occur a t one point in tim e  when 

the pressure d iffe rence  between the two is greatest, the peak

instantaneous valve gradient. This is d iffe re n t from  the

gradient measured a t card iac ca the te risa tion  by w ithd raw a l o f 

the ca the te r across the s teno tic  a o rtic  valve, where the peak 

systo lic  pressure o f the a o rtic  trac ing  is substracted from  the 

peak systo lic  pressure o f the le f t  ve n tricu la r pressure trac ing , 

the so-called peak to  peak valve g rad ient (Fig. 12). 

P o te n tia lly , s ign ifican t va ria tion  could occur between the peak 

to  peak and peak instantaneous valve gradients, p a rticu la rly  

where there is a considerable d iffe rence  in the systo lic  tim in g  

o f the peak a o rtic  and peak le f t  ven tricu la r pressures. Ideally, 

comparison o f the Doppler derived pressure grad ient should be 

made w ith  simultaneous measurement o f a o rtic  and le f t



oCs!

“O

X)



-93-

ve n tricu la r pressures using two catheters, w ith  the pressure 

trac ings superimposed.

A lthough simultaneous pressures are norm ally obtained fo r 

measurement o f m itra l valve gradient a t ca the terisa tion , from  

pulm onary cap illa ry  wedge and le f t  ve n tricu la r pressures, th is 

is not the case fo r a o rtic  stenosis. This would require 

trans-septa l ca the te risa tion  using the Brockenbrough technique, 

which is more risky, and not rou tine ly  perform ed in our 

labora to ry , and simultaneous recordings were only obtained in 

tw o  o f the patients in th is  study. I t  is possible to  superimpose 

a o rtic  and le f t  ven tricu la r pressure tracings which are not 

obtained sim ultaneously but, s ligh t va ria tion  in heart ra te  

could po te n tia lly  cause a substantia l d iffe rence  in the peak 

instantaneous gradient, and unless high f id e lity  transducer 

tipped catheters are used, s im ila r problems can arise from  

s ligh t d is tortions o f the pressure waveform s when flu id  f il le d  

ca the ters are used fo r pressure measurement.

A lthough i t  is im po rtan t to  establish th a t Doppler 

ultrasound can accurate ly  p red ic t pressure gradients in a o rtic  

stenosis, the c lin ic a l value o f Doppler ultrasound in p red ic ting  

the severity  o f stenosis and subsequent pa tien t management tha t 

is o f param ount im portance, and since c lin ica l decisions are 

c u rre tly  based on results obtained a t card iac ca the te risa tion  

i t  seems appropriate, in these patients, to  compare the 

results o f the peak instantaneous gradients obtained by Doppler
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ultrasound, w ith  the more established peak to  peak value 

measured a t ca the te risa tion  in assessing the c lin ica l value o f 

the technique in these patien ts.

Assessment o f C lin ica l Value

The decision regarding subsequent pa tien t management was 

made by the a ttending physician on the basis o f a ll c lin ic a l and 

non-invasive data, includ ing  the results o f the Doppler 

exam ination, in add ition  to  the results o f card iac 

ca the te risa tion , and a comparison could then be made w ith  the 

decision reached by non-invasive techniques alone, w ith  and 

w ith o u t Doppler exam ination.

RESULTS

S atis factory Doppler signals were obtained in a ll 

patien ts. A lthough the suprasternal notch was the most 

successful position fo r obta in ing the maximum ve loc ity  Doppler 

signal (34 o f 54 patients) i t  was not possible to  p red ic t the 

most sa tis fac to ry  praecord ia l exam ination position even when 

separate cross-sectional echocardiography was used to  guide 

transducer positioning. Indeed, although several positions 

usually provided sa tis fac to ry  Doppler signals w ith in  an 

ind iv idua l patien t, the r ig h t parasternal position provided the
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highest ve loc ity  record ing in 13, the subcostal in 5, and the 

apical in one, and in one pa tien t the only sa tis fac to ry  view was 

obtained from  the r ig h t supraclavicu lar position.

Comparison w ith  Invasive Investigation

In 12 o f the 54 patien ts undergoing card iac

ca the te risa tion  i t  was not possible to  cross the a o rtic  valve 

re trograde ly . Trans septal ca the te risa tion  was not undertaken a t 

the d iscre tion  o f the a ttend ing physician and the re fo re  no 

gradients were obtained in these patien ts.

In the rem ain ing 42 patien ts the gradients measured a t 

ca the te risa tion  ranged from  0 to  120 mmHg w ith  a mean o f 44 mmHg 

and the Doppler derived gradients in these patien ts ranged from  

8 to  157 mmHg w ith  a mean o f 49 mmHg. F igure 13 shows the 

co rre la tion  between the ca the te r gradients and those obtained 

by Doppler ultrasound p rio r to  card iac ca the te risa tion  in a ll 42 

patien ts. In add ition , the co rre la tion  between the Doppler 

derived gradients obtained during ca the te risa tion  and the 

ca the te r gradients is shown in Fig. 14. An improved co rre la tion  

(r=0.97) was obtained by th is  method, presumably because both 

investigations were perform ed under the e ffe c ts  o f sedation.

This is suggested by the fa c t tha t in the m a jo rity  (70%) Doppler 

gradients obtained sim ultaneously a t ca the te risa tion  were 

low er than those obtained p rio r to  ca the terisa tion  o u tw ith  the 

e ffe c ts  o f sedation.
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Figure 13: Comparison of the pressure gradients derived from  

Doppler ultrasound exam ination w ith  those measured a t card iac 

ca the te risa tion , in a ll patients w ith  a o rtic  stenosis in whom 

invasive valve gradients were obtained. Note p a rticu la rly  the 

p a tien t w ith  a Doppler derived gradient o f 157 mmHg p rio r to 

ca the te risa tion  and a gradient o f 90 mmHg by invasive 

measurement which was perform ed under general anaesthesia.
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Figure 1^: Comparison o f pressure gradients from  Doppler

ultrasound exam ination perform ed sim ultaneously during card iac 

ca the te risa tion , w ith  invasively measured valve gradients, in 

patien ts w ith  a o rtic  stenosis.
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C lin ica l Value

In the 42 patien ts in whom valve gradients were obtained 

a t ca the te risa tion  subsequent to  Doppler study, the c lin ic a l and 

non-invasive assessments o f surgical severity , w ith  and w ithou t 

Doppler measurements, were compared w ith  the subsequent surg ical 

decision from  the com plete data including th a t obtained at 

ca the terisa tion . Though in general term s a peak a o rtic  g rad ient 

o f > 50mmHg was taken as surg ically s ign ifican t in one pa tien t 

the gradient a t Doppler exam ination was 42 mmHg and 45 mm Hg a t 

ca the te risa tion . However, the patien t was regarded as having a 

surg ically s ign ifican t leison by the a ttending physician despite 

the valve gradient being below 50 mmHg. Since the Doppler 

derived gradient was a lm ost iden tica l to th a t subsequently 

obtained a t ca the te risa tion  the decision, based on the

non-invasive assessment w ith  Doppler, was fo r surgical 

in te rven tion , and the subsequent outcome was unchanged by 

card iac ca the terisa tion .

On the basis o f the c lin ica l and non-invasive assessment 

p rio r to  Doppler exam ination or card iac ca the te risa tion , 16 o f 

the 42 patien ts in whom gradients were subsequently obtained a t 

ca the te risa tion , were graded as having a o rtic  stenosis which was 

unequivocally o f a severity  requiring surgical in te rven tion .

Fourteen were graded as having non-surgical a o rtic  stenosis and 

in the rem aining 12 patients there was doubt as to  the severity
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of stenosis on the basis o f c lin ic a l and established

non-invasive data alone.

In a ll 16 o f the patients thought c lin ica lly  to  have 

su rg ica lly  s ig n ifican t a o rtic  stenosis Doppler exam ination 

id e n tifie d  a surg ica lly  s ig n ifican t gradient, which was

subsequently confirm ed by ca the te risa tion .

In 11 o f the 14 patien ts w ith  a c lin ic a lly

non-s ign ifican t lesions the Doppler findings suggested a 

non -s ign ifican t lesion which was subsequently confirm ed by 

ca the te risa tion . In the rem aining three patients, however, 

Doppler exam ination suggested a surg ica lly  s ign ifican t lesion 

which was confirm ed by ca the te risa tion  in a ll three cases.

The rem ain ing 12 patien ts, however, had inconclusive 

evidence on c lin ica l and non-invasive data. In 10 patients

Doppler exam ination id e n tifie d  a non-s ign ificant gradient 

confirm ed subsequently a t ca the te risa tion . In the other tw o 

patien ts  Doppler detected surg ically s ign ifican t lesions which 

were confirm ed by ca the te risa tion .



-98-

DISCUSSION

It  has been suggested th a t the non-invasive assessment o f

va lve disease can obvia te  the need fo r card iac ca the te risa tion  

109in many cases. However, patien ts w ith  a o rtic  stenosis

are o ften  the most d i f f ic u l t  to  assess non-invasively, and

card iac ca the te risa tion  is a lm ost always required. In th is  

study, however, in an appreciable number o f pa tien ts (12 o f 54, 

22%) i t  was not possible even a t card iac ca the te risa tion  to  

measure the valve gradient. In comparison sa tis fac to ry  signals 

were recorded in a ll pa tien ts investigated by the Doppler 

technique. I t  is im po rtan t to  emphasize tha t in patients w ith

a o rtic  stenosis, d if f ic u lty  may be encountered in obta in ing 

sa tis fac to ry  Doppler recordings and considerable experience is 

required to  id e n tify  the high ve lo c ity  je t a t a low in te rcep t

angle, and more so to  exclude the presence o f a high

ve lo c ity  je t. M u ltip le  praecord ia l positions need to  be 

in terroga ted  w ith in  an ind iv idua l pa tien t, some o f which are not 

recognized positions fo r imaging and there w ill the re fo re  be a 

substantia l learning curve even fo r those experienced in 

echocardiography.

The co rre la tion  found between the Doppler derived

gradient and tha t obtained a t ca the te risa tion  indicates th a t 

Doppler ultrasound provides an accurate assessment o f the



-99-

gradient across an a o rtic  obstruction. In th is  group o f

patien ts, the accurate  re la tionsh ip  o f Doppler derived gradients

w ith  invasive pressure measurements did not appear to  be

appreciably a ffe c ted  by the fa c t tha t peak to  peak systo lic

gradients were measured a t ca the te risa tion , ra ther than the peak

instantaneous g rad ient as measured by the Doppler 

112technique. In several cases the sedative used as a

prem edication fo r ca the te risa tion  a ffe c ted  the Doppler derived

gradient, s ligh tly  low ering its  value compared w ith  previous

Doppler exam inations. Indeed in one patien t in  whom card iac

ca the te risa tion  was perform ed under general anaesthesia the

valve gradient assessed by Doppler ultrasound was 157 mmHg p rio r

to  ca the te risa tion , and though s t i l l  s ign ifican t, was

appreciably low er during the ca the te risa tion  procedure a t 90

mmHg (Fig. 13). Previous reports have suggested th a t th is sort

o f discrepancy was a resu lt o f va ria tion  between the peak to

41 45peak and peak instantaneous gradients ’ A lthough th is  is 

ce rta in ly  o f some im portance, these studies did not perfo rm  

Doppler exam ination during invasive study, under the e ffe c ts  o f 

sedation or anaesthesia, and the improved results o f shown in 

Fig. 14 fo r studies perform ed during card iac ca the te risa tion , in 

comparison to  those done p rio r to ca the te risa tion  in Fig. 13, 

would suggest tha t sedation or anaesthesia w ill have im p o rta n t 

e ffe c ts  on a o rtic  valve gradients and may account, in part, fo r 

some o f the less accurate corre la tions previously reported w ith  

the technique.
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In a number o f patients who had no dem onstrable valve 

grad ient a t ca the te risa tion , Doppler ultrasound had suggested 

the presence o f a small, though c lea rly  non-s ign ificant,

transva lvar g radient. I t  is lik e ly  tha t th is resulted from  

fa ilu re  o f the m odified  Bernou lli fo rm u la  to  take in to  account 

the flow  ve lo c ity  p roxim al to  the valve. Several o f

these patients had a o rtic  regu rg ita tion  and is would be 

antic ipa ted  tha t the flo w  through the a o rtic  valve would be 

increased as a resu lt. This would cause a higher peak v e lo c ity  

to  be present and the re fo re  suggest a degree o f obstruction  fro m  

the m odified B ernou lli equation. A lte rna te ly , a sm all peak 

instantaneous gradient may have been present, un iden tified  by 

the peak to  peak measurement perform ed at ca the te risa tion . 

However, although there  was a discrepancy in some o f the 

patien ts w ith  m ild  a o rtic  stenosis th is in no way a ffe c ted  the 

c lin ic a l value o f the technique in pred icting  the need fo r 

surg ical in te rven tion , but one should have reservations about 

the accuracy o f p red ic ting  a o rtic  gradients in m ild  va lvu lar 

obstruction. In these patien ts i t  is sensible to  measure the

flo w  ve loc ity  in the le f t  ven tricu la r o u tflow  tra c t, p rox im a l to

the obstruction, and i f  an abnorm ally high ve lo c ity  is present

i t  is w orthw hile  including th is p roxim al ve lo c ity  in  the 

Bernou lli equation fo r more accurate  estim ation  o f the valve 

gradient.

The shape o f the Doppler ve lo c ity  recording may also be 

valuable in assessing the severity  o f ao rtic  obstruction. In
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norm al a o rtic  f lo w  (see chapter 3), or in m ild  a o rtic  

obstruction, the peak ve lo c ity  occurs early in systole, whereas 

in severe obstruction, as in Fig. 11, the peak ve lo c ity  occurs 

la te r, in m id systole. A lthough th is  is somewhat subjective, i t  

may be im po rtan t in the s itua tion  o f c r it ic a l a o r tic  stenosis 

and severe le f t  ve n tricu la r dysfunction, where as a resu lt o f 

poor cardiac output, the a o rtic  valve gradient may be 

re la tiv e ly  low, whereas the shape o f the Doppler v e lo c ity  

record ing w ill conform  to  th a t found in severe a o rtic  stenosis.

The po te n tia l fo r obta in ing fa lse ly low  pressure 

gradients by the Doppler technique is an im p o rta n t 

consideration, and w ill be re la te  not only to  the s u ita b ility  o f 

the pa tien t fo r ultrasound study but also to  the expertize  o f 

the investiga tor. In th is  study no fa lse ly low recordings were 

obtained and may be due in part to  the care taken in perfo rm ing  

Doppler exam inations from  a ll availab le  precordia l positions in 

a ll patients. I t  is un like ly  tha t Doppler ultrasound w ill 

s ig n ifica n tly  overestim ate  pressure gradients in patien ts w ith  

a o rtic  stenosis, p a rticu la rly  i f  account is taken o f the 

v e lo c ity  proxim al to  the obstruction, so th a t i t  should be 

possible to  com m ent tha t the actua l pressure gradient is a t 

least as high as tha t derived from  Doppler exam ination. 

Nevertheless, i t  can be argued tha t by a ttem p ting  to  measure a 

very small high ve loc ity  je t a t an unknown angle, the 

poss ib ility  o f false low recordings by the Doppler technique 

must exist. Therefore extrem e care should be taken in
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in te rp re ting  the resu lt o f a Doppler exam ination tha t suggests a 

less than s ig n ifican t obstruction  where th is is a t variance w ith  

e ithe r the c lin ica l or rou tine  non-invasive exam inations.

More im p o rta n t than the accurate co rre la tion  of valve 

gradients w ith  ca the te risa tion  data is the a b ility  o f the 

Doppler technique to  help determ ine the appropria te  c lin ic a l 

management o f the pa tien t w ith  a o rtic  stenosis when in teg ra ted  

as part o f a com plete  non-invasive assessment. Indeed in th is  

study no pa tien t w ith  a surg ica lly  s ig n ifican t lesion would have 

been missed by com plete  non-invasive assessment including 

Doppler exam ination, and in no pa tien t was there  an appreciable 

overestim ation  o f the severity  o f obstruction. Where doubt 

existed as to  the severity  o f a lesion by o ther non-invasive 

techniques alone, Doppler exam ination was able to  co rre c tly  

c la r ify  the degree o f obstruction  in a ll cases. Possibly more 

im po rtan t is the fa c t tha t the Doppler exam ination id e n tifie d  

three patients w ith  surg ica lly  s ign ifican t lesions th a t would 

otherw ise have been missed by routine c lin ica l and non-invasive 

assessment.

I t  can be argued th a t card iac ca the te risa tion  may be

ind icated fo r valve lesions other than a o rtic  stenosis, but, as

previously reported, the vast m a jo rity  o f these can be

109accura te ly assessed by standard non-invasive techniques.

Where the possib ility  o f ischaemic heart disease coexists 

coronary angiography may w e ll be indicated, but th is is a much
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less hazardous and tim e  consuming procedure than fu ll r ig h t and 

le f t  heart ca the te risa tion . Indeed in an appreciable number o f 

patien ts undergoing ca the te risa tion  fo r va lvar disease coronary 

angiography is not perform ed.

Continuous wave Doppler ultrasound has there fo re  added a 

new dimension to  the assessment o f patien ts w ith  a o rtic  

stenosis. When combined w ith  c lin ic a l exam ination and other 

rou tine  non-invasive techniques i t  can accura te ly  determ ine the 

subsequent c lin ic a l management o f these patien ts, and i t  would 

the re fo re  seem safe and appropriate to  recommend surgery in  an 

appreciable number o f patien ts w ith  a o rtic  stenosis w ithou t the 

need fo r p rio r card iac ca the te risa tion . I t  is im pera tive  

however, tha t i f  c lin ic a l decisions are to be based on the 

in fo rm a tion  obtained by Doppler ultrasound, th a t exam ination is 

perform ed by someone w ith  considerable experience in Doppler 

ultrasound, in the fu ll knowledge of the problems and p it fa lls  

o f the technique, w ith  p a rticu la r regard fo r the very real 

po ten tia l to  s ig n ifica n tly  underestim ate the a o rtic  valve 

grad ient in a pa tien t w ith  severe a o rtic  stenosis.
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CHAPTER 5

COMPARISON OF DOPPLER ULTRASOUND VELOCITY

MEASUREMENTS WITH PRESSURE DIFFERENCES ACROSS

BIOPROSTHETIC VALVES IN A PULSATILE FLOW MODEL
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INTRODUCTION

There has been much in te res t in assessment o f

b ioprosthetic  valve function  in v itro , in determ in ing  flo w

p ro files  and pressure gradients across valve prostheses in order

to  assess fo rw a rd  flo w  characte ris tics  and the degree o f

113m echanical obstruction. The valuable in fo rm a tion  gained 

from  these studies is lim ite d  since they cannot easily be 

ex trapo la ted  to  the c lin ica l s itua tion  and l i t t le  in v ivo 

haemodynamic data is cu rre n tly  availab le.

Doppler ultrasound has been used to  accurate ly measure

22blood flo w  ve loc ities  both in v ivo and in v itro  and its

a b ility  to  measure pressure gradients across norm al and diseased

29m itra l valves has been c lea rly  dem onstrated. I t  the re fo re

has the po ten tia l to  measure the ve lo c ity  o f flo w  across

prosthe tic  valves and assess the degree o f valve obstruction.

Presently, th is has been used in the c lin ic a l s itua tion  in

only a small number o f patients to  assess p rosthe tic  valve

57-59gradients compared w ith  results obtained a t card iac

ca the te risa tion . However, no in v it ro  data is cu rren tly  

availab le  to  support the co rre la tion  o f derived pressure

gradients from  the Doppler flo w  ve lo c ity  w ith  pressure 

d iffe rences across these prostheses. S ign ifican t d iffe rences in 

valve function  and design ex is t between the tra d itio n a l porcine
HZf

bioprostheses and the newer pericard ia l bioprostheses.
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The porcine valve prostheses have much more prom inent s tru ts  in 

comparison to  th e ir  perica rd ia l counterparts and produce 

s ig n ifica n tly  higher transva lvar pressure gradients fo r a 

s im ila r valve flow . It is the re fo re  o f considerable im portance 

to  establish the v a lid ity  o f the Doppler technique and the 

app lica tion  o f the Bernou lli fo rm u la  fo r d iffe re n t b ioprosthetic  

valves under a va rie ty  o f pu lsatile  f lo w  conditions.

METHODS

P ulsa tile  F low  Model

A pu lsatile  f lo w  apparatus was designed to  assess the 

fo rw a rd  flo w  pressure drops through p rosthe tic  valves in  the

m itra l position. The layout o f the tes t rig  is shown in F ig. 15.

P ulsatile  f lo w  is produced by a purpose b u ilt  servo con tro lled  

piston pump (Superpump Cardiac Developm ent Laboratory, V ic to ria , 

Canada). The pressure d iffe rence  across the valve is measured 

w ith  a d if fe re n tia l transducer (Gaeltec 3CT Special, Dunvegan, 

Scotland) w ith  the upstream pressure tapping 25 mm from  the

valve and the downstream pressure tapping 50mm from  the valve

m ounting ring . The flo w  through the valve is measured w ith  an 

e lec trom agnetic  flo w m e te r (Gould S P 2201) w ith  a 2*fmm probe. 

The pressure and flo w  signals are d ig itized  and stored on an 

Apple m icrocom puter fo r subsequent analysis. Data is co llected  

over a period o f tw enty cycles and an average w aveform
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calcu lated fo r each signal.

In this study the valves were tested under four d iffe re n t 

f lo w  conditions (Fig. 16) corresponding to  card iac outputs o f 

between A.5 and 9 1/min. The peak flo w  and peak pressure 

d iffe rence  was measured fo r a ll fou r waveform s and in add ition  

the end d iasto lic  flo w  and pressure were measured fo r waveform s 

A and B.

Doppler U ltrasound

The Doppler ultrasound transducer was positioned in a 

perspex plate aligned along the axis o f the tes t section 

pa ra lle l to  the through valve flo w  and the transducer sealed in 

position throughout the study (Fig. 17). The valves were tested 

in 0.9% saline repeatedly aerated during the study in order to  

provide sa tis fac to ry  ultrasound re fle c tio n  fo r  the Doppler 

recordings.

From the measured peak flow  ve loc ity  the pressure

d iffe rence  across the p rosthe tic  valve was then ca lcu la ted using

29 115the m odified Bernou lli equation ’ w ith  the constant

3.75 used in place o f A to  a llow  fo r the lower mass density o f

3 3
0.9% saline (1.00 X 10 kg /m  ) compared to  blood (1.06 

X 10^ k g / m \

The results o f the Doppler derived pressure gradients
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Figure 16: Flow waveform s in the tes t apparatus. Negative flo w  

indicates the flo w  through the m itra l valve.

Waveform A - H eart Rate (HR) 70 bpm,

Stroke Volume (SV) 70 m l. 

Waveform B - HR 88 bpm, SV 80 ml.

Waveform C - HR 100 bpm, SV 80 m l.

Waveform D - HR 120 bpm, SV 80 ml.



Figure 17: Doppler transducer sealed in perspex end p la te  o f

tes t apparatus in d ire c t line  o f through valve flo w .

F igure 18: A pu lsa tile  flow  experim ent in progress.
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were then compared w ith  those obtained from  d ire c t pressure 

measurement w ith in  the pu lsa tile  f lo w  model.

B ioprosthetic  Valves

Four b ioprosthetic  valves (size 29mm) were availab le fo r 

study in the tes t apparatus (Fig. 18). They included two new 

pe rica rd ia l bioprostheses, the Hancock perica rd ia l and Low 

P ro file  Ionescu Shiley, and tw o porcine bioprostheses, the new 

Wessex Medical bioprosthesis and the more tra d itio n a l C arpen tie r 

Edwards valve. Since the Doppler ultrasound probe was fixed  in  a 

position w ith  the beam d irected  towards the centre line  flo w , i t  

was not possible to  study m echanical valve prostheses where 

there  w il l be more than one ve lo c ity  je t through the prosthesis 

and the ve lo c ity  je ts w ill be d irected  a t an angle through the 

valve and the re fo re , unlike the b ioprosthetic  valves, i t  would 

not be possible to  a lign the ultrasound probe in the d irec tion  

o f through valve flow .

RESULTS

S atis factory  Doppler signals were obtained from  a ll 4 

valve prostheses and the Doppler record ing (Fig. 19) produced 

s im ila r flow  waveform s to  those obtained from  the 

e lectrom agnetic  flow  m eter (Fig. 20). Measured Doppler 

ve loc ities  ranged from  0.76 m/s to  2.64 m/s w ith  a mean o f 1.52
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m/s fo r the porcine bioprostheses and from  0.50 m/s to  1.84 m/s

w ith  a mean o f 1.05 m/s fo r the perica rd ia l bioprostheses. These

correspond to  the measured pressure d iffe rences o f 2.5 mmHg to

27 mmHg, mean 10.4 mmHg fo r the porcine bioprostheses and 1.0

m m Hg to  11.3 mmHg, mean 4.15 mmHg fo r the pe rica rd ia l

bioprostheses. Using both Doppler and d ire c t in v itro

measurements s ig n ifica n tly  higher ve loc ities  and pressure

d iffe rences were obtained w ith  the porcine bioprostheses than

w ith  the pericard ia l prostheses as would be expected from  the

known in v itro  haemodynamic p ro files  o f these types o f

113b iopros the tic  valves. The re la tionsh ip  between the

measured pressure d iffe rence  and th a t derived from  the Doppler 

f lo w  v e lo c ity  fo r a ll valves is shown in F ig 21. The co rre la tion  

obtained between the tw o methodologies was 0.98 w ith  a grad ient 

close to  un ity .

DISCUSSION

Doppler ultrasound has m ajor po ten tia l in  the

non-invasive haemodynamic assessment o f b ioprosthetic  va lve

fun c tio n  and its  accuracy in assessing transva lvu lar flo w  

ve loc ities  and pressure gradients in these valves must be 

c le a rly  established.

In order to  derive the pressure d iffe rence  from  the
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Doppler flow  ve lo c ity  using the m od ified  Bernoulli equation a 

number o f assumptions have to be made. The equation fa ils  to 

account fo r viscous losses due to  fr ic t io n , non stream lined 

valve flo w , losses due to  turbu lence, con trac tion  o f the 

v e lo c ity  je t and ve lo c ity  o f flu id  proxim a l to  the valve. 

However despite these assumptions the results were w ith in  3 mmHg 

o f the measured pressure d iffe rence  in a ll cases.

Doppler ultrasound tended to  s lig h tly  overestim ate  the

measured pressure d iffe rence  in 3 o f the valves studied which

114may be explained by the ve lo c ity  p ro file  o f the je t.

This was not found w ith  the Wessex M edical bioprosthesis which

has a prom inent muscle shelf and may s lig h tly  a ffe c t the

o rien ta tion  or ve lo c ity  p ro file  o f the je t.

A lthough having shown a good co rre la tion  in v itro  the

p o ten tia l fo r g reate r va ria tion  exists in v ivo  p a rticu la rly  w ith

the o rien ta tion  o f the ultrasound beam in the d irec tion  o f

maxim um  through valve flo w . However, the few  reported studies

using Doppler ultrasound to  assess valve function  in v ivo have

shown a reasonably good co rre la tion  w ith  results obtained a t

ca rd iac ca the te risa tion  and would the re fo re  suggest tha t th is

may not present a s ign ifican t problem in p ra c tica l 

57-5 9term s.

This study has demonstrated the v a lid ity  o f using Doppler 

ultrasound and the m odified Bernoulli equation to  measure
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pressure d iffe rences across b ioprosthetic  valves in v itro . The 

p o ten tia l there fo re  exists to  provide a non-invasive 

haemodynamic assessment o f b ioprosthetic  valve func tion  in 

v ivo . The application o f the m odified Bernou lli equation remains 

questionable. I t  has not been possible to  study these prostheses 

in v itro , and c lea rly  there are considerable d iffe rences from  

the b ioprosthetic  valves. The presence o f a p y ro lite  disc or 

steel ball may in te rfe re  w ith  the qua lity  o f the ultrasound 

recordings, and not only are there  tw o or more ve lo c ity  je ts  

resu lting  from  m u ltip le  o rifice s , but also the d irec tion  o f the 

v e lo c ity  je t or jets through a mechanical valve prosthesis w il l 

be less predictab le. However, since the ve lo c ity  o f flow  through 

any o r if ic e  w ill be dependent and re la ted to  the pressure drop 

across the valve prosthesis, i f  the ve lo c ity  je t can be 

id e n tifie d  in v ivo  w ith  a small in te rcep t angle i t  seems 

reasonable to assume th a t the m odified  Bernoulli equation may 

w e ll be va lid  fo r mechanical prostheses also.



CHAPTER 6

IN VIVO HAEM O DYNAM IC ASSESSMENT OF

M ITR AL PROSTHETIC FUNCTION
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INTRODUCTION

Assessment o f P rosthe tic  Valve Function

The c lin ica l assessment o f a pa tien t w ith  a m itra l valve 

prosthesis can o ften  prove unreliab le and where p ros the tic  

dysfunction is suspected card iac ca the te risa tion  is a lm ost 

always required. This is not, however, a un ifo rm ly  successful 

procedure p a rticu la rly  i f  both m itra l and a o rtic  replacem ents 

coexist. In add ition in patien ts on ora l anticoagulant therapy 

card iac ca the te risa tion  p o te n tia lly  carries greater risk. N ot 

only can th is invasive investiga tion  be unsuccessful but i t  can 

also po ten tia te  in co rre c t haemodynamic in fo rm a tion  by the 

invasive nature o f the technique. For instance, the induction o f 

ve n tricu la r ectopics or tachycard ia  by the presence o f a 

ca the te r in the le f t  ve n tric le  can fa lse ly produce m itra l 

regurg ita tion  during le f t  ven tricu la r angiography and cause 

d if f ic u lty  in assessing a perip ros the tic  leak.

In a pa tien t w ith  an isolated m itra l valve replacem ent, 

c lin ic a l exam ination w ill be a sensitive method o f assessing 

p ros the tic  valve dysfunction. Where there is a o rtic  stenosis or 

an a o rtic  valve replacem ent in addition, c lin ica l exam ination 

may be d if f ic u lt  and fu rth e r investigations w ill be necessary to  

assess p rosthe tic  valve function . Two-dimensional 

echocardiography has provided a non-invasive method o f obta in ing
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s tru c tu ra l in fo rm a tion  on p rosthe tic  valves but i t  is 

unable to  provide  an accurate haemodynamic assessment. 

Echocardiographic abnorm alities tend to  be h ighly spec ific  fo r  

p ros the tic  valve dysfunction, and although some inferences can 

be made regarding p rosthe tic  valve function  from  th is s tru c tu ra l 

de ta il, echocardiography suffers from  poor se ns itiv ity  in 

defin ing  p ros the tic  valve d y s f u n c t i o n . C a r d i a c  

screening w il l have some ro le to  play i f  there is a m echanical 

m itra l valve replacem ent, by assessing any rocking o f the valve 

apparatus and by the ex ten t o f movement o f the p y ro lite  disc or 

steel ball. However, th is requires the valve to  be adequately 

visualised in p ro file , which may not always be possible. In 

add ition  occlusion o f the valve lumen w ith  thrombus may not be 

apparent, as valve movement w ill not necessarily be re s tric te d .

P o ten tia l Role o f Doppler U ltrasound

A non-invasive method such as Doppler ultrasound which 

can provide im po rtan t haemodynamic in fo rm a tion  has many 

advantages over conventional echocardiographic imaging and 

the re fo re  a po te n tia lly  g reater ro le in the assessment o f m itra l 

p ros the tic  function .

Since the m a jo rity  o f cases of m itra l p rosthe tic  

dysfunction  resu lt from  valve regurg ita tion  ra ther than 

obstruction , i f  Doppler ultrasound is to  have a s ign ifican t 

im pact on the assessement o f these patients i t  must be able to
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id e n tify  accurate ly  the presence o f m itra l p rosthe tic

regurg ita tion  and i f  possible provide a degree o f q ua n tita tive  

assessment.

Doppler ultrasound has already been applied to  a sm all

number o f patien ts w ith  m itra l valve p ros theses^^

but reports o f its  accuracy in p red ic ting  valve gradients in

these patients, compared w ith  gradients a t ca the te risa tion , is

lim ite d  to  9 patien ts w ith  m e c h a n ic a l^  and 8 patien ts w ith  

59tissue m itra l valve prostheses.

Pulsed wave Doppler has been used successfully to

id e n tify  m itra l regu rg ita tion  in native  m itra l valve 

37 38disease. ’ In add ition  i t  has been reported to  be

o f value as a quan tia tive  method by assessing the degree o f

regurg ita tion  by mapping the ex ten t o f tu rbu len t flo w  w ith in  the

le f t  a tr ia l c a v ity . '^ ’ ^ ’ ^ ’ ^ ^  There is considerable

va ria tion  in the methodology used in these studies w ith  respect

to  the number o f praecordia l views and the re la tive  im portance

and summation o f the in fo rm a tion  they provide and not a ll

123reports have shown th is technique successful. The

sim plest method o f assessing the degree o f m itra l regurg ita tion

39was th a t applied by Abbasi e t al. who used pulsed

Doppler from  the apical view to  re la te  the ex ten t o f systo lic  

f lo w  detected w ith in  the le f t  a tr ia l ca v ity  behind the m itra l 

valve to  the severity  o f m itra l regurg ita tion , w ith  the fu rth e r 

tha t the systo lic flow  extended in to  the a trium  ind ica ting
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increasing severity  o f regurg ita tion . A m od ifica tion  o f th is  

method has been employed in the q uan tita tive  assessement o f 

m itra l p rosthe tic  regurg ita tion  in th is  chapter.

A im  o f Study

Having established the v a lid ity  o f Doppler ultrasound 

and the m odified Bernou lli fo rm u la  in p red ic ting  b ioprosthetic  

valve gradients in v itro , the aim  o f th is  chapter was to  

exam ine both b ioprosthe tic  and mechanical m itra l valve

replacements in v ivo , and to  assess the a b ility  o f Doppler 

u ltrasound to  p re d ic t m itra l p ros the tic  gradients in norm a lly  

function ing  prostheses and those w ith  p rosthe tic  valve 

dysfunction. In add ition  an assessment o f the a b ility  to  

id e n tify  the presence o f m itra l p ros the tic  regurg ita iton  and 

provide some qua n tita tio n  o f its  the severity  in these patients.

SUBJECTS AND METHODS

43 patients who had undergone m itra l valve replacem ent 

were studied. F o rty  were undergoing cardiac ca the te risa tion  

e ithe r fo r haemodynamic assessment o f investiga tiona l 

bioprostheses or because the presence of s ign ifican t m itra l 

p ros the tic  dysfunction was suspected c lin ic a lly . Three fu rth e r 

pa tien ts were included, a ll had obstructed -mechanical prostheses 

and were undergoing surgery on the basis o f non-invasive
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investiga tion  alone. Their ages ranged from  34 to  73 years w ith  

a mean age o f 55 years. T h irty  patien ts had a tissue prosthesis, 

low  p ro file  Ionescu Shiley in 11, Hancock p e rica rd ia l in 9,

Wessex porcine in 6, C arpentie r Edwards in 4, and 13 patients 

had a mechanical valve prosthesis, a B jork Shiley in a ll cases.

Doppler Exam ination

Doppler exam ination was perform ed in a ll cases p rio r to

card iac ca the terisa tion . This was perform ed from  the apical

position in order to  a lign the Doppler beam w ith  the m itra l 

va lve flo w . M itra l valve gradients were obtained by continuous 

wave Doppler, ca lcu lated from  the maximum m itra l flo w  v e lo c ity  

curves using the m odified Bernoulli equation. Since the valve 

grad ient measurement can vary w ith  card iac output and the

presence o f m itra l regurg ita tion  the m itra l pressure h a lf- tim e  

was also measured. M itra l regurg ita tion  was id e n tifie d  by 

continuous wave Doppler from  the apical position by high 

ve lo c ity  flow  away from  the transducer in to  the le f t  a tr ium  and 

fu rth e r investigated using the pulsed wave mode where the 

presence o f f lo w  detected during systole, a t various sample 

depths w ith in  the le f t  a trium , used to  provide an estim ate  o f 

the severity o f m itra l regurg ita tion  as m ild , moderate or 

severe.

In the in it ia l 11 patients Doppler exam ination was 

perform ed using a Diasonics V3400R pulsed wave Doppler w ith
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simultaneous 2 dimensional echo im aging, a llow ing only 

measurement o f the presence and ex ten t o f m itra l regurg ita tion . 

The rem aining 29 patien ts undergoing card iac ca the te risa tion  

were studied using a Vingmed A lfre d  continuous and pulsed wave 

Doppler V eloc im eter. The severity  o f m itra l regurg ita tion  was 

graded as m ild i f  systo lic flo w  could be detected only up to  1.5 

cm behind the m itra l prosthesis, moderate i f  systo lic flo w  was 

detected between 1.5 - 2.5 cm, and severe i f  the systo lic f lo w  

extended fu rth e r than 2.5 cm in to  the le f t  a tr ium . Using the 

Diasonics V3400R th is  was perform ed w ith  simultaneous im aging 

from  the apical position. W ith the Vingmed A lfred , since 

simultaneous imaging was not availab le , the m itra l regurg itan t 

je t was f ir s t  id e n tifie d  using continuous wave Doppler and 

pulsed wave Doppler used to  de tec t the depth o f the valve 

c licks . Pulsed Doppler was then used to  map the exten t o f the 

v e lo c ity  je t in to  the le f t  a tr ia l ca v ity . Pulsed wave Doppler 

was repeatedly interchanged w ith  the continuous wave mode to  

ensure th a t the Doppler beam remained aligned w ith  the d irec tion  

o f the regurg itan t je t throughout the mapping procedure.

C ardiac C athe terisa tion

Cardiac ca the terisa tion  was perform ed in 40 o f the 43 

patien ts. M itra l valve gradients were measured in the 29 

patien ts in whom simultaneous pulmonary cap illa ry  wedge and le f t  

ve n tricu la r d iasto lic  pressures were obtained and the results
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analysed independently from  the Doppler exam ination. A ll 

patien ts were in a tr ia l f ib r il la t io n  and equiva lent d ias to lic  

cyc le  lengths were chosen fo r comparison o f the Doppler and 

invasive valve gradients. Biplane le f t  ve n tricu la r angiography, 

perform ed in a ll 40 patients, provided a visual assessment o f 

the presence and exten t o f p ros the tic  regurg ita tion  which was 

graded as e ithe r m ild , moderate or severe. In a ll cases results 

obtained a t card iac ca the te risa tion  were analysed by an 

independent observer. The results obtained by the Doppler 

exam ination and those obtained a t card iac ca the te risa tion  were 

then compared.

RESULTS

S atis facto ry  Doppler recordings were obtained from  the 

apical position in a ll 43 patients. The spectra l display from  a 

pa tien t w ith  a norm ally function ing  m itra l prosthesis is 

illu s tra te d  in Fig. 22. There is a s ligh t increase in the 

m aximum m itra l frequency sh ift, 3,800 Hz, equivalent to  a peak 

ve lo c ity  o f 1.48 m/s, but there is a rapid decrease in ve lo c ity  

from  the in it ia l peak ind ica ting  a re la tive ly  short m itra l 

pressure h a lf- tim e . In comparison, in Fig. 23 from  a pa tien t 

w ith  severe m itra l p rosthe tic  obstruction, although the maximum 

frequency sh ift is very s im ila r, 4,200 Hz or 1.64 m/s, there is 

a very slow ra te  o f decrease o f the flow  ve loc ity , ind ica ting  a 

very prolonged m itra l pressure h a lf- tim e , >400 msec, sign ify ing



Figure 22: Continuous wave

Doppler spectra l signal o f 

norm al m itra l p ros the tic  flo w  in 

a tr ia l f ib r il la t io n .

Figure 24: Continuous wave

Doppler spectra l signal o f 

m itra l p ros the tic  regurg ita tion  

dem onstra ting a high ve loc ity  

systo lic  je t.

F igure 23: Continuous wave

Doppler spectra l signal of 

m itra l p ros the tic  obstruction  

in a tr ia l f ib r il la t io n .

F igure 25: Pulsed wave Doppler 

spectra l signal o f m itra l 

p ros the tic  regurg ita tion  from  

le f t  a tr ium  o f the same 

pa tien t as Fig. 23.
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severe m itra l obstruction . C learly , although the peak ve loc ity  

is s im ila r in th is case to  tha t in a norm ally function ing  

prosthesis, i f  the m odified Bernou lli equation is applied a t 

each 10 msec throughout d iastole in order to  ca lcu la te  a mean

valve gradient, then the ca lcu la ted mean gradient w il l be 

s ig n ifica n tly  higher in the pa tien t w ith  m itra l p rosthetic

obstruction.

Figures 24 and 25 illu s tra te  the spectra l displays in the 

continuous and pulsed wave modes from  a pa tien t w ith  m itra l

p ros the tic  regurg ita tion . In the continuous wave mode a high

v e lo c ity  je t is id e n tifie d , away from  the transducer, in to  the 

le f t  a tr ium , during each systo lic con trac tion , ind ica ting  the 

presence of regurg ita tion . Sw itching to  the pulsed mode a t a 

p a rticu la r depth w ith in  the le f t  a tr iu m  from  the apex, a "wrap 

around" e ffe c t has occurred as a resu lt o f frequency aliasing, 

and although the height o f the ve lo c ity  je t is not seen, the 

presence o f systo lic  flo w  ve lo c ity  is s t i l l  id en tified , a t the 

p a rticu la r depth se tting  o f the ve loc im e te r.

M itra l P rosthetic O bstruction

In the 29 patients in whom valve gradients were obtained 

a t ca the te risa tion , mean m itra l p rosthe tic  gradients obtained by 

the Doppler exam ination ranged from  0 to 15 mmHg w ith  a mean o f 

5.52 mmHg and those obtained a t card iac ca the terisa tion  from  0 

to  18 mmHg w ith  a mean of 5.58 mmHg, providing an overa ll
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co rre la tion  between the two techniques o f 0.85 (Fig. 26).

Three patien ts w ith  b ioprosthetic  valves had s ign ifican t 

m itra l p rosthe tic  obstruction  requiring  reoperation. The mean 

valve gradients were 15, 15 and 18 mmHg a t card iac

ca the te risa tion  and 15, 15 and 12 mmHg on the Doppler

exam ination. By measuring the mean m itra l gradients i t  was 

d if f ic u l t  to  obta in a clear separation from  some patients w ith  

an apparently norm ally  function ing  m itra l prosthesis. In 

p a rticu la r, when m itra l regurg ita tion  was present, the mean 

m itra l valve gradient tended to  be higher, a resu lt o f increased 

flo w  through the m itra l prosthesis. The m itra l pressure 

h a lf- t im e  (Fig. 27) was however increased in a ll patien ts w ith  

s ig n ifican t p ros the tic  obstruction, including the 3 fu rth e r 

patien ts w ith  severe mechanical valve obstruction  subsequently 

confirm ed at the tim e  o f surgery. The m itra l pressure h a lf- tim e  

was unaffected by the presence o f m itra l regurg ita tion  and 

remained normal in these patients a llow ing clear separation of 

the patients w ith  s ign ifican t p rosthe tic  valve obstruction.

In a ll patien ts w ith  a norm ally  function ing  prosthesis 

the m itra l pressure-half tim e  was less than 200 msec in 

comparison to more than 400 msec in a ll but one pa tien t w ith  an 

obstructed prosthesis. In th is pa tien t w ith  s ign ifican t though 

not severe p rosthe tic  valve obstruction  the m itra l pressure 

h a lf- tim e  was 240 msec, s ig n ifican tly  longer than the norm ally 

function ing  prostheses. By excluding the patien ts w ith
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prosthe tic  obstruction  the norm al range fo r mean valve gradients 

fo r non-obstructed prostheses by the Doppler exam ination in th is  

series ranged from  0 to  10 mmHg w ith  a mean value o f 5.13 mmHg 

and more im p o rta n tly  the norm al range fo r m itra l pressure 

h a lf- tim e  from  40 to  170 msec, mean o f 91.9 msec. In add ition  

the type o f valve prosthesis studied did not appear to  a lte r 

e ithe r the mean valve gradient or the m itra l pressure h a lf- tim e .

M itra l P rosthe tic  R egurg ita tion

The com parative results o f the Doppler technique and 

card iac ca the te risa tion  in de tecting  the presence and ex ten t o f 

m itra l regurg ita tion  are shown in Table 4. No false positive  

results were obtained using the Doppler exam ination. I t  fa iled  

to  de tec t the presence o f m itra l regurg ita tion  in one pa tien t 

who, a t card iac ca the te risa tion , had a very m ild  degree o f 

pe ri-p ros the tic  valve regurg ita tion . In add ition  the degree 

o f regurg ita tion  assessed by the Doppler exam ination co rre la ted  

w e ll w ith  th a t found by le f t  ve n tricu la r angiography 

(r=0.97).

DISCUSSION

The haemodynamic in fo rm a tion  gained by card iac 

ca the te risa tion  is o ften  v ita l to  the accurate assessment o f
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prosthe tic  valve dysfunction and the decision regarding

reoperation. The small risk involved in undertaking such an 

investiga tion  is fa r outweighed by the in fo rm a tion  i t  can 

p o te n tia lly  provide. However, any investiga tion  which can reduce 

or even abolish such a risk w ith o u t comprom ising necessary 

in fo rm a tion  must prove advantageous. In addition, i f  i t  can 

provide such in fo rm a tion  in s ituations where card iac 

ca the te risa tion  is e ithe r undesirable or indeed unsuccessful i t  

can,in some respects, prove superior to  the invasive 

investiga tion. Two-dim ensional echocardiography has fu lf i l le d  

th is  ro le  only in part, and though o ften  h ighly spec ific  in 

de tec ting  p rosthe tic  valve dysf-unction i t  lacks sens itiv ity  and 

provides q ua lita tive  ra the r than q uan tita tive

in fo rm a tion .

This study has investigated the ro le  o f Doppler 

echocardiography in provid ing an haemodynamic assessment o f 

m itra l p rosthetic  valve function  in vivo. S atis factory Doppler

signals o f the d ias to lic  flo w  ve lo c ity  can be obtained in 

v ir tu a lly  a ll patients w ith  a m itra l valve prosthesis, and i t  is 

essential to  obta in high q ua lity  recordings in order to assess 

p rosthe tic  valve gradients and m itra l pressure ha lf-tim es . A ll 

m itra l prostheses w ill have a m ild  degree o f obstruction when 

function ing  norm ally and s ligh tly  higher peak ve loc ities  are to  

be expected, w ith  prolongation o f the m itra l pressure h a lf- tim e  

compared to  normal subjects. A reasonably good co rre la tion  

between Doppler derived mean valve gradients and those measured
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a t card iac ca the te risa tion  has been dem onstrated. The gradient 

across a m itra l prosthesis is dependent on valve flo w , 

in fluenced by cardiac output and the presence and severity  o f 

regurg ita tion . I t  is clear form  th is  study th a t a more accurate 

assessment o f the degree o f obstruction  is obtained by

measurement o f the m itra l pressure h a lf- tim e , which would appear 

to  be independent o f changes in the p rosthe tic  valve flo w  

including the presence o f regurg ita tion .

There are po ten tia l problems associated w ith  Doppler 

exam ination o f mechanical valve prostheses. Signals o f very high 

am plitude occur w ith  opening and closure o f a mechanical valve. 

These valve "c licks", seen in F ig. 22, can mask a ve lo c ity  

signal o f lower in tens ity , requiring  appropriate adjustm ent o f 

the gain settings. This is o f p a rticu la r im portance in exam ining 

an obstructed or "s tuck" m echanical prosthesis. In this case, 

the ve lo c ity  o f flow  through the valve may be very high but w ill 

be o f a low in tens ity , and i f  gain settings are too high, 

re la ted  to the valve "c licks " i f  s t i l l  present, then the high 

ve lo c ity , and more im p o rta n tly , the very prolonged m itra l 

pressure h a lf- tim e  may be missed. Also, since the peak m itra l 

f lo w  ve loc ity  w ill occur alm ost im m ed ia te ly  fo llow ing  m itra l 

valve opening the high am plitude "c lic k "  associated w ith  valve 

opening can cause the impression o f a fa lse ly high peak 

ve lo c ity , and inva lida te  the measurement o f m itra l pressure 

h a lf- tim e . It is usually possible to separate the true  peak 

ve lo c ity  by close exam ination o f the spectra l signal, but i t  is
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im po rtan t to  be aware o f th is  problem when examining m echanical 

valves. One p o ten tia l advantage, however is tha t the valve 

"c lic ks " define very accura te ly  the tim ing  o f m itra l flo w , and 

w il l resolve any doubt as to  the orig in  o f the flo w  ve lo c ity  

signal, separating signal o f m itra l stenosis from  a o rtic  

regurg ita tion , or a o rtic  stenosis and m itra l regurg ita tion , 

which have s im ila r ve loc ities  and d irections and can p o te n tia lly  

cause confusion from  the apical position using continuous wave 

Doppler where there is no depth resolution. The d irec tion  o f 

through valve f lo w  is also less predictab le  w ith  m echanical 

valve replacem ents than w ith  th e ir b ioprosthetic  counterparts.

In p a rticu la r, the flo w  d irec tion  o f a t i l t in g  disc valve w ill 

be dependent on its  o rien ta tion , and as a resu lt the praecordia l 

position providing the highest ve lo c ity  recording w ill be more 

variable. C are fu l searching w ith  the Doppler transducer should 

be made not only a t the apical position, but also more 

la te ra lly  towards the a x illa  and more m edially towards, or even 

a t the sternal edge in order to  obtain the most sa tis fac to ry  

Doppler recording. Since a ll mechanical valves studied were 

B jork Shiley disc valve, i t  is unclear whether the Doppler 

technique is equally applicable to  other mechanical valves, in 

p a rticu la r ball valves. Theo re tica lly , the m odified Bernoulli 

equation should s t i l l  be va lid , but the turbulence produced by 

flo w  through these valves may make Doppler ultrasound 

im practicab le  and accurate peak ve loc ities may not be obtained.

Continuous wave Doppler can provide an accurate  method o f
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assessing the presence o f m itra l p rosthe tic  regurg ita tion  as 

illu s tra te d  by the fa c t tha t no false positive results were 

found in th is study and the presence o f m ild  regurg ita tion  was 

only missed in one pa tien t. However, there are a number o f 

d if f ic u lt ie s  associated w ith  Doppler exam ination in these 

patien ts and re la tes m ain ly to the detection  o f regurg ita tion  in 

m echanical prostheses. In b ioprosthetic  valves, i f  regurg ita tion  

is through the valve, its  presence w ill usually be detected 

fa ir ly  easily from  the apical position i f  a sa tis fac to ry  m itra l 

d ias to lic  f lo w  ve lo c ity  record ing is obtained, since the Doppler 

u ltrasound beam should be close to  the orig in  o f the regurg itan t 

je t. This w ill not be the case where regurg ita tion  is a resu lt 

o f a perip ros the tic  leak, as w ill always occur w ith  a mechanical 

valve replacem ent. Here, the o rig in  and d irec tion  o f the 

v e lo c ity  je t w il l be unpredictable and w ill not necessarily be 

detected from  exactly  the same position as the d ias to lic  f lo w  

v e lo c ity . M eticulous exam ination from  numerous praecordia l 

positions may be required to  id e n tify  a regurg itan t je t and 

excluding its  presence o f a m ild  degree o f regurg ita tion  may be 

impossible. The problem is fu rth e r compounded w ith  mechanical 

valves, where poor ultrasound transm ission through a p y ro lite  

disc o r steel ball may mask the presence o f a regurg itan t je t  

im m ed ia te ly  behind the prosthesis. This would explain why 

regu rg ita tion  was not detected in norm ally function ing  B jork 

Shiley valves in th is study which, by the ir design as w ith  any 

mechanical valve, w ill always have a m inor degree o f 

regurg ita tion  around the edge o f the p y ro lite  disc. Despite
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these lim ita tio n s , ca re fu l Doppler exam ination by an experienced 

operator using the continuous wave mode w ill id e n tify  the vast 

m a jo r ity  o f patients w ith  m itra l p rosthe tic  regurg ita tion .

I t  is considerably more d if f ic u lt  to  assess the severity  

o f m itra l p ros the tic  re g u rg ita tion  by 'D opp le r ultrasound tha t to  

de tec t its  presence. Since the volume o f blood travers ing the 

Doppler ultrasound beam w il l be re fle c te d  by the in tens ity  o f 

the spectra l signal, then some assessment o f the severity  o f 

regurg ita tion  can be gained from  the continuous wave

exam ination. The more intense the Doppler signal then the

greate r the volume o f regurg ita tion . C learly , th is is a very

subjective assessment and is dependent on which portion  o f the 

regurg itan t je t the Doppler ultrasound beam traverses and also 

on the gain settings o f the spectrum analyser. However,in 

th is  study the Doppler spectra l signal was o f low in tens ity  in 

pa tien ts w ith  t r iv ia l regurg ita tion  a t angiography, whereas 

the signal in tens ity  was unpredictable in patients w ith  anything 

more than a t r iv ia l degree o f regurg ita tion . Mapping o f the

ex ten t o f the regurg itan t je t using pulsed Doppler ultrasound 

did provide a sem i-quan tita tive  assessment o f the severity  o f 

regurg ita tion . In p a rticu la r, i t  was able to  accurate ly  id e n tify  

those patients w ith  severe regurg ita tion . It is im po rtan t to

emphasize tha t any fo rm  o f pulsed Doppler mapping o f m itra l

regurg ita tion  is an extrem ely laborious and tim e  consuming

technique tha t requires considerable experience to perform , and
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even then is subject to  very m ajor lim ita tio n s . Again,

m echanical prostheses w ill produce an u ltrason ic hole behind the 

valve disc where mapping is not possible. In addition, pulsed 

Doppler may de tec t the presence o f tu rbu len t f lo w  o u tw ith  the 

main ve loc ity  je t and fa lse ly  accentuate the ex ten t o f systo lic 

f lo w  and hence the degree o f regurg ita tion . A lte rn a te ly , fa ilu re  

to  a lign the Doppler beam in the d irec tion  o f the ve lo c ity  je t 

w il l tend to  fa lse ly  underestim ate the severity  o f

regurg ita tion , though the a b ility  to  sw itch  repeatedly between 

pulsed and continuous wave Doppler and m ain ta in  a lignm ent w ith  

the ve lo c ity  je t may reduce some o f these problems.

I t  may not be possible to  obtain a precise quan tita tion  

o f m itra l p rosthe tic  regu rg ita tion  by th is method but i t  does 

seem possible to  id e n tify  those patients w ith  severe regurg itan t 

lesions, and patien ts w ith  only t r iv ia l regurg ita tion  i f  a 

ve lo c ity  je t has been id e n tifie d  by continuous wave exam ination. 

However, there is a large grey area in between and, as 

sa tis fac to ry  mapping o f regurg itan t je ts  w ill only be possible 

by operators w ith  substantia l Doppler experience, and may take

as long as one hour to  com plete, th is technique w il l be

im p ra c tica l fo r the m a jo rity  o f c lin ica l studies in patients 

w ith  suspected m itra l p rosthe tic  regurg ita tion .

Although Doppler ultrasound has been used to  assess 

m itra l prosthetic function , th is has not been demonstrated fo r 

a o rtic  valve replacements since valve gradients are not usually
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obtained fo r a o rtic  prostheses during card iac ca the terisa tion .

In re trograde ly crossing a mechanical disc valve the a o rtic  

regurg ita tion  produced would make a transva lvu lar gradient 

meaningless and the risk o f wedging the valve open w ith  the 

ca the te r makes the risks o f such a procedure unacceptable. 

A lthough i t  is possible to  re trograde ly  cross a bioprosthesis 

th is  has not been the standard practise in our centre and 

trans-septa l ca the te risa tion  is not generally perform ed.

Therefore i t  has not been possible to  obta in a comparison of 

va lve gradients across a o rtic  prostheses. However, having 

established the v a lid ity  o f Doppler ultrasound in measuring 

valve gradients across b ioprosthe tic  valves in v itro  and

dem onstrated its  a b ility  to  accura te ly  p red ic t valve gradients 

in patien ts w ith  a o rtic  stenosis and in m itra l prostheses i t

would seem reasonable to  assume tha t i t  can successfully be 

applied to  a o rtic  prostheses a t least o f the b ioprosthetic  type.

Doppler ultrasound, as a non-invasive technique, has

considerable po ten tia l fo r the haemodynamic assessement o f 

pa tien ts w ith  m itra l valve replacem ent. Continuous wave Doppler 

can provide an accurate es tim ation  o f m itra l valve gradients,

and accurate ly assess the degree o f p rosthe tic  valve 

obstruction, p a rticu la rly  using measurement o f the m itra l

pressure h a lf-tim e . W ith due care and a tte n tion  to  the po ten tia l 

problems associated w ith  m itra l prostheses, continuous wave 

Doppler can provide im portant in fo rm a tion  as to  the presence o f 

m itra l regurg ita tion , and w ith  m eticulous exam ination the
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com bination o f pulsed and continuous wave Doppler may a llow  some 

assessment o f its  severity .
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CHAPTER 7

DOPPLER ASSESSMENT OF 155 PATIENTS WITH 

BIOPROSTHETIC VALVES: A COMPARISON OF THE 

WESSEX PORCINE, LOW PROFILE IONESCU SHILEY

AND HANCOCK PER IC AR DIAL BIOPROSTHESES
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INTRODUCTION

Haemodynamic Assessment o f New Bioprostheses

The recent in troduction  o f a va rie ty  o f newer

b ioprosthetic  valves has lead to considerable in te res t in the

haemodynamic assessment o f these prostheses, as i t  is im p o rta n t

to  be able to  assess the perform ance o f these valves in

patien ts. A lthough some in v it ro  haemodynamic in fo rm a tion  is 

124available, th is  is not easily extrapo la ted  in to  the

c lin ic a l s itua tion . In v ivo  assessment o f valve prostheses has

125 126usually been obtained in traope ra tive ly , ’ and only

127ra re ly  a t card iac ca the te risa tion  and there  is cu rren tly  

no in  v ivo  haemodynamic data re la ting  to  the bioprostheses in 

th is  study. Haemodynamic assessment is o f considerable 

im portance in the continuing c lin ica l assessment o f new or 

investiga tiona l bioprostheses, but the use o f repeated invasive 

investigations in otherw ise healthy individuals has m ajor 

e th ica l im p lica tions. Doppler ultrasound has, the re fo re , 

considerable po ten tia l to  provide a repeatable haemodynamic 

assessment o f b ioprosthetic  valve function  non-invasively.

A im  o f Study

Three new b ioprosthetic  valves, Wessex Medical porcine 

prosthesis, low p ro file  Ionescu Shiley pericard ia l prosthesis
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and the Hancock perica rd ia l prosthesis were under continuing 

c lin ic a l assessment in our in s titu tio n . Having established the 

v a lid ity  o f Doppler u ltrasound to  measure valve gradients 

across b ioprosthetic  valves in v itro , and the accuracy o f the 

technique in assessing m itra l p ros the tic  obstruction  and the 

presence and exten t o f m itra l regu rg ita tion  in vivo, th is  study 

was undertaken to  determ ine the value o f Doppler ultrasound in 

the haemodynamic assessment o f pa tien ts  w ith  these new types 

o f b ioprosthetic  valves. Not only would th is dem onstrate 

app lica tion  o f the Doppler technique to  a large series o f 

patien ts, but would also a llow  comparison o f the haemodynamic 

p ro fi le  o f these bioprostheses in v ivo , and assess the po ten tia l 

fo r  the detection  o f p ros the tic  valve dysfunction a t an early  

stage.

SUBJECTS AND METHODS

155 patients w ith  167 bioprostheses were studied, age 

range 33 to  76 years, mean 55.8 years. This group comprised 68 

w ith  Wessex porcine bioprostheses, (47 m itra l, 21 a o rtic ), 54

Hancock pericard ia l bioprostheses, (27 m itra l, 27 ao rtic ), and 

45 low  p ro file  Ionescu Shiley p e rica rd ia l valves (29 m itra l, 16 

a o rtic ). Valve sizes ranged from  29mm to  35mm fo r the m itra l 

bioprostheses and from  19mm to 27mm fo r a o rtic  bioprostheses.
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Echocardiography

P rio r to  Doppler ultrasound exam ination a ll patien ts 

underwent tw o-dim ensional echocardiography to  assess any 

evidence of s tru c tu ra l abnorm ality  to  suggest p rosthe tic  valve 

dysfunction . Measurements were made of le f t  ve n tricu la r, r ig h t 

ve n tricu la r and le f t  a tr ia l dimensions, and le f t  ve n tricu la r 

w a ll thickness. A visual assessment o f p ros the tic  valve function  

was made on the basis o f le a fle t separation and apposition and 

on the s truc tu re  and m otion  o f the valve ring.

Doppler Assessment

As in chapter 6, Doppler exam ination was perform ed in 

both the continuous and pulsed wave modes w ith  the pa tien t in

the resting  s ta te  im m ed ia te ly fo llow ing  echocardiographic 

exam ination.

M itra l bioprostheses were examined from  the apical

position, as in the previous chapter, and measurements made of 

the mean m itra l gradient and the m itra l pressure h a lf- tim e  from  

the continuous wave recording as shown in Fig. 28 in a pa tien t 

w ith  a norm ally function ing  Wessex porcine m itra l valve

rep lacem ent. Here, the maximum m itra l frequency s h ift is 4,000

Hz, equiva lent to a ve lo c ity  o f 1.56 m/s. The m itra l pressure 

h a lf- tim e  is the tim e  taken from  th is peak ve lo c ity , fo r the 

v e lo c ity  recording to  reach the peak ve lo c ity  d ivided by 1.4. In



-135-

th is example, i t  is the tim e  taken to  reach a ve lo c ity  o f 1.1

m/s which was 60 msec, ind icating , as expected, no evidence

o f m itra l p ros the tic  obstruction. The presence o f m itra l

regurg ita tion  was determ ined from  the continuous wave Doppler 

record ing and where present graded on the basis o f combined

continuous and pulsed wave Doppler as described in  the

previous chapter (see Figs. 24 & 25).

A o r tic  p ros the tic  flo w  (Fig. 29) was measured in the

continuous wave mode from  a va rie ty  o f praecord ia l positions, as 

in patien ts w ith  a o rtic  stenosis, the suprasternal notch, apex, 

subcostal, supraclavicu lar, and r ig h t parasternal positions. 

Measurement was made o f the  peak instantaneous a o rtic  g rad ient 

from  the maximum systo lic  ve lo c ity  using the m od ified  Bernou lli 

equation. The presence o f a o rtic  regurg ita tion , as illu s tra te d  

in Fig. 30, was determ ined by continuous wave Doppler

exam ination from  the apical and subcostal positions, and 

id e n tifie d  by a high ve lo c ity  je t towards the transducer 

throughout the d ias to lic  tim e  period.

Tricuspid regurg ita tion  (Fig. 31) was assessed from

e ithe r the apical or le f t  parasternal positions using 

continuous wave Doppler, iden tified  as a high ve lo c ity  je t  away 

from  the transducer when th is is d irected  towards the tricusp id  

valve and rig h t a trium . The signal is s im ila r in tim in g  to  tha t 

o f m itra l regurg ita tion , being pansystolic, but the peak 

ve lo c ity  is less, re fle c tin g  the lower pressures on the r ig h t



Figure 28: Spectral display

o f norm al m itra l flo w  across 

Wessex porcine bioprosthesis.

F igure 29: Spectral display o f 

norm al a o rtic  flo w  across an 

Ionescu Shiley bioprosthesis.
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Figure 30: Spectral display

o f a o rtic  regu rg ita tion  in a 

leaking a o rtic  bioprosthesis 

ind icated by high ve loc ity  

pandiasto lic flo w  from  apical 

position.

Figure 31: Spectral display o f 

tricusp id  regurg ita tion  from  

le f t  parasternal position in a 

pa tien t w ith  a m itra l 

bioprosthesis.
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side o f the heart. Where present, tricusp id  regurg ita tion  can be

used to  estim ate  rig h t ve n tricu la r and pulmonary a rte ry  systo lic

pressure. This is possible since the peak ve lo c ity  is a

re fle c tio n  o f the gradient across the tricusp id  valve during

systole, the d iffe rence  between the r ig h t ve n tricu la r and rig h t

a tr ia l systo lic  pressures. The r ig h t a tr ia l pressure can be

estim ated c lin ic a lly  from  the jugular venous pulse, and w ill be

negligable in the absence o f s ign ifican t tricusp id  regurg ita tion

or r ig h t heart fa ilu re . The r ig h t ven tricu la r systo lic  pressure

can then be ca lcu lated fro m  the pressure grad ient across the

tricusp id  valve using the m odified  Bernoulli equation, w ith  the

add ition  o f the estim ated rig h t a tr ia l systo lic pressure. For

exam ple, the re fo re , the maximum systo lic  frequency s h ift across

the tricusp id  valve in Fig. 31 is 7,800 Hz, or 3.0 m /s. Using

the m odified  Bernoulli equation, the peak systo lic  grad ient w il l

be 36 mmHg. I f  the jugular venous pulse is not v is ib le

c lin ic a lly , then the r ig h t ven tricu la r systo lic  pressure w il l be

between 36 and 40 mmHg. In addition, providing there  is no r ig h t

v e n tricu la r ou tflo w  obstruction, which can also be assessed by

Doppler ultrasound, the estim ated r ig h t ve n tricu la r systo lic

pressure w ill be equivalent to  the pulmonary a rte ry  systo lic  

128pressure.

S ta tis tica l Analysis

S ignificance values in th is study were determ ined using 

an unpaired t- te s t.
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RESULTS

S atis facto ry  tw o-d im ensional echocardiograms were 

obtained in 133 patien ts (86%) but fa ile d  to  reveal any 

s tru c tu ra l abnorm a lity  to  suggest p ros the tic  valve dysfunction.

Doppler exam ination provided sa tis fac to ry  recordings in 

a ll 103 m itra l prostheses and in 59 o f the 64 (92%) a o rtic  

prostheses studied.

There was no s ig n ifican t d iffe rence  in resting heart ra te  

between the 3 groups o f patien ts (Wessex porcine 84 + 7 bpm, 

Hancock perica rd ia l 78 + 5 bpm, low  p ro file  Ionescu Shiley 82 

+ 9 bpm).

M itra l B ioprosthetic  Gradients

A comparison o f the mean m itra l valve gradients measured 

by Doppler ultrasound across the d iffe re n t types o f valve

prostheses is shown in Fig. 32. The presence o f s ign ifican t 

m itra l regurg ita tion  w ill cause an increase in the m itra l 

d ias to lic  flo w  ve loc ity  and the re fo re  an increase in the 

measured valve gradient. A lthough th is  would produce an 

increased gradient even a t ca the te risa tion , in order to obtain a 

d ire c t comparison between the three types o f valve prostheses
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Figure 32: Comparison o f mean m itra l valve gradients measured 

by Doppler ultrasound across the three groups o f m itra l 

b ioprosthetic  valves. Results displayed as mean values +

standard deviation.
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Figure 33: Comparison o f the m itra l pressure ha lf-tim es across

the three groups o f m itra l b ioprosthetic  valves. Results 

displayed as mean values + standard deviation.
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the mean m itra l gradient was not included fo r those valves 

dem onstra ting m itra l regurg ita tion  on the Doppler exam ination. 

There was a narrow range o f valve gradients fo r each type o f 

bioprosthesis despite the va ria tion  in  valve size, 

though s ig n ifican tly  lower gradients were found w ith  the Ionescu 

Shiley low  p ro file  valve as compared to  e ith e r the Wessex 

porcine bioprosthesis (p<0.02) or the Hancock perica rd ia l valve 

(p<0.05).

M itra l Pressure H a lf-T im e

M itra l pressure h a lf- tim e  (Fig. 33) was however

s ig n ifica n tly  longer w ith  the Hancock perica rd ia l bioprosthesis 

as compared to  e ithe r the Wessex porcine bioprosthesis (p<0.02) 

or the low p ro file  Ionescu Shiley valve (p<0.05) w ith  no 

s ig n ifican t d iffe rence  in pressure h a lf- tim e  noted between the 

Wessex porcine and low p ro file  Ionescu Shiley valves.

A o r tic  B ioprosthetic  Gradients

There was no s ig n ifican t d iffe rence  in the peak a o rtic  

gradients across the three types o f bioprostheses, as 

illu s tra te d  in Fig. 34.

E ffe c t o f B ioprosthetic Valve Size

A comparison of the varying sizes o f a ll m itra l
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Figure 34: Comparison o f peak a o rtic  valve gradients measured by 

Doppler ultrasound across the three groups o f a o rtic  

b ioprosthetic  valves. Results displayed as mean values + 

standard deviation.
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prostheses is shown in Table 5. Only 2 patients had a 35mm 

m itra l bioprosthesis, Wessex porcine valves in both, and these 

were the re fo re  excluded from  the comparison o f valve sizes. The 

29mm m itra l bioprosthesis had a s ig n ifican tly  longer pressure 

h a lf- t im e  when compared w ith  e ithe r the 31mm or 33mm sizes. 

However there was no d iffe rence  in e ithe r the peak m itra l flo w  

ve lo c ity  or mean m itra l valve gradient between the 3 valve 

sizes. The results o f com paring the 3 d iffe re n t bioprostheses o f 

s im ila r sizes is shown in Table 6. There was a s ig n ifica n tly

higher peak m itra l f lo w  ve lo c ity  dem onstrated w ith  the  29mm

Wessex porcine valve when compared w ith  the o ther 2

bioprostheses, though th is was not found w ith  the 31mm valves.

For a s im ila r size o f a o rtic  bioprosthesis (23mm) a

s ig n ifica n tly  higher gradient was dem onstrated across the Wessex 

porcine valve compared to  the perica rd ia l bioprostheses (Table 

7).

B ioprosthetic  R egurg ita tion

M itra l regu rg ita tion  was detected in 13 o f 103 (12.6%) 

m itra l bioprostheses, (3 o f 47 Wessex porcine, 5 o f 29 low  

p ro file  Ionescu Shiley and 5 o f 27 Hancock pericard ia l) having 

been suspected c lin ic a lly  in 12 o f the 13 patients. The severity  

o f m itra l regurg ita tion  as graded by the exten t o f le f t  a tr ia l 

systo lic  f lo w  is shown in Table 8. Three patients were graded as

having severe m itra l regurg ita tion , a ll subsequently required

reoperation. A dd itiona l evidence of s ign ifican t b ioprosthetic
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regurg ita tion  was obtained in the 2 patien ts w ith  a low p ro file  

Ionescu Shiley bioprosthesis who, in the presence of a normal 

pressure h a lf- tim e , had peak m itra l d ias to lic  flow  ve loc ities  o f 

240 and 232 cmsec \  w e ll o u tw ith  the range fo r the

com petent prostheses (Table 9). The peak m itra l ve lo c ity  in the 

rem ain ing patien t w ith  severe m itra l regurg ita tion , an Hancock 

perica rd ia l bioprosthesis, and the peak m itra l ve loc ities  

associated w ith  e ithe r m ild  or m oderate regurg ita tion  a ll fe ll 

w ith in  the range o f the com petent valve prostheses.

A o rtic  regurg ita tion  was detected in 11 o f 59 (18.6%) 

bioprostheses, (5 o f 19 Wessex porcine, 3 o f 15 low  p ro file  

Ionescu Shiley and 3 o f 25 Hancock perica rd ia l) though th is  was 

not suspected c lin ic a lly  in 5 o f the 11 patients.

Tricuspid re g u rg ita tion  was detected by Doppler 

u ltrasound in 30 o f the 103 (29%) o f the m itra l bioprostheses 

but was not found in any pa tien t w ith  single a o rtic  valve 

replacem ent. A lthough the presence o f tricusp id  regurg ita tion  

was id e n tifie d  in 30 patien ts a c lea rly  dem arcated spectra l 

signal from  which the peak ve lo c ity  could be measured was 

obtained in only 24 o f the 30 patien ts. The estim ated pulm onary 

systo lic  pressure ranged from  15-33mmHg, mean 21.9mmHg in  the 21 

patien ts  w ith  a com petent bioprosthesis, and was 22mmHg, 33mmHg 

and 57mmHg in the rem aining 3 patients w ith  m itra l 

regurg ita tion .



TABLE 8

Wessex (n=3)

Low P ro file  
Ionescu Shiley (n=5)

Hancock
P erica rd ia l (n=5)

M ILD MODERATE SEVERE

3 -  -

3 -  2

1 3 1

Severity o f m itra l regurg ita tion  in patien ts w ith  a m itra l 
bioprosthesis graded by ex ten t o f le f t  a tr ia l systo lic  flow .



TABLE 9

RANGE MEAN

Wessex (n=44) 0.92 -  2.00 1.49

Low P ro file  0.88 -  1.80 1.34
Ionescu Shiley (n=24)

Hancock P erica rd ia l (n=22) 1.16 -  2.04 1.43

Peak m itra l d iasto lic  f lo w  ve loc ities  in m s e c *  fo r the 
com petent bioprostheses.
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DISCUSSION

Doppler ultrasound has m ajor po ten tia l as a non-invasive 

method o f assessing b ioprosthetic  valve func tion . A lthough in 

v it ro  studies can provide data regarding the haemodynamic 

p ro file  o f various bioprostheses i t  is d if f ic u lt  to  extrapo la te  

these results to  the c lin ica l s ituation .

I t  was dem onstrated in chapter 5 th a t the newer

perica rd ia l bioprostheses present less obstruction  to  flo w  than

the porcine bioprostheses in v itro  and th is  has also been

126shown in traope ra tive ly  though i t  is not ce rta in  whether 

th is  is o f any c lin ic a l relevance.

The range o f mean valve gradients fo r bioprostheses in 

the m itra l position was re la tive ly  narrow, w ith  acceptably low 

gradients obtained in a ll com petent prostheses. The lower 

valve gradients observed w ith  the low p ro file  Ionescu Shiley 

p erica rd ia l valve compared to  the Wessex porcine bioprosthesis 

may have been expected from  the results in the pu lsatile  flo w  

model, though i t  may not have been expected th a t they would be 

s ig n ifican tly  low er than the Hancock perica rd ia l valve.

S im ila rly  the longer m itra l pressure h a lf- tim e  observed w ith  the 

Hancock perica rd ia l prosthesis would suggest th a t the

obstructive  characte ris tics  o f th is  valve in v ivo d if fe r  from  

those previously established in v itro .
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When com paring the three types o f bioprostheses o f 

s im ila r size i t  is in te res ting  to  note tha t the mean m itra l

valve gradient was s ig n ifica n tly  lower fo r the low p ro file  

Ionescu Shiley valve only a t the la rger 31mm size and not a t the

29mm size. However the prolonged pressure h a lf- tim e  noted w ith

the Hancock pe rica rd ia l valve occurred only a t the 29mm and not 

a t the 31mm size. Since the pressure h a lf- tim e  re la tes more to  

the in it ia l phase of d iasto le and the mean m itra l gradient to  

the whole d ias to lic  tim e  period the d iffe rence  in pressure 

h a lf- tim e  noted w ith  the Hancock perica rd ia l valve could be 

explained by an increased re s tr ic tio n  to  flo w  during the f ir s t  

pa rt o f d iasto le possibly as a resu lt o f less rapid le a fle t 

opening and which may only be o f revelance a t the sm aller valve 

size. S im ila rly  the low p ro file  Ionescu Shiley pericard ia l valve

may have less obstruc tive  characte ris tics  throughout d iasto le

w ith  a s ig n ifica n tly  lower mean valve gradient seen w ith  the 

31mm valve compared to  a s im ila r size o f Wessex or Hancock

valve, and a low er mean gradient, though non s ig n ifican tly , w ith

the 29mm size. These d iffe rences in mean valve gradient and 

m itra l pressure h a lf- tim e , unexpected from  in v it ro  studies, 

serve to  ind ica te  the complex pressure/flow  re la tionsh ip  th a t 

exists in v ivo  across the m itra l valve during diastole.

The s ligh t reduction in the m itra l pressure h a lf- tim e

noted w ith  the la rger bioprostheses when a ll valves o f a s im ila r 

size were compared indicates a tendency to  increased obstruction
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w ith  sm aller bioprostheses, although, since no d iffe rence  was 

observed in the mean m itra l valve gradients th is may only be 

true , a t rest, in the early  d ias to lic  period when greate r valve 

flow  is encountered.

A lthough no d iffe rence  was observed between the 3 types 

o f a o rtic  bioprostheses when a ll the  patien ts were compared, 

the Wessex porcine valve did produced s ig n ifican tly  higher peak 

a o rtic  gradients when compared to  d iffe re n t valve types o f a 

s im ila r size.

The a b ility  o f Doppler u ltrasound to id e n tify  the

presence o f b ioprosthetic  va lvu la r regurg ita tion  has m ajor

p o ten tia l in the assessment o f p ros the tic  valve dysfunction. In

th is  study not only were 3 patien ts w ith  severe m itra l

regurg ita tion , who subsequently required reoperation id en tified , 

but m itra l b iopros the tic  regurg ita tion  was detected in 10

fu rth e r patien ts who were sym ptom atica lly  w e ll. A lthough the re  

are m ajor d if f ic u lt ie s  in using pulsed Doppler to  quan tita te  

m itra l regu rg ita tion  from  the ex ten t o f le f t  a tr ia l systolic 

flo w , i t  can be possible to  id e n tify  those w ith  severe

regurg ita tion , p a rticu la rly  where increased m itra l d iasto lic  

flo w  ve loc ity  is present in add ition. Valvular regurg ita tion  in 

patien ts w ith  bioprostheses can result from  the development o f 

le a fle t tears and Doppler ultrasound may id e n tify  those a t risk 

patien ts a t an early stage. Using a "stand alone" Doppler

system i t  is not possible to  distinguish between a
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perip rosthe tic  and through valve leak. The use o f Doppler

ultrasound in com bination w ith  simultaneous tw o dimensional

echocardiographic imaging or more p a rticu la rly  the use o f rea l

129tim e  colour coded . Doppler, which allows flo w  v e lo c ity  

in fo rm a tion  to  be displayed in tw o dimensions superimposed on 

s tru c tu ra l de ta il provided by standard tw o-d im ensional

echocardiography, w il l undoubtedly prove superior in th is  

respect.

Whether the patien ts dem onstrated to  have less 

s ign ifican t m itra l regu rg ita tion  on Doppler exam ination w il l  

subsequently develop m ajor le a fle t tears w ill only be resolved 

through ca re fu l pa tien t fo llow -up  and findings at reoperation, 

but Doppler ultrasound may id e n tify  th is group as a t g reate r 

risk  and who should be fo llow ed up more ca re fu lly  or considered 

fo r invasive haemodynamic assessment.

The presence o f a o rtic  regurg ita tion  was id e n tifie d  in 11 

a o rtic  bioprostheses one o f which required replacem ent as a 

resu lt o f le a fle t tea r. I t  was not possible to  quan tify  the 

severity  o f a o rtic  regu rg ita tion  using "stand alone" Doppler 

ultrasound, although id e n tif ic a tio n  of its  presence is im po rtan t 

in patients w ith  a o rtic  valve replacements, and in conjunction 

w ith  c lin ica l and other non-invasive assessment, there is the 

po ten tia l to  p red ic t the development o f s ign ifican t a o rtic  

p rosthe tic  dysfunction a t an early  stage.
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The estim ation  o f r ig h t ve n tricu la r and there fo re  

pulmonary a rte ry  systo lic pressure in  patients in whom tricusp id  

regurg ita tion  is detected by Doppler ultrasound, is a very 

useful adjunct to  the assessment o f b ioprosthetic  valve 

function . It is becoming increasingly recognized th a t tricusp id  

regurg ita tion  is a common find ing  using Doppler ultrasound, 

p a rticu la rly  where there is rig h t ve n tricu la r d ila ta tio n , as fo r 

example associated w ith  previous m itra l valve disease in 

patien ts w ith  a m itra l valve replacem ent, and th a t the ra te  o f 

de tection  is re la ted  to  how ca re fu lly  one searches fo r the 

tricusp id  regurg itan t je t. In th is  study, a ll patients w ith  a 

com petent m itra l bioprosthesis in whom tricusp id  regurg ita tion  

was detected, the ca lcu lated pulm onary systo lic  pressure a t rest 

was sa tis fac to ry , but was s ig n ifica n tly  elevated in one pa tien t 

w ith  severe m itra l regurg ita tion .

This study has dem onstrated the successful application o f 

Doppler ultrasound techniques to  a large series o f patients w ith  

b ioprosthetic  valve replacements. Doppler ultrasound would 

appear to  be un ifo rm ly  successful in provid ing sa tis fac to ry  

recordings o f through valve flo w  from  m itra l bioprostheses and 

the vast m a jo rity  o f a o rtic  bioprostheses. I t  has allowed a 

comparison o f the haemodynamic p ro file  o f d iffe re n t 

b ioprosthetic  valves in vivo in a manner which is both 

non-invasive and easily reproducib le. As a resu lt, Doppler 

ultrasound is like ly  to  have a m ajor im pact on the continu ing 

assessment o f the newer types o f bioprostheses, and th e ir
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perform ance in c lin ica l p rac tice . In addition, the a b ility  to 

id e n tify  the presence o f b ioprosthetic  regurg ita tion  in these 

patien ts and to provide a sem i-quan tita tive  assessment o f its  

severity  in patients w ith  m itra l bioprostheses confers, a 

po ten tia l fo r the early de tection  o f developing b ioprosthetic  

dysfunction.

The im p lica tions o f using Doppler ultrasound to  assess 

p rosthe tic  valve func tion  on a rou tine  basis, o u tw ith  the 

investiga tion  o f new prostheses, are fa r reaching. A m ajor 

card iac centre, fo r instance, may have as many as 1,000 patients 

w ith  valve replacem ents. Routine assessment o f these patien ts 

every 6 months or even every year, which would probably be 

required to  id e n tify  developing p rosthe tic  dysfunction, would 

place a considerable workload on the ultrasound service and may 

not be cost e ffe c tiv e . The role o f Doppler ultrasound in 

patien ts w ith  p rosthe tic  valves is more lik e ly  to  be in

assessing p rosthe tic  valve function  post-opera tive ly  as a

baseline investiga tion, w ith  repeated exam inations being

perform ed only where there  is a c lin ica l ind ica tion .
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CHAPTER 8

A METHODOLOGICAL ASSESSMENT OF C AR D IAC  OUTPUT 

BY DOPPLER ECHOCARDIOGRAPHY
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INTRODUCTION

The assessment o f card iac output plays an im po rtan t role

in the c lin ic a l management o f c r it ic a lly  i l l  patients,

130 131p a rticu la rly  a fte r  acute m yocard ia l in fa rc tio n . ’ As a

resu lt, the measurement o f card iac output by 

132the rm od ilu tion  has become an establish procedure. This

133 134is not e n tire ly  free  from  risk  however ’ and because 

o f possible com plications can only be u tilize d  fo r a few  days a t 

a tim e . A repeatable non-invasive method o f accurate ly assessing 

card iac output would have considerable value, not only in 

c r it ic a lly  i l l  patients who require  ca re fu l haemodynamic 

m onitoring , but also in the assessment o f card iac output in 

re la tive ly  healthy patients or in vo lunteer studies where the 

sm all risk associated w ith  r ig h t heart ca the te risa tion  may prove 

unacceptable. Doppler ultrasound has the po tie n tia l to  provide a 

vo lum etric  assessment o f blood flo w  by combining the Doppler 

v e lo c ity  measurement w ith  the vessel cross-sectional area, 

measured by echocardiography. T heo re tica lly  there fo re , i t  should 

be possible to  measure absolute card iac output by th is  

technique.

Theory o f V o lum etric  Flow Analysis

The theo re tica l basis fo r ca lcu la ting  vo lum etric  f lo w  by 

Doppler echocardiography is to m u ltip ly  flo w  ve lo c ity  in cm /sec
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2
w ith  measurement o f the area in cm across which th is  flow  

v e lo c ity  occurs, the cross-sectional area. This provides an 

estim ate  of vo lum e tric  flo w  in m l/sec which when m u ltip lie d  by 

60 and divided by 1000 provides card iac output in 1/min. The 

v e lo c ity  used to  assess card iac output should not be the peak 

ve lo c ity  or the systo lic  ve lo c ity , but the average ve lo c ity  

occurring  over the caridac cycle , the so-called tim e  averaged 

ve lo c ity . Since there  w il l be a spectrum o f ve loc ities

throughout the card iac cycle , both the maximum and mean

instantaneous ve loc ities  can p o te n tia lly  be averaged, and the 

appropria te  measurement, e ithe r the tim e  averaged mean or tim e  

averaged m aximum ve lo c ity , w il l depend, as we shall see, on the 

ve lo c ity  p ro file  o f flo w  w ith in  the vessel studied. A lthough 

th is  fo rm u la  appears simple there are many po ten tia l problems 

associated w ith  such analysis.

In order to  make an accurate assessment o f the flo w

ve lo c ity  i t  is necessary to  know the average ve lo c ity  across the 

whole o f the o r if ic e  area, the so-called space averaged

ve lo c ity . This could be obtained i f  the w id th  o f the Doppler 

sample beam encompassed the whole o f the o r if ic e  area where a ll 

the ve loc ities  across the vessel area could then be id en tified .

In a ttem p ting  to  measure the flow  through a re la tive ly  large 

o rif ic e , such as the m itra l valve or the aorta , th is  would not 

be possible c lin ic a lly  because o f the re s tr ic tiv e  size o f such a 

transducer. The Doppler beam from  the sm all transducer used 

in th is  thesis, though a llow ing sa tis fac to ry  access and
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transducer m anipu la tion, w ill id e n tify  ve loc ities  only from  a 

sm all region w ith in  the area of flow .

I f  the ve lo c ity  p ro file  across the flow  area is f la t ,  

th a t is the blood is moving a t the same ve lo c ity  across the 

whole o f the o r if ic e  area, then the ve loc ities id e n tified  in the 

region o f the Doppler beam should be representative o f the space 

averaged ve lo c ity  and, i f  the flo w  area o f the vessel is known, 

provide an accurate  estim a te  o f vo lum etric  flo w  and hence 

absolute cardiac output.

However, i f  the ve lo c ity  p ro file  is not f la t ,  but 

parabolic, then sampling from  a region near the centre  o f the 

vessel, where the ve loc ities  would be higher than near the 

vessel w a ll, would tend to  overestim ate  the space averaged 

ve lo c ity . S im ila rly , i f  the v e lo c ity  p ro file  is skewed, then 

higher ve loc ities w il l be present a t one side o f the vessel 

compared to  the o ther, and i f  the Doppler sample beam is 

d irected  a t the higher ve loc ities , overestim ation  o f the space 

averaged ve lo c ity , and hence the card iac output, w il l occur.

A lthough accurate  estim a tion  o f the space averaged 

ve lo c ity  is im po rtan t in the assessment o f cardiac output by 

Doppler ultrasound, measurement o f the cross-sectional area is 

c r it ic a l,  p a rticu la rly  i f  th is  is derived from  a radius on 

d iam eter measurement o f the blood vessel. Any s ligh t e rro r in 

measurement by echoccardiography w ill be accentuated when the
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radius is squared in the ca lcu la tion  of cross-sectional area. 

Problems encountered w ith  resolution o f echocardiographic 

images, and whether leading edge-to-leading edge or tra ilin g  

edge-to-lead ing edge echos should be used, may make considerable 

d iffe rence  to  the ca lcu la tion  o f card iac output by th is  

technique. In add ition  since ne ither vessel nor o r if ic e  areas 

w ith in  the heart or great vessels are constant throughout the 

card iac cycle , tem pora l changes in these values w il l compound 

the d if f ic u lt ie s  in accurate  measurement o f cross-sectional 

area.

Assessment o f C ard iac Function - V e loc ity  Measurement A lone

Since measurement o f the o r if ic e  or vessel area across 

through which flo w  is occurring, is subject to  substantia l 

po ten tia l e rro r, there  has been much in te res t in the assessment 

o f card iac func tion  by Doppler ultrasound measurement o f f lo w  

ve lo c ity  alone. A lthough th is w ill be unable to  provide an 

estim ate  o f absolute flo w , since the flo w  area is unknown, i t  

w il l e lim ina te  a m ajor source of e rro r, and a llow  comparison o f 

the re la tive  changes in card iac output w ith in  an ind iv idual.

The continuous wave Doppler ins trum enta tion  used fo r 

transcutaneous a o rto ve lo g ra p h y /^  ^  where flo w  ve lo c ity  is 

sampled across the a o rtic  arch, has been used to  

dem onstrate th a t the area under the systo lic  ve lo c ity  curve is 

proportiona l to  stroke volume. However, m ajor discrepancies
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become apparent when an a tte m p t is made to  ca lcu la ted absolute

flo w  by com bination o f th is w ith  invasively determ ined a o rtic  

69
diam eter. More recen tly  i t  has been suggested tha t the

use of transcutaneous aortovelography to  ca lcu la te  stroke

distance, the area under the systo lic  ve lo c ity  curve, and m inute

distance, stroke distance m u ltip lie d  by heart ra te , is a va lid

method o f assessing card iac output w ithou t determ in ing  the

a o rtic  s iz e ^  though th is  has been trea ted  w ith  some

73scepticism , and i t  is generally accepted a t present tha t

measurement o f o r if ic e  or vessel area is required in order to

assess vo lu m e tric  f lo w . The use o f transcutaneous

aortovelography may however be a va lid  method o f accura te ly

assessing changes in card iac output w ith in  an ind iv idual but

again established evidence fo r th is  is lacking. In addition

since continuous wave Doppler has no depth resolution

capab ilities  and the ve lo c ity  p ro file  in the a o rtic  arch is 

135 136com plex ’ and po te n tia lly  a lte red  by change in card iac 

output, i t  is not possible to  guarantee tha t the highest 

measured ve lo c ity  w ill emerge from  the same position w ith in  the 

a o rtic  arch when measured on separate occasions.

For these reasons there  have also been reports o f 

assessing card iac function  by the use of pulsed wave Doppler 

ultrasound alone. Avoid ing problems re la ting  to  the ve loc ity  

p ro file  w ith in  the a o rtic  arch these studies have measured flo w  

v e lo c ity  w ith in  the ascending aorta  and have dem onstrated the 

accuracy of the technique in assessing re la tive  changes in
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72 71stroke volume in v itro  and in vivo. In add ition  i t

has been shown th a t measurement o f peak a o rtic  ve lo c ity  and the

a o rtic  flo w  ve lo c ity  in teg ra l by pulsed wave Doppler in the

ascending aorta  can d iscrim ina te  between patients w ith  d ila ted

card iom yopathy and those w ith  normal card iac

137function . A lthough able to  c lea rly  separate groups o f 

patients a t these extrem es o f card iac function, i t  is lik e ly  to  

be o f less value in com paring patien ts w ith  lesser degrees o f 

card iac dysfunction. The m a jo rity  o f in te res t has the re fo re  been 

concentrated on a tte m p tin g  to  assess absolute card iac output by 

Doppler echocardiography.

Assessment o f Cardiac Function - Measurement o f Cardiac O utput

Despite the problems discussed above a number o f reports

have dem onstrated th a t card iac output can indeed be measured

accurate ly  by Doppler echocardiography, and the m a jo rity  o f

reports have u tilize d  the measurement o f a o rtic  flo w  v e lo c ity

in com bination w ith  vessel d i a m e t e r . 65,138 140 n owever>

although these studies have shown good co rre la tion  between

Doppler echocardiography and invasive estim ation o f card iac

output, w ith  co rre la tion  co e ffic ie n ts  ranging from  0.78 to  0.96,

there is considerable va ria tion  in the methodology used. In some

reports the pulsed wave mode was used to measure a o rtic

v e lo c ity ,62,64,138 Qne these studies was

62fu ll power spectra l analysis o f the Doppler signal used
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whereas the o ther studies used analogue estim ated ve lo c ity

recordings. In addition there were d iffe rences in the

position ing o f the Doppler transducer, one study using the 

138parasternal ra the r than suprasternal approach, and

methods o f measuring a o rtic  roo t dimension also varied. In

those studies in which Doppler was perform ed in the continuous 

63 65 139wave mode ’ ’ d iffe rences in methodology were again

apparent. A lthough s im ila r m ethodology w ith  respect to  ve lo c ity

measurement was used, only one employed spectra l analysis o f the 

63Doppler signal and another study used M-mode es tim a tion

139o f the a o rtic  d iam eter as opposed to  A-mode used in the 

other tw o. O ther studies have not only investigated a o rtic  or 

le f t  sided output but have combined th is w ith  an assessment o f 

r ig h t sided card iac output obtained from  pulmonary a rte ry  flo w  

v e lo c ity  and vessel d iam eter. These studies have used th is  to  

es tim a te  the pulmonary to  system ic flo w  ra tio  fo r the assessment 

o f shunt size in in fan ts and ch ild ren .62,79,S i 83

A ll o f these studies have used duplex Doppler systems

w ith  pulsed mode recordings o f a o rtic  and pulmonary ve loc ities .

They have a ll used spectra l analysis o f the Doppler signal and

82two-dim ensional echocardiography, w ith  one exception, to  

measure a o rtic  vessel and pulmonary a rte ry  d iam eter.

The accuracy o f estim ating  le f t  sided card iac output from  

the a o rtic  flow  ve loc ity  and a o rtic  d iam eter would appear to  be
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reasonably w e ll established fo r duplex Doppler systems but 

considerable doubt remains as to  the most appropriate

methodology to  apply to  the stand alone Doppler systems.

140Ihlen e t al have however cast some lig h t on th is

subject. This study reported the use o f an A lfre d  Doppler

ve loc im e te r, s im ila r to used in th is  thesis, to estim ate  card iac 

ou tpu t. An analogue record ing o f m aximum ve lo c ity  was obtained 

from  the suprasternal notch using e ithe r the continuous wave 

mode or the pulsed mode a t tw o d iffe re n t positions w ith in  the 

ascending aorta . A o r tic  d iam eter was measured using 

two-dim ensional echocardiography a t fou r d iffe re n t positions 

from  the parasternal long axis image and used to ca lcu la te  the 

vessel area. The results o f card iac output estim ation  obtained 

by Doppler exam ination were compared w ith  both the rm od ilu tion  

and dye d ilu tion  estim ates. O verestim ation  o f cardiac output 

occurred when the a o rtic  roo t was measured from  the

two-dim ensional image or when the continuous wave mode was 

employed. The most sa tis fa c to ry  results were obtained when

cardiac output was estim ated using the pulsed wave mode and 

two-dim ensional estim ation  o f the a o rtic  o r if ic e  d iam eter.

I t  was suggested th a t the overestim ation  o f card iac 

output by the non-invasive method was a resu lt o f the "p lug" 

form ed flo w  out o f the le f t  ve n tric le , resu lting in flow  in the 

aorta  o f equivalent d iam eter to tha t a t the a o rtic  o r if ic e . 

Although i t  has been shown experim en ta lly  tha t the ve lo c ity



-156-

135p ro file  w ith in  the aorta  is fa ir ly  f la t  there is an

a lte rn a tive  reason why overestim ation  o f card iac output may have

occurred non-invasively. I f  the v e lo c ity  p ro file  in man is more

parabolic the use o f the m aximum ve lo c ity  in teg ra l would

s ig n ifican tly  overestim ate  the space averaged ve lo c ity  and

the re fo re  card iac output. In th is case in teg ra tion  o f the mean

ve loc ity , or tim e  averaged mean ve lo c ity , may prove a more

accurate estim ate  o f card iac output in com bination w ith  a o rtic

roo t d iam eter measurement. In th is  study spectra l analysis was

not used in add ition  to  the analogue record ing o f m aximum

ve lo c ity . This may be the reason why the continuous wave mode

63was less accurate than reported by other workers. I t  may 

be suspected th a t w ith  a stand alone Doppler system,

d iff ic u lt ie s  would arise in position ing the pulsed sample

gate. However va ria tion  in the position o f sampling in th is  

study did not s ig n if ic a tly  a ffe c t the measurement o f card iac

output, con firm ing  what had been suspected from  anim al

+ +. 141experim enta tion .

A lthough a possible methodology fo r card iac output

estim a tion  using a stand alone Doppler system has been

suggested, as discussed above, i t  is c lea rly  im po rtan t to  

assess, w ith in  an ind iv idua l labora to ry , the appropria te method 

o f estim ating  vessel area, the re la tive  m erits  o f continuous and 

pulsed wave Doppler, and the use o f the tim e  averaged maximum or 

mean ve loc ity  recordings, in an a tte m p t to determ ine i f  i t  is 

possible to assess card iac output non-invasively, and which
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methodology provides the most accurate  results, fo r a p a rticu la r 

Doppler system.

METHODS

Patients

20 patien ts undergoing card iac ca the te risa tion  were 

studied. A ll had e ithe r coronary a rte ry  disease or iso lated 

m itra l valve disease, patien ts  being excluded i f  they had 

a o rtic  valve disease or card iac shunting which would inva lida te  

the methodology. Doppler exam ination and invasive measurement 

o f card iac output were perform ed a t the same tim e  in a ll 

patients.

Doppler Cardiac O utput Assessment

Echocardiography was perform ed in a ll cases p rio r to  the 

Doppler exam ination in order to  make an assessment o f the 

a o rtic  cross-sectional area. Seven separate measurements o f the 

a o rtic  dimensions were made in each pa tien t. Measurements were 

taken from  leading echo edge to  leading echo edge from  the end 

systo lic  echocardiogrphic image and the fo llow ing  measurements 

made in each p a tie n t:-



M-Mode a t 'le v e l o f valve cusps (cm)

A o rtic  roo t dimension 

A o rtic  cusp separation

2-D parasternal long axis (cm)

A o rtic  cusp separation 

A o rtic  roo t a t base o f valve 

A o rtic  roo t a t t ip  o f valve cusps 

A o rtic  roo t 2cm above valve cusps

2
2-D parasternal short axis (cm )

A o rtic  roo t area a t leve l o f va lve

In a ll but the last, the aorta  was assumed to  be c ircu la r

a t the leve l o f measurement, and the cross-sectional area

estim ated from  the d iam eter measurem ent:-

CSA (cm 2) =TTD/2

where D is the a o rtic  d iam eter in cm.

Doppler exam ination was perform ed w ith  the transducer 

in the  suprasternal notch. Measurements were made w ith  both 

continuous and pulsed wave modes using both spectra l analysis 

and analogue signal recordings. When spectra l analysis was used 

the pulsed wave exam ination was guided by the op tim a l signal

in it ia lly  obtained from  the continuous wave mode and recordings
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made above the a o rtic  valve, 0.5cm apart, where sa tis fac to ry  

pulsed wave signals could be recorded. A variable  number o f 

pulsed recordings were the re fo re  obtained from  ind iv idua l 

patients when spectra l analysis o f the Doppler signal was 

employed. Spectral signals were analysed by obtain ing the tim e  

averaged mean ve lo c ity  and tw o separate tim e  averaged m aximum 

ve loc ities  (7 /8 th  maximum and 15/16th m axim um ) over the card iac 

cycle  using a dedicated frequency fo llow er (Fig. 35). The tim e  

averaged frequency obtained from  the spectra l display was 

converted in to  a tim e  averaged ve lo c ity  in cm /sec. In add ition  

the analogue signal o f mean and maximum ve loc ities  (Fig. 36), 

and an estim ated tim e  averaged ve lo c ity  d ire c tly  from  the 

ve loc im e te r, were recorded on a standard s trip  chart recorded.

The mean and maximum analogue signals using both continuous and 

pulsed wave modes were tim e  averaged over the card iac cycle  by 

d ig it iza tio n . A ll measurements were made over 5 consecutive 

card iac cycles in a ll cases and the averaged value taken fo r 

subsequent analysis.

The tim e  averaged a o rtic  blood flo w  ve loc ity  in cm /sec

2
was then m u ltip lie d  by the measured a o rtic  area in cm to  

obta in  vo lu m e tric  f lo w  in m l/sec. Cardiac output in 1/min was 

then obtained by the m u ltip lca tion  by 60 and division by 1000.

For exam ple, the re fo re , in Figure 35 the tim e  averaged 

frequency sh ift is 500 Hz, equivalent to  a ve lo c ity  o f 0.195 m /s 

or 19.5 cm /s. I f  the a o rtic  cross-sectional area measured by



Figure 35: Continuous wave Doppler spectra l display o f a o rtic

f lo w  ve lo c ity . A frequency fo llo w e r, id e n tifie d  by dotted  line , 

is applied over a card iac cycle  and provides a measurement o f 

the average frequency s h ift (TAM) over th is  tim e  period. The 

tim e  averaged frequency o f 500 Hz re la tes, in th is  case using a 

2 MHz transducer, to  a v e lo c ity  o f 19.5 cmsec  ̂ which can 

then be used, in com bibnation w ith  a o rtic  area, to  ca lcu la te  

card iac output.

M ax

Figure 36 : Analogue display o f maximum and mean a o rtic  flo w  

ve loc ities  recorded d ire c tly  from  the Doppler ve loc im e te r.
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2d ire c t p lan im etry  from  the two-dim ensional echo image is 5.0 cm 

then card iac output w ill be:-

19.5 X 5.0 X “ j

= 5.85 1/min

Invasive Cardiac O utput Assessment

A Swan Ganz ca the te r was inserted via the fem ora l vein 

and m anipulated in to  the r ig h t pulmonary a rte ry . Cardiac output 

was then obtained by the rm od ilu tion  using an IL  720 card iac 

output com puter. A ll measurements were made in tr ip lic a te  and a 

mean value taken.

RESULTS

S atis factory  Doppler signals were obtained in a ll 

patients and sa tis fac to ry  echocardiograms in 19 o f the 20 

patients. In to ta l 36 separate the rm od ilu tion  cardiac outputs 

were measured. I t  was not always possible to  apply a ll 84 

methodologies to  a ll patients, though 2,030 Doppler 

echocardiographic estim ates o f card iac output were obtained fo r 

comparison w ith  the results o f the rm od ilu tion .

The com parative results o f the rm od ilu tion  card iac output
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w ith  the various methodologies o f Doppler derived output are 

shown in Tables 10 to  21. An accurate estim ate  o f card iac 

output was obtained only when the a o rtic  area was measured 

d ire c tly  from  the two-dim ensional image or derived from  the 

a o rtic  d iam eter measured above the leve l o f the a o rtic  va lve. A 

more accurate estim ation  o f card iac output was obtained when the 

tim e  averaged mean ve lo c ity  ra the r than the tim e  averaged 

m aximum ve lo c ity  was used. For example, w ith  spectra l analysis 

o f the continuous wave record ing in com bination w ith  2-D a o rtic  

area, a co rre la tion  o f 0.82 w ith  a regression line close to  

un ity  was obtained using the tim e  averaged mean ve lo c ity  in 

comparison to  a co rre la tion  o f 0.74 w ith  a less sa tis fac to ry  

regression line when e ithe r o f the tim e  averaged maximum 

recordings were used. When continuous wave Doppler was used to 

measure the tim e  averaged mean v e lo c ity  an im proved co rre la tion  

was obtained (0.82) in comparison to  the use o f pulsed wave 

Doppler (0.78) though a superior regression line  was obtained 

using pulsed Doppler. A lthough reasonable co rre la tion  could be 

obtained by the analogue signal record ing using e ithe r pulsed or 

continuous wave Doppler the regression line  was superior, and 

the re fo re  a more accurate estim ate  o f card iac output obtained, 

when spectra l analysis was employed.

Where sa tis fac to ry  co rre la tion  was obtained using pulsed 

wave Doppler and spectral analysis, a fu rth e r comparison was 

made using only the pulsed Doppler signal o f highest ve loc ity  

to  estim ate  cardiac output (Table 22), ra the r than a ll
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sa tis fac to ry  pulsed signals w ith in  an ind iv idua l. The 

results dem onstrate th a t a more accurate  assessment o f 

vo lum etric  card iac output is obtained using th is method and when 

the tim e  averaged mean ve lo c ity  is combined w ith

two-dim ensional echocardiographic measurement o f a o rtic  area or 

tha t derived from  the a o rtic  d iam eter measured above the valve, 

a co rre la tion  c o e ffic ie n t o f 0.89 is obtained w ith  a regression 

line very close to  un ity .

DISCUSSION

This study illu s tra tes  the considerable d if f ic u lt ie s

encountered w ith  the non-invasive assessment o f vo lum e tric  

card iac output using Doppler u ltrasound.

The ve lo c ity  recordings used are subject to  many 

assumptions, in an a tte m p t to  spa tia lly  re la te  the sample 

ve loc ities  tranversing the Doppler beam to  the ve lo c ity  p ro file  

across the aorta . M ainly, i t  is assumed th a t the flo w  p ro file

across the aorta  is f la t ,  and tha t the ve lo c ity  recordings from

the Doppler sample w ill be representative  o f flo w  across the 

aorta . This may be va lid  a t the region o f the a o rtic  o r if ic e  

where the in le t e ffe c t o f the le f t  ve n tricu la r o u tflo w  tra c t

w ill tend to  produce a f la t  p ro file , but the flo w  p ro file  w ith in  

the aorta  w ill also be subject to tem pora l changes, and w ill be 

a lte red  by the com plexities o f the aorta  along which blood is
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flow ing . In addition, i t  is assumed tha t the aorta  is a rig id  

tube, devoid o f expansile p roperities, which is not the case, 

and tha t flo w  to  the coronary arte ries is negligable. This 

la tte r  assumption is probably va lid  since flo w  ve loc ities  w ill 

be measured during systole, although averaged over the whole 

card iac cycle , when coronary a rte ry  flo w  is m in im al.

The use o f in b u ilt frequency fo llow ers does a llow  

reproducib le values to  be obtained fo r tim e  averaged ve lo c ity  

from  a pa rticu la r Doppler signal. However, i t  is essential to  

have a good qua lity  Doppler signal devoid o f any apparent 

e lec tron ic  in te rfe rence , as the presence o f th is  w il l cause 

inaccura te  apprecia tion o f the Doppler frequency curve by the 

fo llo w er, though th is  w il l be apparent from  the visual display 

o f the fo llow er on the spectrum  analyser.

Again, many assumptions are made w ith  regard to 

measurement o f the cross-sectional area, which may not be va lid . 

For example, when a d iam eter measurement is used to  derive 

cross-sectional area i t  is assumed tha t the aorta  is c ircu la r a t 

the leve l o f measurement, and tha t th is measurement is constant 

throughout the card iac cycle . In addition, since 

echocardiography is used to  measure the d iam eter o f the aorta , 

such a measurement is subject to  the resolution o f the 

ultrasound equipment.

The results o f th is study ind icate  tha t using th is



-164-

p a rticu la r "stand alone" Doppler system the most appropriate

methodology fo r estim a ting  the a o rtic  vessel area is e ithe r

d ire c t measurement o f the a o rtic  roo t area from  the

tw o-d im ensional short axis image or measurement o f the a o rtic

roo t d iam eter above the leve l o f the valve cusps. O ther

methodologies o f a o rtic  area measurement including M-Mode

echocardiography did not provide a good co rre la tion  w ith

invasive card iac output measurement when spectra l analysis was

used, and although good co rre la tion  co e ffic ie n ts  were obtained

in some cases when the analogue record ing was used, these s t i l l

did not a llow  accurate assessment o f vo lu m e tric  card iac output

when compared to  the rm od ilu tion . These results con firm  recent

suggestions to  the e ffe c t th a t two-dim ensional measurement o f

a o rtic  roo t dimension is superior fo r vo lu m e tric  cardiac output 

142assessment. D ire c t p lan im etry  o f the a o rtic

cross-sectional area has obvious advantages, in tha t i t  does not 

assume th a t the aorta  is c ircu la r, and i t  obviates any problem 

in accentuating an measurement e rro r o f the a o rtic  radius when 

th is  is squared to  obta in a c ircu la r area. However, 

tw o-dim ensional echocardiography suffers from  problems of 

la te ra l resolution, and although th is w ill not a ffe c t 

measurement o f the an te rio r to  posterio r a o rtic  d iam eter, the 

la te ra l walls w ill be less d is tin c t, making d ire c t p lan im etry  

more d if f ic u lt .  Also, i t  requires good visua lisation o f the 

whole a o rtic  c ircum ference  and w ill the re fo re , be applicable to  

less patients than a simple d iam eter estim ation . The results o f 

th is  study suggest tha t, where possible, d ire c t p lan im etry  o f
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the cross-sectional area from  the short axis echo image is 

p re ferab le  to  d iam eter measurement.

Spectral analysis o f the Doppler signal was more accurate

than the analogue signal recording in es tim ating  card iac output.

This is not surprising as the analogue signal is h ighly gain

dependent and in add ition  is less sa tis fac to ry  than spectra l

analysis in guaging the q ua lity  o f the Doppler signal, which is

a p a rticu la rly  im p o rta n t consideration when u tiliz in g  a stand

alone Doppler system. The results o f th is  study did not con firm

the v a lid ity  o f using pulsed Doppler and the analogue signal

record ing o f maximum ve lo c ity  w ith  a o rtic  o r if ic e  area, as

140reported by Ihlen e t al. A lthough good co rre la tion

coe fficen ts  were o ften  obtained using the analogue signal, the 

regression equations were superior when spectra l analysis was 

used. This probably h ighlights the problems in accura te ly  

assessing cross-sectional area and the d if f ic u lt ie s  o f using a 

methodology suggested by other workers w ith o u t f ir s t  va lida ting  

the technique in ones own labora tory. It must also bring in to  

question the rep ro du c ib ility  o f absolute card iac output 

assessment by the Doppler technique.

The use of the maximum frequency fo llo w er, ca lcu la ting  

tim e  averaged maximum ve lo c ity , resulted in s ig n ifican t 

overestim ation  o f card iac output compared w ith  use o f the tim e  

averaged mean ve loc ity . This occurred both w ith  spectra l
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analysis and analogue signal recordings. This may have been

antic ipa ted  from  the "p lug" form ed flo w  theory suggested by 

140Ihlen e t al since a o rtic  roo t measurements were used

in th is study ra the r than a o rtic  cusp separation or o r if ic e  area 

as used by Ihlen e t al. However, the methodologies used by 

Ihlen e t al. did not provide sa tis fac to ry  estim a tion  o f card iac 

output in th is  study. A lte rn a te ly , the overestim ation  o f card iac 

output by maximum v e lo c ity  recordings w ith  th is system, could 

resu lt from  measuring a v e lo c ity  p ro file  w ith in  the aorta  which 

is parabolic ra the r than f la t .  This would also account fo r the 

fa c t tha t more accurate es tim a te  o f card iac output was obtained 

when the mean ve lo c ity  record ing was used. A lthough this is not 

equivalent to  measurement o f the space averaged ve lo c ity , i t  

w il l be closer to  th is  value than the maximum ve loc ity  where a 

parabolic ra the r than f la t  ve lo c ity  p ro file  exists.

Continuous wave Doppler was able to estim ate  vo lum e tric  

card iac output accura te ly , which is o f some im portance, because 

o f its  re la tive  ease o f exam ination using a "stand alone" system 

compared to  pulsed Doppler. However, improved co rre la tion  was 

obtained when the pulsed wave signal w ith  the highest peak 

ve loc ity  was used. This is not surprising since maximum ve lo c ity  

curve w ill be s im ila r w ith  pulsed and continuous wave i f  the 

highest ve loc ity  pulsed record ing is compared, but since 

continuous wave Doppler w il l id e n tify  a ll ve loc ities  along the 

range o f the Doppler beam, i t  w il l also include the lower 

ve loc ities  detected o u tw ith  the main a o rtic  flow . The mean
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frequency fo llow er used w ill then ca lcu la te  a s lig h tly  lower 

tim e  averaged mean ve lo c ity  w ith  the continuous wave signal than 

would be expected from  pulsed Doppler w ith  these low frequency

signals absent.

Despite in v itro  data to  suggest the position o f the

pulsed sample gate w ith in  the aorta  is not 

141im portan t, in  th is  study an im proved co rre la tion  was

obtained when the highest spectra l record ing obtained w ith

pulsed Doppler was used in the ca lcu la tion  card iac output.

Indeed, the fa c t th a t one pulsed signal was higher than another

a t d iffe re n t depths along the same Doppler beam, in its e lf

suggests the presence o f more parabolic flo w  p ro file , a t th is

position w ith in  the aorta  and explains the reason fo r the

superior results using the mean ra the r than maximum frequency

140fo llo w er. Ihlen e t al did not find  th a t position o f the 

pulsed sample gate a ffe c ted  the ir results but the two positions 

chosen were ana tom ica lly  defined, im m ed ia te ly  above the valve 

and 2 cm higher in the aorta , ra the r than based on the highest 

recordable v e lo c ity  signal. When Doppler exam ination is 

perform ed "b lind " as w ith  the stand alone Doppler system, i t  is 

easier to  search fo r the Doppler signal in the ascending aorta

w ith  the highest ve lo c ity , ra ther than the ve lo c ity  a t an

anatom ica lly  defined position. As the highest ve lo c ity  w ill be 

recorded this is like ly  to  be from  the leve l o f the aorta where 

the ve lo c ity  p ro file  is least f la t,  and estim a tion  o f the tim e  

averaged mean ve loc ity  seems most appropria te. This may not be
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the case w ith  duplex Doppler systems where the pulsed Doppler 

sample gate can be positioned a t a po in t w ith in  the aorta  which 

is ana tom ica lly  defined. I f  th is is a t the leve l o f the a o rtic  

o r if ic e  i t  may be more appropria te  to  use the tim e  averaged

maximum ve lo c ity  in com bination w ith  the cross-sectional area at 

the same level.

Since i t  is possible to  re la te  the flo w  ve lo c ity  and the 

anatom ica l area a t the same leve l using a duplex Doppler

system, i t  is like ly  to  be superior to  a stand alone system fo r 

es tim a tion  o f absolute card iac .ou tput. Stand alone Doppler 

systems w il l have the advantage th a t the use o f the sm all

angulated transducer may provide sa tis fa c to ry  signals,

p a rticu la rly  from  the suprasternal notch, in a higher proportion 

o f patients than duplex systems and tha t the qua lity  o f the 

Doppler in fo rm a tion  w ill not be compromised by the presence o f 

simultaneous imaging.

An accurate  method of assessing card iac output was 

id e n tifie d  fo r the system used in th is study, by combining the 

tim e  averaged mean ve lo c ity  determ ined using a mean frequency 

fo llow er on the spectra l display, w ith  the a o rtic  

cross-sectional area measured d ire c tly  from  a short axis echo 

image. However, i t  is not clear how reproducib le th is  

methodology is, and whether i t  is applicable in s ituations, such 

as during exercise, where the ve lco ity  p ro file  w ith in  the aorta  

may change.
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Since d if f ic u lt ie s  can arise in obta in ing an adequete 

u ltrason ic  window in some patients using, m ainly w ith  duplex 

Doppler transducers, p a rticu la rly  from  the supraternal notch, 

exam ination from  the apical position has also been suggested, 

estim a ting  card iac output e ither through the m itra l valve or in 

the le f t  ve n tricu la r ou tflow  tra c t and a o r ta .^  ^  

Assessment o f vo lu m e tric  flo w  in the le f t  ve n tricu la r ou tflo w  

tra c t does have a number o f advantages. In p a rticu la r, in th is  

area i t  is more reasonable to  assume tha t the ve lo c ity  p ro file  

is f la t  and measurement w il l not be a ffe c ted  by the presence o f 

a o rtic  stenosis, which would inva lida te  any card iac output 

assessment in the ascending aorta . However, as w ith  estim a tion  

o f flo w  through the m itra l valve, considerable d if f ic u lt ie s  can 

arise in accurate  measurement o f the cross-sectional area.

The in troduc tion  o f re a l-tim e  colour flo w  Doppler may 

resolve some o f the problems o f Doppler derived card iac output 

estim ation . This provides a two dimensional pulsed Doppler flo w  

ve lo c ity  display, co lour coded fo r flow  d irec tion  superimposed 

on an echocardiographic image. As a resu lt, i t  may a llow  

accurate es tim ation  o f the cross-sectional area o f flow , ra ther 

than the anatom ica l cross-sectional area, and since ve lo c ity  

in fo rm a tion  is displayed in two dimensions i t  may provide 

valuable in fo rm a tion  on the ve lo c ity  p ro file  across the flo w  

area of in te rest.
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What emerges from  th is  study is th a t there  are

considerable problems w ith  the assessment o f vo lu m e tric  f lo w  

using Doppler ultrasound, and th a t i t  is like ly  th a t the m ajor 

source o f e rro r is in the es tim a tion  o f the a o rtic

cross-sectional area. A lthough i t  is possible to  estim ate  

card iac output w ith  reasonable accuracy w ith  the "stand 

alone" Doppler system used in th is  study, its  m ajor value is 

lik e ly  to  be in the assessment o f re la tive  changes in output 

w ith in  an ind iv idual, where measurement o f cross-sectional area 

is o f l i t t le  im portance.

I t  is essential fo r any labora to ry  wishing to  assess 

card iac output non-invasively using the Doppler technique to 

f ir s t  establish a methodology suitable to  th e ir p a rticu la r 

equipm ent and circum stances before applying the technique to  

c lin ic a l s ituations, and to  do so w ith  fu l l awareness o f the 

considerable problems associated w ith  the technique.
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CHAPTER 9

ASSESSMENT OF THE HAEM O D YN AM IC  CONSEQUENCES OF 

VARYING PACEM AKER MODALITIES BY DOPPLER ULTRASOUND
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INTRODUCTION

The previous chapter has illu s tra te d  the po ten tia l fo r 

using Doppler ultrasound to  provide an assessment o f re la tive  

changes in cardiac output w ith in  an ind iv idua l. There are 

ce rta in  c lin ica l s ituations where th is is p a rticu la rly  

applicable, none more so than in the assessment o f varying 

pacemaker m odalities. There has been considerable in te res t

over recent years in the haemodynamic consequences o f d iffe r in g  

pacing modes. An increasing ly large number o f im p lanted 

permanent pacemakers are o f the dual chamber va rie ty , provid ing 

a tr io -v e n tr ic u la r (A-V) sequential pacing, but assessment o f the 

po ten tia l bene fic ia l e ffe c ts  o f A-V sequential pacing over more 

standard ven tricu la r pacing w ith in  an ind iv idua l is d if f ic u lt .

Also, any investigations perform ed to  assess the haemodynamic 

consequences o f pacemaker func tion  are usually done a fte r the 

pacing generator has been im planted.

Non-invasive Assessment o f Pacemaker Haemodynamic Function

Although i t  has long been recognised tha t preservation o f

the a tr ia l component during pacing is associated w ith  im proved

143 144ve n tricu la r function  ’ i t  has been suggested tha t

invasive haemodynamics may be of value in op tim iz ing  card iac

145perform ance in pacemaker patients. Radionuclide

ven tricu log raphy**^  and Doppler u ltrasound**^ *^* have
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both been used in th is respect to  provide a non-invasive

assessment o f the haemodynamic consequences o f pacemaker

148function . Nanda e t al used transcutaneous

aortovelography and dem onstrated an 18.4% mean reduction in peak

a o rtic  ve lo c ity  when the pacing mode was switched from  dual

chamber pacing to  ve n tricu la r only pacing. These results have

149 150subsequently been confirm ed by other ’ using Doppler

149ultrasound and in add ition  S tew art e t al have also 

dem onstrated an increased bene fit o f A-V sequential pacing 

over the ve n tricu la r mode in patients dem onstrating re trograde 

V -A  conduction during ve n tricu la r pacing.

O ther w o rk e rs ^ ^  have suggested th a t patients w ith

normal le f t  a tr ia l size on echocardiography are most sensitive

to  loss o f A-V synchrony when re la tive  changes in card iac output

146were assessed by Doppler echocaridography. Coskey e t al, 

using radionuclide ventricu lography, suggested th a t changes in 

heat ra te  did not a ffe c t the haemodynamics o f A-V pacing but 

tha t LV perform ance was im proved by a shorter A-V in te rva l. 

This pa rticu la r study suffered from  the tw o m inute data 

acquis ition tim e  and, as w ith  a ll the above studies, from  the 

fa c t tha t the range o f cycle  lengths and A-V in te rva ls  are 

res tric ted  by the im planted programmed generators in the 

patien ts studied. As a resu lt the im portance o f va ria tion  in the 

A-V in te rva l in dual chamber pacing is fa r from  clear though i t  

has been suggested more recently , using a com bination invasive 

card iac output measurement, systo lic  tim e  in te rva ls  and M-mode
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echocardiography, tha t short A-V in te rva ls  produce benefic ia l

e ffe c ts  on card iac output as a resu lt o f the delayed onset o f 

152ve n tricu la r systole. Again the results o f th is  study are 

lim ite d  by prolonged data acqu is ition  tim e  and th a t although a 

sa tis fac to ry  range o f A-V  in te rva ls  was achieved the study was 

perform ed a t a single heart ra te .

P oten tia l o f Doppler U ltrasound

There are the re fo re  a number o f po ten tia l advantages in 

perfo rm ing  Doppler ultrasound exam ination during 

e lectrophysio log ica l study. W ith both a tr ia l and ven tricu la r 

tem porary pacing lines in s itu  rapid a lte ra tio n  in the pacing

m odality  can be achieved. I t  is the re fo re  possible to  perform

a tr ia l,  ve n tricu la r and A-V sequential pacing in rapid 

succession at varying cycle  lengths and A-V in terva ls  w ithou t 

the need fo r repeated reprogram m ing o f the pacing generator. 

This also allows comparisons to be made during a shorter tim e  

period and there fo re  under more stable c lin ic a l conditions. In 

add ition  i t  is possible to  achieve s ig n ifican tly  shorter cycle

lengths than w ith  im planted systems and thereby examine the 

haemodynamic e ffe c ts  o f pacing a t rapid rates, s im ila r to  those 

found during a tr ia l and ve n tricu la r a rrhythm ias.

Since Doppler recordings can be obtained a lm ost 

instantaneously, exam ination can be perform ed even in the 

short tim e  available during haem odynam ically s ign ifican t
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arrhythm ias or extrem ely  short pacing cycles. I t  is w orth  

considering tha t the previous studies m entioned, in patients 

w ith  im planted generators, assess card iac func tion  "a fte r the 

event" whereas Doppler exam ination in those patients found 

during e lectrophysio log ica l study to  require permanent pacing 

allows p red ic tion  o f the most appropria te  programm e fo r the 

im planted generator p rio r to  pacemaker insertion .

A im  of Study

The aim o f th is  study was to  study the app lica tion  o f 

Doppler ultrasound and assess its  value in p red ic ting  the 

haemodynamic consequences o f varying pacemaker m odalities, 

over a wide range of heart rates, or pacing cycle  lengths, and 

A-V in te rva ls  in patien ts undergoing invasive investiga tion.

SUBJECTS AND METHODS 

Patients

10 patients undergoing card iac ca the te risa tion  and/or 

e lectrophysio log ica l investiga tion  were studied. Their ages 

ranged from  36 to  62 years, mean 52 years. Patients w ith  A-V 

node disease were excluded as were those w ith  evidence o f a o rtic  

valve disease which would inva lida te  the estim a tion  of card iac 

output by Doppler ultrasound.
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Pacing P ro toco l

Percutaneous tem porary pacing lines were inserted v ia  the 

fem ora l vein and positioned in the high r ig h t a tr iu m  and in the 

r ig h t ve n tricu la r apex. A tr ia l,  ve n tricu la r and A-V sequential 

pacing were perform ed, depending or resting  heart ra te , a t 

decreasing cycle  lengths to  400 msec. A -V  sequential pacing 

was perform ed a t a va rie ty  o f A-V in te rva ls  from  50 msec up to  

250 msec. The duration o f each pacing sequence was 20 secs

perform ed a t 15 sec in terva ls . In tra -a r te r ia l pressure was 

m onitored during each pacing sequence in the 6 patients who

underwent a rte r ia l cannulation fo r the purposes o f card iac

ca the te risa tion .

Echo/Doppler Study

Two-dimensional echocardiography was perform ed p rio r to  

study and Doppler exam ination was perform ed from  the

suprasternal notch w ith  the a o rtic  f lo w  v e lo c ity  from  the 

ascending aorta  recorded continuously during in traca rd iac  

pacing. Card iac output was ca lcu lated using the  method described 

in the previous chapter. A lthough absolute flow s were estim ated, 

the results w ill re la te  to  re la tive  changes in output, since the 

a o rtic  cross-sectional area is assumed to  be constant throughout 

the study period. Any change in absolute card iac output 

measurement there fo re  w ill m erely re f le c t the re la tive  change
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F igure 37: E ffe c t o f varying pacemaker m oda lity  on a o rtic  flo w

ve lo c ity  recordings in an ind iv idua l pa tien t.
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w ith in  an ind iv idua l.

RESULTS

S atis fac to ry  Doppler recordings were obtained in a ll 10 

patien ts. The e ffe c t on the tim e  averaged v e lo c ity  recordings 

o f varying  the pacemaker m oda lity  is illu s tra te d  in F igure 37. 

The re la tive  change in card iac output is d ire c tly  re fle c te d  by 

the change in the tim e  averaged ve lo c ity . In sinus rhythm , the 

tim e  averaged ve lo c ity  is 9.8 cm /s compared w ith  5.8 cm /s during 

rapid ve n tricu la r pacing. A-V sequential pacing a t a s im ila r 

cycle  length, or heart ra te , increases the tim e  averaged 

v e lo c ity  to  7.8 cm /s.

The results obtained fo r the group o f patien ts during 

a tr ia l,  ve n tricu la r and A-V sequential pacing are illu s tra te d  in 

F igure 38. Card iac output was s ig n ifican tly  lower during 

ve n tricu la r pacing, mean 4.12 + 1.46 1/min when compared w ith  

a tr ia l,  mean 5.11 + 1.46 1/min (p<0.005), and A -V  sequnetial

pacing, mean 5.42 + 1.61 1/min (p<0.001). The p ro file  o f

card iac outputs fo r one ind iv idua l pa tien t are illu s tra te d  in 

F ig. 39. C ardiac output changed w ith  va ria tion  in the A -V  

in te rva l a t each cycle  length, the change being more marked a t 

the shorter cycle  lengths. Indeed fo r the group the mean change 

in card iac output w ith  A-V in te rva l va ria tion  was 12% a t a cycle
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length o f 700 msec and 21.45% a t a cycle  length o f 400 msec

(p<0.001). In add ition  the A-V in te rva l which op tim ized  card iac 

output varied w ith  cyc le  length and also varied between

ind iv iduals a t s im ila r cyc le  lengths. I t  was impossible 

the re fo re  to  p red ic t the op tim a l pacing mode fo r  an ind iv idua l 

pa tie n t p rio r to  Doppler exam ination.

The p ro file  o f in tra -a r te r ia l pressure recordings in an 

ind iv idua l pa tien t is illu s tra te d  in Fig. 40. In the pa tien t 

group there  was a reduction in the mean pressure w ith  shortening 

cyc le  lengths during ve n tricu la r pacing, 94.7 + 9.4 mmHg

a t 700msec and 79.7 + 9.4 mmHg a t 400msec (p<0.005) and was

due alm ost solely to  reduction in systo lic  pressure. A

s ig n ifican t, though less marked, decrease in mean blood pressure 

occurred during A-V sequential pacing only a t the shortest cyc le  

lengths o f 400msec and 450msec, fo r example a mean pressure o f 

107 + 11.9 mmHg a t 700msec and 91.3 + 17.7 mmHg a t 400msec

(p<0.05). The reduction in mean blood pressure a t the short 

cyc le  lengths was dependent on the A-V in te rva l, though th a t 

which produced the greatest fa l l in pressure varied between 

individuals. No s ig n ifican t change in blood pressure was 

dem onstrated during a tr ia l pacing, the development o f Wenckebach 

usually preventing a rapid ven tricu la r response a t the short 

cyc le  lengths.
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DISCUSSION

This study has dem onstrated th a t Doppler ultrasound can

successfully be applied to  pa tien ts during in traca rd iac  pacing

and th a t valuable in fo rm a tion  can be gained on the re la tive

change in card iac output caused by varying  pacing m odalities

w ith in  an ind iv idua l. The increase in  card iac output

dem onstrated by Doppler echocardiography during a tr ia l and A-V

sequential pacing compared to  ve n tricu la r pacing is o f

s im ila r magnitude to  th a t found w ith  invasive studies o f

149 152patien ts  w ith  im planted generators. ’ No com m ent

could be made regarding the consequences o f le f t  a tr ia l size

since th is  was norm al in a ll pa tien ts studied. The va ria tion  in

card iac output noted w ith  changes in A -V  in te rva l is expected

152from  invasive haemodynamic data. However th is  study has 

dem onstrated th a t the A-V in te rva l which optim izes card iac 

ou tpu t varies not only between ind iv iduals and but also in a 

single ind iv idua l depending on heart ra te . The pacing cycle  

length is also im po rtan t and the A-V in te rva l op tim iz ing  card iac 

ou tpu t would appear to  be accentuated a t fas te r heart rates.

Perhaps more im portan t than the actua l results obtained 

in th is  study is the successful app lica tion  o f Doppler

techniques to  the assessment o f these patien ts. Here, the
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re la tive  change in card iac output is more im p o rta n t than its  

absolute measurement and the exam ination o f pa tien ts  during 

e lectrophys io log ica l investiga tion  allowed as many as 40

separate pacing m odalities to  be studied. I f  the rm od ilu tion  

card iac ou tpu t estim a tion  had been used to  provide th is  

in fo rm a tion  th is  would have necessitated the in je c tion  o f around 

1200 m l o f ice  cold 0.5% dextrose in travenously over a 

re la tiv e ly  short period o f tim e , p o te n tia lly  hazardous in 

patien ts w ith  compromised ve n tricu la r func tion , the  group who 

are most lik e ly  to  bene fit from  A-V sequential pacing, and hence 

Doppler assessment.

In add ition , a t the shortest cycle  lengths o f 400msec and 

450msec, p a rtic u la r ly  during ve n tricu la r pacing, haemodynamic 

decompensation o ften  occurred, as dem onstrated by the marked 

fa l l in  blood pressure during these pacing m odalities, and in 

these circum stances there  would have been no tim e  to  acquire 

the rm od ilu tion  recordings. However, the ra p id ity  o f acquiring 

Doppler recordings allowed haemodynamic in fo rm a tion  to  be gained 

in  these patien ts during the few  seconds availab le  before the 

te rm ina tion  o f pacing was necessary.

A lthough these rapid heart rates are o f l i t t le  im portance 

fo r perm anent pacemaker im p lan ta tion  they h igh ligh t the 

po ten tia l value o f Doppler in the assessment o f card iac 

a rrhythm ias, an area where echocardiography may also have 

po ten tia l app lications. Doppler ultrasound may also
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prove o f value during e lectrophys io log ica l investiga tion  in 

assessing the consequences o f card iac a rrhythm ias which produce 

haemodynamic decompensation where rapid data acqu is ition  is 

necessary.

The app lica tion  o f Doppler ultrasound w ith in  an

ind iv idua l pa tien t resolves many o f the problems associated w ith  

absolute card iac output estim a tion  discussed in  the previous 

chapter. Again, however, i t  is assumed th a t the ve lo c ity  p ro file  

does not change w ith  va ria tion  in absolute flo w , and changes in 

coronary a rte ry  blood flo w  is ignored. Despite th is , Doppler 

u ltrasound has the advantage o f being non-invasive, having a 

rapid acquis ition tim e  and a llow ing m u ltip le  measurements to  be 

perform ed, ideal in provid ing a haemodynamic assessment o f 

pacemaker patien ts. Doppler ultrasound perform ed during 

e lec trophys io log ica l study may a llow  a more ra tio na l choice o f 

pacing generator and pacing m oda lity  p rio r to  permanent 

pacemaker insertion  o f a llow  appropria te  se tting  o f an im planted 

pacemaker to  provide the op tim a l haemodynamic b en e fit.
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CHAPTER 10

THE VALUE OF DOPPLER ULTRASOUND IN THE ASSESSMENT

OF CONGENITAL HEART DISEASE
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GENERAL INTRODUCTION

Two-dim ensional echocardiography now provides so accurate  

a dem onstration o f in traca rd iac  anatom y in in fa n ts ^ ^  and 

ch ild ren  w ith  congenita l heart disease th a t surgery can 

o fte n  be undertaken w ith o u t the need fo r  angiography. However in 

acyanotic  lesions, ind ications fo r surgery are o ften  based not

sim ply on the s tru c tu ra l abnorm a lity  o f the lesion, but ra the r

on its  haemodynamic e ffe c ts , such as the severity  o f 

obstruction, the pulm onary a rte ry  pressure or resistance, or the

m agnitude o f an in traca rd iac  shunt. Some o f th is  v ita l

in fo rm a tion  can be obtained by echocardiographic assessment o f 

chamber sizes, w a ll thickness and valve m otion but more 

deta iled  haemodynamic data is frequen tly  required, m aking 

card iac ca the te risa tion  and angiography essential in assessing 

the need fo r surgery.

As w ith  tw o-d im ensional echocardiography, in fan ts  and 

ch ild ren  are p a rtic u la r ly  su itable fo r Doppler ultrasound 

exam ination, since m u ltip le  praecord ia l windows are availab le , 

o fte n  im portan t in order to  a lign the  ultrasound beam in d ire c t 

line  o f blood flo w  and obta in  the maximum ve lo c ity  recording.
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Po te n tia l Role o f Doppler U ltrasound

Doppler u ltrasound has p o ten tia l to  provide much o f th is  

necessary haemodynamic in fo rm a tion  non-invasive ly. The in it ia l 

reports o f Doppler u ltrasound assessment o f congenita l heart 

disease have re la ted  e ithe r to  the detection  and q u a n tifica tio n  

o f shunts or to  the assessment o f obstruc tive  card iac lesions. 

D e term ination  o f shunt size is based upon the a b ility  o f Doppler 

ultrasound to  measure ve n tricu la r ou tput fro m  both the le f t  and 

r ig h t heart, and the basis fo r th is  was discussed in  

chapter 8. As we have seen, the problems associated w ith  

estim a tion  o f card iac ou tpu t from  the le f t  side o f the heart are 

considerable, but the problems o f es tim a ting  card iac output fro m  

the r ig h t side o f the heart are even g reate r, since accurate 

estim a tion  o f the pulm onary a rte ry  cross-sectional area using 

two-dim ensional im aging is ex trem ely  d if f ic u lt .  Therefore, 

a lthough i t  has been suggested th a t Doppler echocardiography 

provides an accurate  measurement o f shunt size, the c lin ic a l 

value o f such a measurement remains very much in doubt. 

A dd itiona lly , in patien ts w ith  an a tr ia l septal de fec t, 

where the m a jo rity  o f shunt estim a tion  by Doppler has been 

perform ed, the diagnosis w il l usually be apparent on c lin ic a l 

exam ination and by echocardiography, the presence o f a d ila ted  

r ig h t ve n tric le , paradoxical septal m otion, and a hole in  the 

a tr ia l septum w il l usually a llow  surgery to  be undertaken 

w ithou t the need fo r card iac ca the te risa tion .
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Although Doppler ultrasound has been successfully used in

157 158the detection  o f patent ductus arteriosus, ’ its

presence w il l be determ ined c lin ic a lly  and visualised by 

echocardiography in the vast m a jo rity  o f patien ts. Since closure 

is recommended because o f the risk  o f in fe c tiv e  e nda rte ritis , 

shunt size in th is  lesion is not o f pa rticu la r im portance and 

card iac ca the te risa tion  is not usually undertaken.

Doppler ultrasound may prove o f some value in the 

assessment o f pa tien ts w ith  com plex congenita l heart disease, or 

th e ir fo llow -up  post surgery, and some in it ia l studies have

reported the app lica tion  o f the technique both

+. , 91,92 . +. . 159,160preopera tive ly  and postopera tive ly  7 in

these patien ts. Doppler ultrasound has even been applied in

u te ro  to  dem onstrate absence of the a o rtic  valve.

However, a s ig n ifican t number o f patien ts w ith  com plex

congenita l lesions w il l s t i l l  require card iac ca the te risa tion ,

but the  use o f duplex Doppler systems and p a rtic u la r ly  the

in troduc tion  o f co lour flo w  Doppler, where there is in te rg ra tion

o f anatom ica l and flo w  relationships, may w e ll expand the ro le

o f Doppler exam ination in the assessment o f com plex congenita l

heart lesions.

This chapter w ill re s tr ic t investiga tion  o f those 

congenita l heart lesions where an obstruc tive  grad ient would be 

expected and Doppler ultrasound is most lik e ly  to  be o f c lin ic a l 

im portance. I t  w il l describe the results in patien ts w ith
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acyanotic congenita l heart disease undergoing card iac 

ca the te risa tion  fo r c lin ic a lly  suspected pulm onary valve 

stenosis and pulm onary a rte ry  bands, pulmonary in fund ibu la r 

stenosis, and co a rc ta tion  com plex. The app lica tion  o f Doppler 

ultrasound has not been studied spec ifica lly  in in fan ts  and 

ch ildren w ith  a o rtic  stenosis, though i t  would seem reasonable 

to  expect th a t the accuracy o f the technique discussed in 

chapter 4 in adults, would also be va lid  in th is  group.

This chapter w il l also include patien ts w ith  ve n tricu la r 

septal defects where a g rad ient results fro m  the pressure 

d iffe rence  between the le f t  and r ig h t ven tric les. I t  may be 

suspected th a t Doppler ultrasound has l i t t le  po te n tia l c lin ica l 

value in these patien ts  since the diagnosis o f ve n tricu la r 

septal de fect is usually apparent c lin ic a lly  and i f  surgery is 

contem plated and le f t  ve n tricu la r angiography may be necessary 

to  exclude m u ltip le  defects. However, in add ition  to  the 

diagnosis o f a ve n tricu la r septal de fec t, measurement o f the 

gradient across the ve n tricu la r septum during systole can 

po te n tia lly  p red ic t pulm onary a rte ry  systo lic  pressure, s im ila r 

to  the method used w ith  tricusp id  regurg ita tion  in chapter 7. 

This is o f considerable im portance fo r the surg ical assessment 

o f these patien ts  and p red ic tion  o f the pulm onary a rte ry  

pressure may e ithe r id e n tify  or obviate  the need fo r card iac 

ca the te risa tion  in ce rta in  patien ts w ith  a ve n tricu la r septal 

de fect.
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PULM O NARY VALVE OR ARTERY OBSTRUCTION 

In troduction

The v a lid ity  o f using continuous wave Doppler and the

m od ified  Bernou lli equation fo r  d iscre te  r ig h t ve n tricu la r

o u tflo w  obstruction  has been dem onstrated in  an anim al 

162model and has also been applied to  a sm all number o f 

pa tien ts  w ith  pulm onary valve stenosis or pulm onary a rte ry  

b an d s .'^ ,^ , * ^ ’ ^ ^  Previous studies have u tilize d

simultaneous echocardiographic im aging and i t  is the re fo re  

appropria te  to  re la te  the experience o f "stand alone" continuous 

wave Doppler in  the assessment o f patien ts w ith  obstruction  to  

pulm onary a r te r ia l flow .

Subjects and Methods

T h irty  seven ch ild ren (age 6 weeks to  15 years, mean 6.4 

years) were studied. Patients underwent card iac ca the te risa tion  

fo r suspected pulm onary stenosis in 28, reassessment fo llow ing  

pulmonary va lvotom y in 6, or pulm onary a rte ry  banding in 3. 

Patients w ith  in fund ibu lar pulmonary stenosis are not include 

here, but are discussed separatley. One pa tien t had combined 

pulm onary valve and branch stenosis. Six patien ts had an 

associated ven tricu la r septal de fec t, one an a tr ia l septal



Figure 41: Continuous wave Doppler spectra l display from  a

pa tien t w ith  pulm onary valve stenosis. High ve lo c ity  f lo w  in the 

pulm onary a rte ry  is detected from  the upper le f t  parasternal 

region, the negative signal representing flo w  away from  the 

transducer. The maximum systo lic  frequency s h ift o f 9,200 Hz 

re la tes to  a ve lo c ity  o f 3.6 msec * and a ca lcu la ted valve 

grad ient o f 32 mmHg.
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defec t, and one an absent pulmonary valve w ith  s ig n ifican t 

stenosis and regurg ita tion . C ardiac ca the te risa tion  was

perform ed under sedation and peak to  peak gradients measured 

from  w ithd raw a l trac ings by an independent observer. N ineteen 

patien ts had Doppler exam ination perform ed a t card iac

ca the te risa tion , during ca the te r w ithd raw a l in 7, im m ed ia te ly  

fo llow ing  w ithdraw al in 7 and in 3 patients, tw o catheters were 

inserted and the simultaneous Doppler exam ination compared w ith  

sim ultaneously measured r ig h t ve n tricu la r and pulmonary a rte ry  

pressures. The rem ain ing 18 patien ts had Doppler exam ination 

perform ed in the resting s ta te  but o u tw ith  the e ffe c ts  o f 

sedation.

Two-dim ensional echocardiography using an A T L  sector 

scanner was perform ed in a ll patients p rio r to  continuous wave 

Doppler exam intion in order to  dem onstrate the in traca rd iac  

anatom y and the appropria te  a lignm ent fo r the Doppler beam, from  

e ithe r the le f t  parasternal or subcostal positions.

Results

S atis factory  Doppler signals were obtained from  a ll 

pa tien ts  (Fig. 41). The highest ve lo c ity  was recorded from  the 

parasternal position in 31 and from  the subcostal position in 

6. In the patients studied during ca the terisa tion  Doppler 

derived gradients ranged from  13-189 mmHg and peak to  peak 

pressure gradients a t ca the te risa tion  from  10-226 mmHg. No
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Figure 43: Comparison o f pressure gradients in pulmonary valve

and a rte ry  stenosis measured a t ca the te risa tion  w ith  those 

derived fro m  the Doppler exam ination in the 18 patients studied 

o u tw ith  the ca the terisa tion  labora to ry .
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change in the maximum ve lo c ity  occurred during ca the te r 

w ithd raw a l in the 7 patien ts in whom Doppler recordings were

obtained during th is  procedure. The results o f the comparison o f

valve gradients in patien ts studied during ca the te risa tion  is 

shown in Fig. 42. S ta tis tica l analysis was perform ed excluding 

the pa tie n t w ith  a measured grad ient o f 226 mmHg a t 

ca the te risa tion  since th is  severity  o f stenosis is uncommon and 

its  inclusion would have produced a marked e ffe c t on the 

regression equation though im proving the co rre la tion  c o e ffic ie n t 

from  0.94 to  0.97. A lthough the Doppler exam ination

underestim ated th is  ex trem ely  high grad ient i t  s t i l l

dem onstrated the presence o f s ign ifican t pulm onary stenosis (189 

mmHg). The results o f those studied a t a tim e  separate from  

ca the te risa tion  are illu s tra te d  in F ig. 43.

In the 5 patien ts in whom simultaneous r ig h t ve n tricu la r 

and pulm onary a rte ry  pressures were measured a t ca the te risa tion  

using tw o ca theters the instantaneous valve gradient was higher 

than the peak to  peak measurement in 4 o f the 5 patien ts (Table 

23). Since Doppler ultrasound p red icts  the instantaneous 

grad ient, as expected, th is  corresponded b e tte r to  the

instantaneous va lve grad ient measured a t ca the te risa tion , though 

the d iffe rences between the peak-to-peak and peak instantaneous 

values a t ca the te risa tion  were m in im al and un im portan t fo r 

c lin ic a l purposes.



TABLE 23

VALVE GRADIENTS (mmHg) 

Doppler Peak-to-peak Instantaneous

1. 26 25 31

2. 28 29 29

3. 46 39 41

4. 51 53 57

5. 100 97 104

Comparison o f Doppler derived gradients w ith  peak to  peak and 

instantaneous maximum pressure gradients a t ca rd iac 

ca the terisa tion  in 5 patients w ith  pulmonary valve or 

a rte ry  stenosis where recordings o f simultaneous r ig h t

ven tricu la r and pulmonary a rte ry  pressures were made using tw o 

catheters.
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Discussion

This study has dem onstrated th a t Doppler ultrasound can

accura te ly  p red ic t the pressure g rad ient across the d iscre te

r ig h t ve n tricu la r ou tflo w  obstruction  o f pulm onary valve

stenosis and pulm onary a rte ry  bands.

Doppler derived pressure grad ient w il l re f le c t the

peak instantaneous ra ther than the peak-to-peak gradient, though 

in the 5 patien ts in whom both these measurements were made a t 

card iac ca the te risa tion , there  was l i t t le  d iffe re n ce  between

these measurements, and although the numbers are sm all the 

d iffe rences were not o f c lin ic a l s ign ificance in any o f the

cases.

Exam ination o f these patien ts  was re la tiv e ly  easy in 

comparison to  adults, re fle c tin g  the  a p p lica b ility  o f Doppler 

ultrasound to  in fan ts  and ch ild ren, and the je t ve lo c ity  was 

usually qu ick ly  id e n tifie d  from  the le f t  parasternal and/or 

subcostal positions. However, the p o ten tia l s t i l l  exists to  miss 

a high ve lo c ity  je t in a pa tien t w ith  pulm onary stenosis, 

p a rtic u la r ly  i f  th is is severe, and ca re fu l Doppler 

exam ination, to  adequately id e n tify  f lo w  ve lo c ity  in the 

pulm onary a rte ry  d is ta l to  any po ten tia l obstruction, is 

required to  exclude the presence o f s ig n ifican t pulmonary valve 

or a rte ry  obstruction.
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The pa tien t w ith  an unusually high pressure gradient o f 

226 mmHg is very in te res ting . Doppler exam ination was perform ed 

a t the tim e  o f ca the te risa tion  under the e ffe c ts  o f sedation, 

and s ig n ifican tly  underestim ated the gradient, a t 189 mmHg, 

though c lea rly  s t i l l  ind icated the presence o f severe pulmonary 

stenosis. Simultaneous proxim a l and d is ta l pressures were not 

obtained in th is  pa tien t, but i t  is un like ly th a t the 

discrepancy could be accounted fo r  by d iffe rences in the 

peak-to-peak and peak instantaneous gradients, since, i f  

s ig n ifica n tly  d iffe re n t, the peak instantaneous gradient, and 

hence th a t derived by Doppler, is a lm ost always higher than the 

peak-to-peak value. I t  is ce rta in ly  possible th a t the Doppler 

u ltrasound beam was a t a substantia l in te rcep t angle to  the

d ire c tion  o f flo w , but th is was not so in any o f the o ther 

pa tien ts  studied. However, i f  the obstruction  is very severe, as 

in  th is  case, energy losses due to  viscous fr ic t io n ,

norm a lly  ignored by the m od ified  Bernou lli equation, can be 

im p o rta n t and the peak v e lo c ity  w il l tend to

underestim ate the tru e  pressure grad ient, which may have 

resu lted in lower Doppler derived pressure drop in th is  case.

I t  is w orth  considering a t th is  po in t the app lica tion  o f 

the technique to  c lin ic a l p rac tice . Surgical trea tm en t o f 

pulm onary valve stenosis is genera lly undertaken when the

grad ient across the valve a t ca the te risa tion  in greate r than 40 

mmHg. This study would suggest th a t a Doppler derived gradient 

o f over 50 mmHg indicates the need fo r surgical in te rven tion . I f
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however the Doppler gradient is less than 30 mmHg the 

obstruction  is not o f surg ical severity . In patien ts w ith  

pulm onary valve gradients between 30 and 50 mmHg although 

surgery may be ind icated the degree o f obstruction  is not 

c r it ic a l and i t  may be appropria te  in these patien ts e ithe r to  

procede to  card iac ca the te risa tion  or to  perfo rm  seria l Doppler 

exam inations and defe r invasive investiga tion  u n til a la te r 

date.

Care should be exercised in in te rp re tin g  the results o f 

Doppler exam ination however. In one pa tien t the pulm onary valve 

g rad ient on w ithd raw a l was 26 mmHg but 52 mmHg by Doppler, 

suggesting the p a tien t may have been in co rre c tly  assigned to  the 

surg ica lly  s ig n ifican t group. However, there was associated 

stenosis o f the o rig in  o f the r ig h t pulmonary a rte ry  w ith  a 

to ta l grad ient o f 50 mmHg from  the r ig h t pulmonary a rte ry  to  the 

r ig h t ve n tric le . The continuous wave Doppler beam was presumably 

aligned along both these obstruc tive  lesions w ith  a summation 

e ffe c t ind ica ting  c o rre c tly  th a t the overa ll obstruction  was 

indeed o f surg ical s ign ificance. This confusion may w e ll have 

been avoided had pulsed Doppler been used, dem onstra ting 

increased v e lo c ity  a t tw o  d iffe re n t sites.
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INFU N D IBU LAR  PULM ONARY STENOSIS 

In troduction

Comparison o f Doppler ultrasound derived pressure

grad ient across in fund ibu la r pulmonary stenosis w ith  g rad ient

measurement a t ca the te risa tion  has been quoted in  only 2 

53cases. The m od ified  Bernoulli equation has generally been 

applied to  d iscre te  obstructions and ignores energy losses due 

to  f r ic t io n  which may become o f im portance in elongated or 

tunnel like  obstructions. There may the re fo re  be p o ten tia l 

problems on applying the equation to  patients w ith  in fund ibu la r 

pulmonary stenosis where the obstruction  can be elongated or 

occur a t more than one leve l. The v a lid ity  o f using the m od ified  

Bernou lli equation to  assess gradients across irreg u la r, dual 

and tunnel like  obstructions has been dem onstrated in 

v i t r o * ^ ’ * ^  but in v ivo  data is cu rren tly  lacking. The aim  

o f th is  pa rticu la r study the re fo re  was to  assess the use o f the 

m od ified  Bernou lli equation in providing an estim a te  o f pressure 

grad ient in patien ts w ith  in fund ibu lar pulmonary stenosis.
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Subjects and Methods

The study group consisted o f 24 in fan ts  and ch ild ren, age 

7 days to  16 years, mean 2 years 10 months, w ith  in fund ibu la r 

pulm onary stenosis dem onstrated a t card iac ca the te risa tion  and 

angiography. 11 patients had in fund ibu la r and possible valve 

stenosis w ith  a ve n tricu la r septal de fec t and the rem ain ing 13 

had te tra lo g y  o f F a llo t.

A t card iac ca the te risa tion  pressures were measured 

through a flu id  f i l le d  ca the te r and the peak to  peak grad ient 

across the obstruction  recorded not only on ca the te r w ithd raw a l 

bu t also as the ca the te r was in it ia lly  advanced in to  the r ig h t 

v e n tric le  and pulm onary a rte ry . This was possible in only 17 

patien ts, 9 w ith  in fund ibu la r pulmonary stenosis and ve n tricu la r 

septal de fec t and 8 w ith  te tra logy  o f F a llo t. In the others 

e ithe r no a tte m p t was made to  pass the ca the te r in to  the 

pulm onary a rte ry  because o f the severity  o f the obstruction  or 

the a tte m p t was abandoned when dysrhythm ia developed. Peak to  

peak pressure gradients were measured from  the ca the te r 

recordings. Simultaneous pressure measurements from  the r ig h t 

ve n tric le  and pulmonary a rte ry  using tw o catheters were not 

perform ed because o f the po ten tia l com plica tions re la ted  to  the 

in fund ibu la r obstruction.

Doppler exam ination was perform ed fo llow ing  

tw o-dim ensional echocardiography w ith  the pa tien t quiet, sedated
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Figure 44: Continuous wave Doppler spectra l display from  a 

pa tien t w ith  in fund ibu la r pulmonary stenosis. High v e lo c ity  flo w  

is detected from  the upper le f t  parasternal region, the negative 

signal representing flo w  away from  the transducer. The maximum 

systo lic  frequency sh ift o f 10,600 Hz re la tes to a v e lo c ity  o f 

4.2 msec  ̂ and a ca lcu la ted g rad ient o f 72 mmHg.
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or asleep. O f the 17 patien ts in whom gradients were obtained a t 

ca the te risa tion  Doppler exam ination was perform ed during 

sedation fo r ca the te risa tion  in 7, w ith in  24 hours o f

ca the te risa tion  in 3 and during admission fo r subsequent

surgery in the rem aining 7. Parasternal, subcostal, suprasternal 

and supraclavicu lar positions were explored in a ll patien ts to  

obta in  the maximum Doppler v e lo c ity  from  which valve g rad ient 

was ca lcu lated.

Results

S atis factory  Doppler signals were obtained in  a ll 

pa tien ts (Fig. 44). Maximum blood flo w  ve loc ities  were obtained 

w ith  a lm ost equal frequency from  subcostal and parasternal 

positions. Comparison o f the Doppler derived pressure gradients 

w ith  gradients obtained a t ca the te risa tion  are shown, in F ig. 45 

on ca the te r w ithd raw a l and in Fig. 46 on ca the te r en try .

When comparison is made between the tw o methods o f 

invasive measurement o f pressure gradients, th a t is a t ca the te r 

e n try  and on ca the te r w ithd raw a l, considerable va ria tion  is 

observed (Fig. 47) w ith  a co rre la tion  c o e ffic ie n t o f 0.88. The 

d iffe rence  was generally re la ted  to  va ria tion  in the r ig h t 

ve n tricu la r pressure measurement due to  ectop ic beats on 

ca the te r w ithdraw al which a lte red  the r ig h t ve n tricua lr pressure 

values, making i t  d if f ic u lt  to  assess the true  r ig h t ve n tricu la r 

systo lic  pressure.
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Figure 45: Comparison o f pressure gradients derived from  Doppler 

exam ination w ith  those measured a t ca the te risa tion  by ca the te r 

w ithd raw a l in patien ts w ith  in fund ibu la r pulmonary stenosis.
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Figure 46: Comparison o f pressure gradients derived from  

exam ination w ith  those measured a t ca the te risa tion  

ca the te r en try  in to  pulm onary a rte ry  in patients 

in fund ibu la r pulmonary stenosis.
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Figure 47: Comparison o f invasive pressure gradients measured 

ca the te r en try  w ith  those measured by ca the te r w ithd raw a l 

pa tien ts  w ith  in fund ibu lar pulmonary stenosis.
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Since the Doppler study was perform ed w ith  the ch ild  in a 

re la tiv e ly  undisturbed s ta te  and not during ca the te r w ithd raw al, 

i t  would seem more appropria te  to  compare the Doppler values 

w ith  those obtained a t ca the te r e n try , which resulted in an 

im proved co rre la tion  (0.94 compared to  0.79).

Discussion

Despite the p o ten tia l d if f ic u lt ie s  the m odified  Bernoulli 

equation has been able to  accura te ly  assess the to ta l g radient 

fro m  the r ig h t v e n tric le  to  the main pulmonary a rte ry  in 

patien ts w ith  in fund ibu la r pulm onary stenosis and in fund ibu lar 

plus d iscre te  valve stenosis.

Persons u n fa m ilia r w ith  the princip les o f the Bernoulli 

equation may be surprised th a t i t  provides such accurate 

assessment in patien ts such as those w ith  te tra lo g y  o f F a llo t 

where considerable va ria tion  in the severity  o f in fund ibu lar 

stenosis and blood flo w  through the r ig h t ve n tricu la r ou tflo w  

can occur w ith in  an ind iv idua l pa tien t. However in these 

patien ts the pulm onary a rte ry  pressure is re la tive ly  constant 

and the rig h t ve n tricu la r pressure is a t system ic leve l. 

Therefore although changes in flo w  may occur the pressure 

d iffe rence  or gradient w il l rem ain unchanged and be accurate ly  

re fle c te d  by the Doppler ve lo c ity  measurement.
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Doppler ultrasound was able to  provide an assessment o f 

the pressure grad ient where th is  could not be measured 

invasive ly because o f the po ten tia l hazard o f passing a ca the te r 

through a severely narrowed ou tflo w  tra c t.  In some o f these 

pa tien ts  c lin ica l exam ination and echocardiography ind ica te  the 

need fo r card iac ca the te risa tion  or surg ical in te rven tion . 

However there are others in whom the degree o f in fund ibu la r 

stenosis changes w ith  tim e  and a non-invasive technique able to  

provide seria l measurements is o f considerable im portance.

A lthough continuous wave Doppler cannot determ ine the 

re la tive  im portance o f valve and in fund ibu la r stenosis .the  

decision w ith  respect to  surgery is based on the to ta l ra the r 

than ind iv idua l gradients, and on anatom ica l in fo rm a tion  

provided by echocardiography or angiography and does not 

the re fo re  a ffe c t the c lin ic a l value o f the technique.

CO ARCTATIO N COMPLEX 

In troduction

The diagnosis o f coa rc ta tion  o f the aorta  is usually 

based on c lin ic a l exam ination, and fu rth e r investiga tions are 

d irec ted  a t defin ing  its  s ite  and nature in order to  p e rm it 

appropria te  surgical in te rven tion . Echocardiography usually 

provides th is  in fo rm a tion , p a rticu la rly  in neonates and older
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in fan ts , and allows surgery to  be undertaken safe ly w ith o u t 

p rio r card iac ca the te risa tion . In o lder ch ild ren however, 

sa tis fa c to ry  echocardiographic images are not always obtained, 

and a fu rth e r non-invasive technique in the assessment o f 

pa tien ts  w ith  coarc ta tion  could prove useful. I t  has been 

reported th a t Doppler ultrasound can accura te ly  id e n tify  the 

presence o f a o rtic  coarc ta tion  and also p red ic t the pressure 

g rad ien t across the obstruction, *67,168 ^u t there  is 

cu rre n tly  no invasive data to  establish the accuracy o f Doppler 

ultrasound in these patients.

Subjects and Methods

53 in fan ts  and ch ildren, including 15 neonates, w ith  

coa rc ta tion  o f the aorta, ages 2 days to  16 years, were studied. 

Weights ranged from  1.0 Kg to  58 Kg. Cardiac ca the te risa tion  was 

perform ed in 37 patien ts and proxim al and d is ta l pressures were 

obtained in 20 patien ts w ith  s ign ifican t coarc ta tion . The 

diagnosis was confirm ed in a ll 53 patien ts a t card iac 

ca the te risa ton  and/or surgery.

Continuous wave Doppler exam ination was perform ed fro m  

the suprasternal and le f t  upper parasternal positions in  a ll 

patien ts. The presence o f coarc ta tion  was suspected when a high 

ve lo c ity  je t (defined as greater than 2.2 m/sec) was detected 

away from  the transducer in the descending aorta . Pressure 

gradients were ca lcu lated from  the peak ve lo c ity  using the
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m odified  Bernoulli equation. Where a high v e lo c ity  was present, 

an a tte m p t was made to  localise the depth o f the v e lo c ity  je t

using the pulsed wave mode.

In add ition , 5 neonates w ith  com plete a o rtic  arch 

in te rru p tio n  was studied in  a s im ila r manner.

Results

48 patien ts  had s ig n ifican t coa rc ta tion  requ iring  

surg ical in te rven tion . An increase in the systo lic  f lo w  ve lo c ity  

was dem onstrated in  the descending aorta  by continuous wave 

Doppler in 44 o f these patien ts. O f the 20 patien ts  w ith  

s ig n ifican t coa rc ta tion  in whom proxim al and d is ta l pressures 

were measured, an increased Doppler ve lo c ity  was id e n tifie d  in

17 fo r comparison o f the pressure gradients. N e ither the 

Doppler derived pressure gradient, or th a t measured a t card iac 

ca the te risa tion , was p red ic tive  o f the anatom ica l severity  o f 

the coacta tion . The overa ll co rre la tion  between the pressure 

gradients derived from  Doppler exam ination and those a t 

ca the te risa tion  was poor, w ith  a co rre la tion  c o e ff ic ie n t o f 0.41 

fo r  the peak-to-peak gradient (Y = 0.46X + 26.4) and 0.36 fo r 

the peak instantaneous gradient a t ca the te risa tion  (Y = 0.37X + 

27.2). The lack o f agreement between the tw o techniques in 

b e tte r illu s tra ted  in Figure 48, where the d iffe rence  between 

the Doppler and measured pressure gradients is p lo tted  against 

th e ir average. The mean + 2SD represents the lim its  o f
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agreem ent. Therefore, fo r  a g rad ient a t ca the te risa tion , the 

Doppler derived pressure drop could vary anything between around 

-35 to  +40 mmHg. This is c le a rly  o u tw ith  the lim its  th a t would 

be c lin ic a lly  acceptable.

For c lin ic a l purposes, i t  seems appropriate to  d iv ide the 

patien ts  in to  2 groups, the neonates w ith  pre- or pe ri-duc ta l 

coa rc ta tion , and the older in fan ts  and ch ild ren w ith  m ain ly 

post-ducta l coa rc ta tion .

In older in fan ts  and ch ild ren, Doppler exam ination fa iled  

to  d e te c t an increase in the descending a o rtic  ve lo c ity  in 4 o f 

33 patien ts  w ith  s ig n ifican t coa rc ta tion , 3 o f whom had 

ana tom ica lly  severe obstruction . In one o f these i t  was possible 

a t card iac ca the te risa tion  to  pass a ca the te r across the 

co a rc ta tion  but angiography dem onstrated th a t th is  com ple te ly  

occluded the lumen. Another was id e n tifie d  a t surgery to  have a 

very long segment w ith  a lumen o f only 1-2 mm.

In the group o f neonates, Doppler ultrasound detected a

high ve lo c ity  je t in the descending aorta  in a ll 15 patients

w ith  a s ig n ifican t coa rc ta tion . However, a s im ila r high ve lo c ity

record ing during systole was also detected in the descending 

aorta  in 5 pa tien ts subsequently dem onstrated to  have com plete 

a o rtic  arch in te rru p tio n . C lea rly , in these patien ts, the 

increased ve lo c ity  could not have resulted from  flo w  through a 

coarc ta tion . In one pa tien t, the Doppler derived pressure



gradient fe l l from  33 mmHg to  13 mmHg fo llow ing  in fusion o f 

prostaglandins, and in another the ve lo c ity  signal was abolished 

by in fla tin g  a balloon ca the te r w ith in  the ductus arteriosus, 

only reappearing a fte r the balloon was defla ted .

Discussion

This study has id e n tifie d  m ajor problems w ith  the

app lica tion  o f Doppler u ltrasound to  assessment o f coa rc ta tion  

o f the aorta , which is a t variance w ith  previous

reports. I t  is the anatom ica l severity  o f the lesion

th a t is im po rtan t, ra the r than the pressure gradient across i t ,  

which w il l also be h ighly dependent o f the magnitude o f 

co lla te ra l flo w . I t  is not surprising the re fo re , th a t neither 

the Doppler derived pressure gradient or th a t measured a t 

ca the te risa tion , was p red ic tive  o f the anatom ica l severity .

U nlike the assessment o f o ther je t lesions studied in

th is  thesis using Doppler u ltrasound, there  was a poor

co rre la tion  between the Doppler derived pressure grad ient and 

th a t measured a t ca the te risa tion , una ffected  by the peak-to-peak 

or peak instantaneous value, w ith  both considerable over and 

underestim ation being apparent. I t  is not d if f ic u l t  to  

understand why Doppler ultrasound may underestim ate the pressure 

gradient in these patients. I f  one is unable to  a lign the 

Doppler beam in the d irec tion  o f f lo w  w ith  a su itab ly small 

in te rcep t angle, the peak ve lo c ity  w il l be underestim ated, as
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w il l the ca lcu la ted pressure gradient. In add ition  i t  is 

recognized tha t in very severe obstructions, energy losses due 

to  viscous fr ic t io n  w il l cause underestim ation o f the pressure 

drop from  the peak ve lo c ity  using the m odified  Bernou lli 

equation. Perhaps, i t  is more d if f ic u lt  to  understand 

why Doppler ultrasound would s ig n ifican tly  overestim ate  the

measured pressure gradient. In part, th is may be due to  the fa c t 

th a t the m odified  Bernou lli equation does not take in to  account 

the  ve lo c ity  o f f lo w  prox im a l to  the obstruction, which was up 

to  2.0 m/s in  some o f the patien ts  studied. However, th is  does

not account fo r  overestim ation  o f pressure gradients up to  40

mmHg. I t  is w e ll recognized th a t there is progressive d is to rtion  

o f the pressure waveform  throughout the aorta  and in to  the 

fem ora l a rte ries, and w ithou t the use o f high f id e l ity  

transducer tipped ca theters, the apparent overestim ation  by 

Doppler ultrasound, may a c tu a lly  be a re fle c tio n  o f the 

d if f ic u lt ie s  in accura te ly  measuring pressure gradients a t 

card iac ca the terisa tion .

In the group o f neonates, Doppler ultrasound was able to  

id e n tify  a high ve lo c ity  je t in a ll patients w ith  a s ign ifican t 

coarc ta tion . However, i t  was not able to  distinguish th is  from  

flo w  in to  the descending aorta  through a re s tr ic t iv e  ductus 

arteriosus in patients w ith  com plete  arch in te rrup tion . The 

presence o f a high ve lo c ity  systo lic  je t in the neonatal group 

w il l id e n tify  the presence o f s ign ifican t a o rtic  obstruction,

since high flo w  ve lo c ity  through a re s tr ic t iv e  ductus w il l only
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occur where there is a s ig n ifican t pressure drop between the 

pulm onary a rte ry  and the descending aorta , as in severe

coa rc ta tio n  o f com plete in te rru p tio n , but i t  w il l be unable to

d istingu ish between the tw o. I t  m ight be expected th a t the use 

o f duplex Doppler systems would separate the tw o, but since some 

ve lo c ity  in fo rm a tion  w ill come not only from  the w e ll defined 

Doppler sample gate shown on the echo image, but also fro m  the 

region around it ,  in a pa tien t w ith  pe ri-duc ta l coa rc ta tion  the 

position  and d ire c tion  o f the flo w  ve lo c ity  je t through the 

ductus and through the coa rc ta tion  may be a lm ost id en tica l, and 

unable to  be accura te ly  separated by the use o f simultaneous 

echo im aging.

The results o f Doppler ultrasound in neonates should be

in te rp re ted  w ith  extrem e caution and, since high qua lity

tw o-d im ensional echocardiographic images are usually obtained, 

i t  may be th a t Doppler has l i t t le  to  add to  the  non-invasive 

assessment o f these patients.

In o lder in fan ts  and ch ild ren, where echocardiography may 

be less sa tis fac to ry , Doppler ultrasound w il l id e n tify  a high 

v e lo c ity  record ing in the descending aorta  in the  m a jo rity  o f 

pa tien ts  w ith  coarc ta tion . However, i t  may w e ll miss the 

presence o f a coarc ta tion , p a rticu la rly  i f  obstruction  is 

severe.
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There are, the re fo re , considerable d if f ic u lt ie s  w ith  the 

app lica tion  o f Doppler ultrasound to  the assessement o f patien ts 

w ith  coa rc ta tion  o f the aorta , and any c lin ic a l in te rp re ta tio n  

o f the results should only be undertaken in the fu l l knowledge 

o f the associated problems.

VENTRICULAR SEPTAL DEFECT

In troduction

Doppler u ltrasound has been successfully used to  d e te c t

87-89the presence o f ve n tricu la r septal defects and to

d iffe re n tia te  them  from  other causes o f systo lic

mu r mu r s . ^ ’ Though i t  may enhance the c lin ic a l and

non-invasive de tec tion  o f ve n tricu la r septal defects the  m ajor

p o ten tia l o f Doppler ultrasound is its  po ten tia l to  p red ic t the

pulmonary a rte ry  pressure in these patien ts.

Doppler estim a tion  o f pulm onary a rte ry  pressures has been

reported by measuring the tim e  in te rva l between pulm onary valve

171closure and tricusp id  valve opening, or, when present,

from  the peak systo lic  flo w  ve lo c ity  o f tricusp id

128regu rg ita tion , as in chapter 7 fo r patien ts w ith

b ioprosthetic  valves. However, i t  is also possible to  estim ate  

the r ig h t ven tricu la r systo lic  pressure d ire c tly  from  the VSD 

ve lo c ity  je t by ca lcu la tion  o f the gradient across the septal
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de fec t using the m odified  Bernoulli equation. In the absence o f 

le f t  ve n tricu la r o u tflow  obstruction  the systo lic  blood 

pressure measured by sphygmomanometry w il l be equiva lent to  th a t 

in the le f t  ve n tric le  and the r ig h t ve n tricu la r systo lic  

pressure w il l then be equiva lent to  the le f t  ve n tricu la r 

systo lic  pressure minus the trans-septa l pressure gradient. As 

w ith  tricusp id  regurg ita tion , th is  ca lcu la ted r ig h t ve n tricu la r 

systo lic  pressure w ill be iden tica l to  the pulmonary a rte ry  

systo lic  pressure provid ing no r ig h t v e tr ic u la r o u tflo w  

obstruction  exists. Even i f  th is  is present i t  should s t i l l  be 

possible to  estim a te  the pulm onary pressure by also assessing 

the Doppler derived gradient across the r ig h t ve n tricu la r 

o u tflow .

Subjects and Methods

21 in fan ts  and ch ild ren, age range 5 weeks to  8 years, 

were studied. Doppler exam ination was perform ed under sedation 

fo r  ca the te risa tion  in 18 patien ts and in close p ro x im ity  to  the 

ca the te risa tion  procedure in the rem aining 3. A ll possible 

praecord ia l sites were examined in an a tte m p t to  obta in  the 

m axim um  ve lo c ity  signal through the septal de fec t. I f  no 

v e lo c ity  je t re la ting  to  the VSD could be id e n tifie d  th is  was 

regarded as ind ica ting  a r ig h t ve n tricu la r pressure a t system ic 

leve l but only a fte r ca re fu l and deta iled exam ination from  a ll 

p raecord ia l sites. Where a spectra l signal w ith  a c lear cu t peak 

could not be id e n tified  the maximum part o f the spectrum  was
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used fo r measurement o f the trans-septa l gradient in the

knowledge tha t th is may underestim ate the true  maximum gradient.

C ard iac ca the te risa tion  was perform ed in a ll patien ts and

non-simultaneous rig h t and le f t  ve n tricu la r pressures measured 

using a single ca the te r.

Results

Pressure gradients across the ve n tricu la r septum ranged 

fro m  0 to  98 mmHg by the  Doppler technique and 0 to  108 mm Hg a t 

card iac ca the te risa tion . The comparison o f gradients is shown in 

Fig. 49 w ith  an overa ll co rre la tion  c o e ffic ie n t o f 0.92. In 2

pa tien ts  however, the pressure d iffe rence  across the ve n tricu la r 

septum was considerably underestim ated by Doppler u ltrasound, 

thereby overestim ating  the ca lcu la ted  pulmonary a rte ry  systo lic  

pressure.

Discussion

The presence o f a s ig n ifican t ven tricu la r septal de fec t 

can usually be dem onstrated by tw o-d im ensional echocardiography.

In in fan ts  w ith  heart fa ilu re  or fa ilu re  to  th rive  the need fo r 

surgery is o ften  read ily  apparent. However, in asym ptom atic 

pa tien ts  i t  is the presence o f pulmonary hypertension suggests 

the need fo r early surgical in te rven tion .

This study has dem onstrated tha t Doppler ultrasound
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Figure 49: Comparison o f Doppler derived pressure gradients 

across the ve n tricu la r septum w ith  those obtained a t card iac 

ca the te risa tion  in patien ts w ith  ve n tricu la r septal defect.
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can con firm  the presence o f a ve n tricu la r septal de fec t and also 

p re d ic t pulmonary a rte ry  systo lic  pressure in  patients w ith  

ve n tricu la r septal defects. As a resu lt i t  may reduce the need 

fo r  card iac ca the te risa tion  in these patien ts. In order to  

establish the presence o f m u ltip le  VSD lesions p rio r to  surgery, 

invasive investiga tion  w il l s t i l l  be required in those in whom 

pulm onary hypertension is dem onstrated. However, Doppler

exam ination should reduce the need fo r ca the te risa tion  in those 

patien ts in whom the pulm onary systo lic  pressure is norm al on 

the Doppler exam ination. A po te n tia l source o f e rro r exists i f  

the  maximum ve lo c ity  je t  is not id e n tifie d . This w il l cause

underestim ation o f the pressure gradient across the

in te rve n tr icu la r septum and the re fo re  tend to  overestim ate  the 

pulm onary systo lic  pressure. As a resu lt, some patien ts w ith  

norm al pulmonary pressures would the re fo re  s t i l l  undergo 

card iac ca the te risa tion  but, more im p o rta n tly , no pa tien t w ith  

s ig n ifican t pulmonary hypertension should be missed or fa i l  

to  be re ferred  fo r card iac ca the te risa tion .

129The in troduction  o f re a l-tim e  co lo u r-flow  Doppler

may fu rth e r enhance the non-invasive assessment o f these 

patien ts  by id e n tify in g  the presence o f m u ltip le  defects,

though, being a pulsed Doppler technique, and the re fo re  subject 

to  frequency aliasing, i t  would be unable to  accura te ly  measure 

peak ve loc ities  associated w ith  VSD je ts, or p red ic t pulmonary 

a rte ry  systo lic  pressure. However, the com bination o f co lour 

flo w  and continuous wave Doppler ultrasound may reduce the need
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fo r invasive investiga tion  in a s ig n ifican t p roportion  o f 

pa tien ts  w ith  ve n tricu la r septal defects.
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CHAPTER 11

GENERAL DISCUSSION

l
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The developm ent o f echocardiography has revo lu tion ized  

the investiga tion  o f card iac disorders in both adu lt and 

paed ia tric  card io logy. In p a rticu la r, the in troduc tion  o f 

two-dim ensional im aging has a llowed a non-invasive method o f

precisely de ta iling  s tru c tu ra l in fo rm a tion  from  which 

appropria te  surg ical recom m endations can safe ly be made in

ce rta in  patients. However, since i t  does not provide 

haemodynamic in fo rm a tion , o fte n  essential in the assessment o f 

pa tien ts  w ith  card iac disorders, the necessity to  perfo rm  

card iac ca the te risa tion  in  a substantia l proportion o f patients 

s t i l l  remains.

This thesis has investiga ted the app lica tion  o f Doppler

ultrasound to  a v a rie ty  o f card iac disorders in both adu lt and

paed ia tric  card io logy, where, by the nature o f the technique, i t

had the p o ten tia l to  provide im po rtan t haemodynamic

in fo rm a tion  and thereby advance the non-invasive assessment

o f these patients. I t  has not the re fo re  dea lt w ith  many areas

o f card io logy where Doppler ultrasound could be applied, but

where its  c lin ica l value is lik e ly  to  be lim ite d . For example,

in m itra l valve disease, reports o f the use o f Doppler

ultrasound have dem onstrated th a t accurate es tim ation  o f m itra l

valve gradients can be made, and the actua l degree o f

obstruction  assessed by measurement o f m itra l pressure 

28-31h a lf- tim e . The assessment o f m itra l regurg ita tion  w ill

be subject to  s im ila r problems discussed ea rlie r, in chapter 6
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fo r m itra l valve prostheses, but qua n tita tive  assessment has

172been reported using duplex Doppler. However, the

com bination o f c lin ica l assessment and established non-invasive 

investigations w il l provide a very accurate estim ate  o f the 

severity  o f m itra l stenosis and need fo r surgical in te rven tion , 

so th a t although Doppler ultrasound may w ell be co n firm a to ry , i t  

is un like ly  to  substantia lly  change the im pact o f non-invasive 

assessment o f these patien ts.

In ce rta in  s ituations, haemodynamic in fo rm a tion  may be 

im po rtan t, but the accuracy o f Doppler ultrasound in provid ing 

i t  would be questionable. For instance, in a tr ia l septal 

defects, the considerable problems o f card iac output estim a tion  

necessary fo r shunt q ua n tifica tio n  by Doppler have already been 

discussed, and to  con firm  the presence o f an a tr ia l septal 

de fect, Doppler u ltrasound would be required to  id e n tify  f lo w  

across the a tr ia l septum a t re la tiv e ly  low ve lo c ity . This would 

alm ost ce rta in ly  require the use o f pulsed Doppler to  exclude 

other low ve loc ities  th a t may be id e n tified  using continuous 

wave Doppler, and extrem e d if f ic u lty  would be encountered 

w ith o u t the fa c i l i ty  fo r simultaneous echocardiographic im aging.

In addition, the diagnosis o f a tr ia l septal de fec t w ill o ften  be 

suspected c lin ic a lly  and safe surgical recommendation can 

usually be made on the basis o f echocardiography, p a rticu la rly  

in in fan ts  and children.
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In o ther areas, the reso lution o f the non-invasive 

Doppler technique may be inadequate to  accura te ly  measure flo w  

ve lo c ity , as in coronary a rte ries . Here, the reso lution w ill be 

lim ite d  by the re la tive ly  low frequency transducers required fo r 

sa tis fa c to ry  depth penetra tion , but the use o f high frequency 

transducers in traope ra tive ly  or mounted on a ca the te r tip , may 

a llow  flo w  ve lo c ity  recordings from  coronary vessels to  be 

obtained, and such transducers are cu rre n tly  availab le . 

E stim ation  o f coronary flo w  using th is technique however, w il l 

rem ain subject to  the considerable d if f ic u lt ie s  encountered w ith  

any fo rm  o f vo lu m e tric  f lo w  analysis.

I t  is not intended to  suggest tha t Doppler ultrasound can 

not be applied to, or is necessarily un im portan t in these areas, 

m erely th a t its  app lica tion  in c lin ic a l p rac tice  is lik e ly  to  be 

lim ite d  in comparison to  o ther areas o f card iovascular 

diagnosis.

I t  should be apparent from  th is  thesis th a t the m ajor 

app lica tion  o f card iac Doppler ultrasound is in the assessment 

o f lesions where high ve lo c ity  je ts  o f blood are to  be expected.

An accurate  qua n tifica tio n  o f the severity  o f obstruc tive  

gradients can be obtained in the m a jo rity  o f adults and ch ild ren 

w ith  s teno tic  lesions.

In adults, Doppler ultrasound is p a rticu la rly  valuable in
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the assessment o f a o rtic  stenosis, where cu rren t c lin ica l and

non-invasive investiga tion  can be equivocal, and invasive

investiga tion  is not always successful. Here, continuous wave

Doppler can accura te ly  estim ate  the  severity  o f a o rtic  stenosis

and a llow  appropria te  surgical recom m endation to  be made safe ly

in a s ig n ifican t number o f patien ts. I t  should be emphasized

th a t the in fo rm a tion  obtained by Doppler ultrasound w ill not

necessarily be iden tica l to  the recognized invasive equivalent.

For example, in a o rtic  stenosis, Doppler ultrasound w il l  measure

the peak instantaneous valve g rad ient ra the r than the

peak-to-peak value measured a t card iac ca the te risa tion . In

add ition , Doppler ultrasound w il l genera lly be perform ed o u tw ith

the e ffe c ts  o f sedation used during ca the te risa tion , so th a t the

Doppler g rad ient w ill provide s ligh tly  d iffe re n t 

173in fo rm a tion , and in te rp re ta tio n  o f the results o f any

Doppler study must be made w ith  th is  in mind.

The m od ified  Bernoulli equation would appear to  be va lid  

fo r p ros the tic  valves in add ition to  na tive  valves, and Doppler 

ultrasound can also provide an accurate  assessment o f p rosthe tic  

valve obstruction  non-invasively, over a range o f d iffe re n t 

prostheses. In p a rticu la r, m itra l pressure h a lf- tim e  w ill 

accura te ly  re f le c t the actua l degree o f obstruction  which is 

independent o f through valve flo w  or the presence o f 

regurg ita tion .
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O bstructive  lesions are common in congenita l heart 

disease, p a rticu la rly  r ig h t ve n tricu la r ou tflo w  obstruction, and 

continuous wave Doppler can assess the pressure drop in patien ts 

w ith , in fund ibular, va lvar or pulm onary a rte ry  stenosis.

The value o f Doppler ultrasound in  the assessment o f 

co a rc ta tion  o f the aorta  was disappointing, and possibly ra the r 

surprising. As an obs truc tive  lesion, i t  m igh t be expected th a t 

continuous wave Doppler would be very accurate in th is  area. The 

considerable problems associated w ith  Doppler assessment o f th is  

lesion have already been discussed, but i t  is w orth  rem em bering 

th a t the e ffe c t o f c o lla te ra l f lo w  and the presence o f a 

re s tr ic t iv e  ductus can cause m isleading in fo rm ation , p o te n tia lly  

dangerous i f  Doppler exam ination was perform ed w ith o u t

s u ffic ie n t knowledge o f these problems. Anatom ica l ra ther than 

func tiona l in fo rm a tion  is im p o rta n t in assessing the need fo r 

surgery in coarc ta tion  in in fan ts  and ch ildren, and emphasizes 

the fa c t tha t Doppler ultrasound w ill only be o f c lin ica l value 

in lesions where the obstruc tive  gradient is o f im portance fo r

subsequent pa tien t management, ra the r than a ll cases where

obstruction  ex is t. I t  also h igh ligh ts the im portance o f 

obta in ing adequate invasive comparisons p rio r to  any acceptance 

o f the technique fo r c lin ica l purposes.

A lthough accurate qua n tifica tio n  o f obstructive  lesions 

can be made, the ro le  o f Doppler ultrasound, as used in
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th is  thesis, is more q ua lita tive  fo r the assessment o f 

re gu rg ita tan t je ts . W ith respect to  p ros the tic  valve 

regurg ita tion , continuous wave Doppler is valuable in de tec ting  

the presence o f regurg ita tion , but there  are considerable 

d if f ic u lt ie s  in a ttem p ting  to  assess its  severity . This is 

hardly surprising, since qua n tifica tio n  requires an assessment 

o f the volume o f blood regurg ita ting  in to  a p a rticu la r card iac 

chamber, invo lv ing  three dimensions and a re la tionsh ip  between 

anatom y and flo w . A lthough the com bination o f continuous and 

pulsed Doppler did provide a sem i-quan tita tive  assessment o f 

m itra l p rosthe tic  regurg ita tion , and q ua n tifica tio n  has been 

reported fo r both m i t r a l^ ^  and a o r t i c * ^

regurg ita tion  using duplex Doppler systems, the one dimensional 

in fo rm a tion  th a t these systems provide make any such estim a tion  

subject to  considerable d iff ic u ltie s , and can only be

sem i-quan tita tive  a t best.

The developm ent o f re a l-tim e  co lour coded flo w

Doppler w il l provide a Doppler system which is fa r

more suited to  the q uan tita tive  assessement o f regurg itan t

lesions. The a b ility  to  combine tw o  dimensional s tru c tu ra l

in fo rm a tion  from  echocardiography w ith  simultaneous tw o

dimensional f lo w  ve lo c ity  in fo rm a tion  can only enhance the

178app lica tion  o f Doppler ultrasound in th is  area.
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S im ila rly , in the exam ination o f patien ts w ith  com plex 

congenita l heart lesions, where the in te rg ra tio n  o f s tru c tu ra l 

and func tiona l in fo rm a tion  is p a rtic u la r ly  im portan t, co lour

flo w  Doppler w il l p o te n tia lly  have considerable c lin ic a l

- 179 im pact.

I t  may have been an tic ipa ted  th a t Doppler u ltrasound 

would be an ideal method o f assessing card iac ou tpu t 

non-invasively. However, the results o f card iac output 

estim a tion  in th is  thesis would suggest tha t th is is fa r from  

the case. Since Doppler ultrasound is measuring flo w  v e lo c ity  

ra the r than flo w  its e lf ,  and Doppler ve loc ities  are obtained 

only w ith in  the Doppler sample beam and not across the whole 

blood vessel, m ajor assumptions are required to  convert the 

Doppler in fo rm a tion  in to  an assessment o f vo lum etric  flo w . These 

assumptions are not necessarily va lid , and in order to  assess 

absolute flo w , the exact area over which flo w  is occurring  has 

to  be known. This in troduces the m ajor source o f e rro r in 

estim a tion  o f card iac output by Doppler ultrasound, the vessel 

area or d iam eter measurement by echocardiography. In p a rticu la r, 

i f  d iam eter measurement is used to  ca lcu la te  the vessel area, 

any s lig h t e rro r w il l be accentuated when th is  value is squared 

in the ca lcu la tion  o f vessel area. For th is reason, the ro le  o f 

Doppler ultrasound in the estim a tion  o f cardiac output, remains 

in considerable doubt. However, its  cu rren t value is like ly  to  

re la te  to  re fle c tin g  changes in card iac output w ith in  an
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ind iv idua l, where measurement o f the vessel area is less

im po rtan t, and card iac output changes w il l be re fle c te d  by

changes in the f lo w  ve lo c ity  alone.

Doppler ultrasound can provide im p o rta n t haemodynamic 

in fo rm a tion  in a va rie ty  o f card iac lesions in both adu lt and 

paed ia tric  card io logy. In order to  do so, i t  is o f param ount 

im portance th a t one is able to  obta in good q u a lity  Doppler 

recordings, and th is  must fo rm  the basis o f any Doppler

exam ination. I t  is lik e ly , and sensible, th a t persons learning 

card iac Doppler w il l do so w ith  an experienced background o f 

tw o-d im ensional echocardiography. A lthough there are many common 

fac to rs  between the tw o, Doppler ultrasound requires add itiona l 

sk ills , and i t  would be wrong to  assume th a t valuable

in fo rm a tion  can be obtained w ithou t considerable experience.

Possibly the m ajor danger w ith  Doppler u ltrasound, as w ith  

echocardiography, is the tendency to  ove rin te rp re ta tio n  o f 

results, and th is  is usually re la ted  to  the qua lity  o f the 

recordings, or images, obtained. However, a solid 

echocardiography background w ill be extrem ely  he lp fu l in

gaining p ro fic iency  in card iac Doppler u ltrasound, and 

increasing ly valuable in fo rm a tion  w il l be gained from  

experience. I t  is like ly  th a t co lour flo w  Doppler w il l reduce 

the learning curve by re la ting  flo w  in fo rm a tion  and its  

d ire c tion  to  card iac structures and praecord ia l im aging

positions.
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The m ajor advantage tha t Doppler ultrasound confers over 

invasive haemodynamic investigations is th a t th is in fo rm a tion  

can be obtained non-invasively and repeated as o fte n  as 

necessary. Cardiac ca the te risa tion  provides haemodynamic 

in fo rm a tion  only a t one po in t in tim e  and there  is ju s tifie d  

re luctance  to  subject patients to  repeated invasive procedures.

The a b ility  to  fo llo w  up patients w ith  a repeated non-invasive

haemodynamic assessment has considerable im p lica tions fo r the 

c lin ic a l management o f patients w ith  va lvu la r and congenita l 

hea rt disease, p a rticu la rly  those w ith  only m ild  or m oderate 

lesions a t presentation. Here, i t  may be possible to  

separate patien ts w ith  a developing haemodynamic problem from  

those who rem ain s ta tic  and make appropria te  recom m endation

regarding surgery or the need fo r invasive investiga tion . In 

add ition , haemodynamic in fo rm a tion  may be obtained in 

s itua tions where invasive investiga tion  is undesirable or 

un jus tified , as w ith  the seria l haemodynamic assessment o f new 

types o f b ioprosthetic  valves.

The advancing app lica tion  o f card iac Doppler ultrasound 

may change the ro le  o f the p ra c tic ing  card io log is t. I f  the 

need fo r card iac ca the te risa tion  is reduced, then i t  is

reasonable to  assume tha t fu ll ca rd io log ica l assessment may be 

obtained in a substantia l number o f pa tien ts w ithou t the need
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fo r  invasive fa c ilit ie s . P o te n tia lly  the re fo re , surgical 

recommendations d ire c tly  fro m  the D is tr ic t  General H ospita l may 

be possible in some patien ts , provid ing appropria te  non-invasive 

fa c ilit ie s  and expertise are availab le .

In conclusion, Doppler ultrasound has been shown to  

provide accurate  haemodynamic in fo rm a tion , o f considerable 

c lin ic a l value, in a wide range o f card iac disorders. W ith 

adequate tra in ing  and expertise , and in  the knowledge o f the 

problems and p it fa lls  o f the technique, card iac Doppler 

u ltrasound can provide a valuable c lin ic a l d iagnostic too l. I t  

is im po rtan t to  emphasize th a t the technique should not be 

regarded in iso la tion . The s trength  o f card iac Doppler 

u ltrasound lies in its  com bination w ith  c lin ica l exam ination, 

e lectrocard iography, x -ray , and conventional echocardiography. 

C ardiac Doppler ultrasound has added a new dimension to

non-invasive investiga tion  and w il l  have an increasingly m ajor 

im pact on c lin ica l ca rd io log ica l p rac tice .
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