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The Doppler principle allows blood flow to be measured
within the body by the ana1YSis of the altered frequency of
returned ultrasound waves reflected from a moving ¢col-
wmn of blood. Pulsed poppler echocardiography (PDE)
allows sampling of flow at a SPECifiC depth within the
patient by appropriate timing in the gystem[l]. Some
modern ultrasound instruments can combine the PDE
system with a sector scamner so that flow can be gampled
at gny selected site within a two-dimensional imagel[2].
This capability has considerably increased the flexibility
of ultrasound diagnosis in heart disease because a single
diagnostic examination can incorporate the complemen-
tary modalities of two-dimensional (2p), M-mode and
Doppler echocardiography.

The poppler information is returned initially as an
audio gigna]l which has a characteristic sound in different
situations pyt, for full analysis, the wave form is com-
puter-processed by the Fourier technique which allows a
graphic display ©of the frequency components present
within the signals[3]. These frequency components are
closely related to the blood velocity.

The angle between the examining beam and the direc-
tion of flow is particularly important. The most accurate
Doppler information is obtained when the direction of the
examination beam is close to the direction of blood flow.
Turbulent flow .on, however, be detected from many
directions because the nature of the flow is multidirec-
tional.

Inspection ©f the gpectrally analysed Doppler signal
together with the two-dimensional image and the simul-

taneous ECG allows several important features of blood

flow to be assessed, namely: (a) site of flow within the

image; (pb) direction of flow (towards or away Lrom
transducer); (c) timing of flow (gystole or diastole); (d)
changing flow patterns within gystole or diastole; (e
(f) unusually high or low
velocity flow, and (gq) unusually high or low intensity

signals.
Diagnostic PDE features of normal and abnormal

laminar or turbulent flow;

cardiac blood flow have been reviewed by various

workers[4-8], Grading ©of severity ©f many lesions has

also been achieved[6, 9-11],
This article assesses the diagnostic contribution of this
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new modality in = busy clinical echocardiography depart-
ment with referrals from both cardiological and non-

cardiological sources.

Methods

Equipment and Techniques

All scans were performed in the Radiology Department of
the Bristol Royal Infirmary o» an ATL (Advanced

Technology Laboratories) Mark 600C mechanical sector
scanner with a PDE facility. The PDE 'sample volume'

(region ©f Doppler examination) was controlled phy a

Fig. 1- Suprasternal tracefrom = normal ggcending acrta. The
initial increase in velocity is shown by = thin line which

indicates laminar f]qy,
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Fig. 2. Suprasternal tracefrom the ggcending aorta of = patient
with aortic stenosis. Turbulent f]gy is indicated by the multiple

velocities recorded throughout the time of floy. The peak of
velocity is higher than normal and there is a delayed rise to peak
velocity.

Fig. 3. Two-dimensional gpjcal view showing left ventricle
(LV), left atrium (ra), right ventricle (Ry), right atrium
(RA) and mitral valve (My), Two different sample volume
positions are indicated (p and B).

Fig. 4. Normal f]ow through the mitral valve taken fygm the
position shown py A is Fig, 3. The two peaks of flow in

diastole indicate pagsive filling (P) followed by atrial contrac-
tion (p), Thef]loy is laminar and of low velocity.

movable marker on a radial line within the image. The
instrument was also capable of recording M-mode traces.
A simultaneous ECG was always recorded.

Adults were studied using = medium focus 3 MH=
transducer and children with a medium focus 5 MH=
transducer. A small non_imaging 3 MH=z transducer was
also used when access to the suprasternal notch was
difficult with the larger imaging transducer.

Flow through valves was assessed by positioning the
‘sample volume' in line with the flow 1eaving the valve
orifice. Normal flow through the valves was laminar in
quality and low in velocity. Valvar stenosis was character-
ised by high velocity turbulent flow. The degree of
stenosis was not assessed in this study (Figs 1-5).

Valvar regurgitation w=s diagnosed by the detection of
high velocity turbulent flow proximal to a closed valve
(Figs 3, 6-8). Severity of regurgitation was assessed Ly
mapping the regurgitant jet with the movable gample
volume. Low intensity turbulence only detectable near to
the closed valve was graded as mild regurgitation. If
turbulence was detectable up t° halfway into the receiving

chamber, High
intensity turbulence detected throughout mest of the

moderate regurgj_tation was recorded.

receiving chamber was graded as severe regurgitation. 2-
D and M-mode assessment of the left ventricle was
sometimes an additional help in assessing severity of
regurgitation.

In paediatric cases the sample volume was moved along
the right side of the interventricular septum t© detect any

turbulent high velocity flow arising from a ventricular

septal defect[B, 12]. Pulmonary arterial flow was evaluat-
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Fig. 5- F/ow measuredfygp the mitral valve orifice of = patient
with mitral stenosis. Note the high velocity Which decreases

slowly during diastole indicating = persisting valve gradient.

Fig. 7. Two-dimensional gpica] View (angled upfrom Fig. 3)
to allow pogitioning of the sample volume (gy) in the left
ventricular gutflow tract (L VOT) .

Journal of the Royal College of Physicians of London Vol. 20 No. ! January 1986

ECG |

U'n/KWWSJ

1111 inihi 11 mi ii n 111

\r"avi

Fig. 6. A trace showing turbulent mitral regurgitation during
systole and laminar mitral floy during diastole. There is a
single phase mitral f]oy in this case due to the prief duration of
diastole. The recording was madefyon = position COrreSpOnding
to B in Pig, 3. Flow above the baseline is towards the
The turbulent floy shows galizging (artefactual
reverse f]oy) due to its high velocity,

transducer.

ed to detect diastolic turbulence caused by a patent ductus
arteriosus[13] o= systolic high velocity turbulence due to
pulmonary stenosis. The flow in the degcending portion
of the aortic arch was assessed in order to detect the hlgh
velocity turbulent flow of coarctation. Valve function was

assessed as described above for adults.

Patients

All patients having = complete cardiac ultrasound exam-
ination in a six-month period were reviewed (Fig. 9).
Thirty patients examined without PDE and 32 patients
with inadequate data were excluded from the series.

The 294 patients comprised 75 catheterised cases and
219 non-catheterised cases. In the catheterised group 32
adults had ultrasound examination and catheterisation
within seven days of each pther; 43 paediatric cases had
ultrasound and catheterisation on the same day. In the
latter group ages ranged from five days to 21 years with a
median gge Of two yearg. OF the 219 adult patients who
wexe not catheterised, 125 were referred by cardiologists
and 94 by other clinicians.
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Fig. 8. & trace ghowing turbulent aortic yequrgitation during
diastole. The gample volume position is shown (gy) in fig, 7.

There is laminar flow awayfrom the transducer during systolel
There is a]_iasing due to the high velocity of the diastolic
regurgitant jet.

Results

Adult Catheterised Patients (32 cases)

Table 1 compares catheterisation (and angiography) with
PDE in the diagnosis of mitral and aortic valve stenosis
and requrgitation.

In gply one 'false pegative' case of mitral regurgitation
was a lesion of moderate severity missed by PDE. In the

remaining eight 'false negative' and 'false pogitive' cases

Review group

Paediatric Adult Cardiology Non-cardiological

referral referral

Fig. 9 Patients having = complete cardiac ultrasound examin-
ation in a six-month perjed.

of aortic and mitral regurgitation the discrepancies were
all due to lesions yydged by angiogram or PDE to be mild.
No case of requrgitation judged =evere by angiography
was missed or considered mild by PDE.

All stenotic lesions were correctly identified.

Paediatric Catheterised Patients (43 cases)

Table 2 shows the diagnosis of simple malformations by

cardiac catheterisation and angj_ography’ compared with
diagnosis by FPPE and 2-D techniques. Complex abnor-
malities of connection and situs are not included in this
table.

In no diagnostic category was any false pogitive diag-
nosis made by PDE.

A number of additional aspects of PDE diagnosis were
apparent °n review of these and the other cases in this
group.

(a) PDE techniques are very sensitive in getecting vari-
ations from the normal flow patterns. Mild increased
turbulence and Velocity of flow were detected in a variety
of cases where the invasive data showed a mild abnor-
mality to Pe present. This group included three cases of
surgically corrected coarctation of gorta, one case of post-
operative transposition ©of the great arteries with mild
obstruction of the gyperior systemic vemous channel, and
one case of mild pulmonary stenosis in transposition of

Table 1. Comparison of cardiac catheterisation and angiography with PDE in the diagnosis °f aortic and mitral valve lesions (32

cases) .

Total cases with

positive catheter

diagnosis diagnosis
Mitral or
aortic stenosis 18 18
Aortic
regurgitation 16 14
Mitral
regurgitation 19 15

'Aortography in 21 cases
**Left ventriculography in 29 cases
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Positive Catheter Diagnosis
Positive PDE

Negative Catheter Diagnosis

Negative PDE Positive PDE Negative PDE

diagnosis diagnosis diagnosis
0 0 14
2 0 5%
4 3 Tx*
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Table 2. Comparison ©f cardiac Catheterisation and angio-
graphy with PDE ana 2-D echocardiography » the diagnosis o
simple congenital heart malformations (43 patients).

Patients with

positive Catheter positive diagnosis
catheter ~ Confident positive Confident positive
diagnoses PDE diagnosis 2-D diagnosis
vsSD1 11 102 53
PDA 7 64 25
Coarctation 4 36 4
Aortic
stenosis 2 2 2
Subaortic
stenosis 2 2 07
Pulmonary
stenosis 6 28 49

'Anatomy of interventricular geptal otherwise normal. )
2Two separately identified VSDs in one case. Muscular VSD missed 11? one lpost,
op case of Fallot's tetralogy due to non-examination of septum (see discussion).
'Suspected in a further 3 by the presence of irregularity of the membranous
septum.

40ne PDA missed by PDE was angiographically tiny and =e

saturations.

t detected by

5Suspected but not certain ina further.3 cases.

6PDE examination omitted from coarctation region in 1 case ) )
'Subaortic stenosis guspected £rom 2-D images inboth cases but not certain. Rortic
valve seen to be normal in both cases.

'Three cases of pylmonary Stenosis also had VSD. Turbulence in pulmonary

artery 1P systole could have been due to VSD so confident diagnosis mot possible.

'Detail of pulmonary valve not well seen in 2 cases.

the great arteries. In none Of these cases did the pulsed
Doppler echocardiography technique suggest
severe lesion than was actually present.

(b) In two cases of pulmonary atresia,
patent ductus arteriosus and the other with gorto-pul-

monary collaterals, there was low-intensity continuous
flow in the hypoplastic main pulmonary artery.

(c) In four out of nine atrial gepta] defects (ASDs), left to
rj_ght flow was detectable across the septal defect. The low
velocity of this flow made it hard to re]_j_ab]_y diagnose
ASDs by ysing PPE. All the ASDS were detected on 2-D

a more

one with a small

imaging.

(d) In the one case of Fallot's tetralogyl right to left
shunting across the VSD was detected.

(e) In the case of congenital ™itral regurgitation the
lesion was easily detected using PDE.

(f) In a patient with isolated pulmonary hypertension 2nd
right heart failure PDE clearly showed tricuspid and

pulmonary regurgitation.

(g) In one case there was an aneurysm of the membra-
nous geptum clearly evident on the 2-D images. This was

not associated with turbulent flow on the PDE

any
examination, and angiography confirmed that the septum
was intact.

(h) In eight cases with complex disease and ]arge VSDs of
various types, the anatomy ©f connections and malforma-
tions was determined by uysing 2-D images. The VSDs
were all clearly visualised. Useful PDE gignalg were hard
to obtain from the ventricular cavities in these patients,

because of the relatively low—velocity flow across the
defects.

Correlation of Clinical and Pulsed poppler Findings in
Adults (251 patients)

All adult czges, including catheterisation patients, are

reviewed in this group.

Aortic and Mitral Regurgitation. Our results in the cathe-

terisation group of adults (see Table 1) show some

discrepancy between PDE and angiogram in the diag_
nosis of mild valvar regurgitation (especially mitral). The
results in moderate or severe requrgitation are, however,
extremely accurate and furthermore are clinically most
relevant. The clinical findings in cases with moderate or

severe regurgitation (detected by PDE) are shown in
Table 3.

Table 3. Comparison ©f clinical findings with pulsed Doppler
echocardiography in the diagnosis ©f important mitral and
aortic requrgitation. (The figures in brackets are cardiological
referrals.)

At least moderate (linically diagnosed

No. lesion py PDE, important lesion,
of clinically PDE
cases negative negative
Rortic 251 20 1
regurgitation  (157) (14) (0)
Mitral 251 9 3
requrgitation  (157) (6) (1)

Twenty-nine cases of important Valvar requrgitation
diagnosed by PDE were undetected clinically. In only five
of these cases was the missed lesion an isolated abnor-
mality, the remaining cases all having at least one other
valve lesion.

In a further four cases clinically suspected important
valvar regurgitation was not confirmed by PDE. Al-
though the lesions mag+ have been missed by PDE, it is
considered probable that these four lesions were incor-
rectly assessed clinically.

Thus in 251 patients there were 33 valve lesions that
may well have been assessed incorrectly at clinical exam-
ination.

Tricuspid Valve Disease. In three .zges, tricuspid stenosis
was diagnosed by PDE, the diagnosis being made Ly 2-D
images in two cases. The clinical signs did not allow a
confident diagnosis in gny of the three .y5qq, all of whom
had mitral valve disease. Three clinically undiagnosed

cases of important tricuspid regurgitation were diagnosed
by PDE. In all these cases of tricuspid valve disease there

was associated mitral valve disease.

Prosthetic Valve Function. Thirty-four patients With pros-
thetic valves were assessed but none was catheterised in

the review period. One mitral xenograft was suspected ©f
stenosis py the detection of unusually high-velocity flow
through the valve, which was sustained throughout dias-
tole. In two cages, clinically severe mitral regurgitation
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was diagnosed by PDE and in one of these cases a flail
xenograft leaflet was identified on the 2-D study.
In six cases of clinically diagnosed prosthetic aortic

regurgitation, the diagnosis and grading were confirmed
by PDE. In one further case of a 'stuck' aortic prosthesis

'
the malfunction was shown on 2-D images and the clinical
diagnosis of severe aortic requrgitation was confirmed by
PDE. In five more cages, moderate aortic prosthetic
regurgitation was shown by PDE but was not detected
clinically. In two of these a confident statement had
specifically been made that there was no aortic regurgita-
tion.

Differential Diagnosis. In seven cases differentiation be-
tween mitral regurgitation and aortic stenosis was sought.
In one case nNeither lesion was detected by 2-D or PDE. In
three cases PDE showed mitral regurgitation and ex-
cluded aortic stenosis and in the yemaining three cases
PDE showed no mitral regurgitation and aortic stenosis
was shown by imaging and PDE techniques. IR two cases

the alternative diagnoses of mitral regurgitation or ven-
tricular septal defect were raised. In one there was clear

PDE evidence of mitral regurgitation without evidence of
a septal defect. In the second a clinically undetected ASD
was shown on 2-D images and PDE revealed associated

tricuspid requrgitation.
Discussion

It is gpparent that the pylsed Doppler techniques are best
integrated into the normal echocardiographic examin-
ation. In many instances the Doppler technique serves
only to confirm clinical as well as M-mode and 2-D

diagnoses, for example in mitral stenosis (3]though Dopp-
ler examination can be used to obtain accurate quantita—

tion)., In other cases, PDE will provide diagnostic
information that is not available by other means. It mgy

be difficult in a case of aortic stenosis to confirm or

exclude the pregence ©f co-existing mitral requrgitation
but PDE can do this gquite specifically.

Satisfactory images cannot always be achieved with M-
mode and 2-D ultrasound, especiaily from the left para-
sternal window. When images are poor the recording of a
normal mitral flow signal from the apex <an allow
confident exclusion of mitral stenosis. Aortic stenosis can
be similarly confirmed or excluded from the suprasternal
pOSitiOH. In our own geries, all cases of mitral or aortic
stenosis diagnosed by catheter were also shown by PDE.
In the remaining patients 2-D and PDE recordings
showed full agreement in the diagnosis of these lesions.

The PDE technique has proved very useful in the
detection and gpproximate grading of valvar requrgita-
tion. PDE is particularly sensitive in the diagnosis ©f
aortic requrgitation, published results showing = diagnos-
tic sensitivity of 94-95 per cent and a gpecificity of 82-100
per cent[14,15]. In our own small group the results are
similar, with a gengitivity of 88 per cent and a gpecificity
of 100 per cent. This cannot be matched by any other
diagnostic technique apart from angiography which is
currently the most accurate technique available for the

diagnosis ©f requrgitant valves. This level of diagnostic

accuracy has been shown in our own and other WOIk[lG]
to be gyperior to clinical examination. The detection of
aortic regurgitation by fluttering of the mitral valve on
M-mode studies cannot attain this accuracy[l']i .

PDE is also very accurate in the diagnosis of mitral
requrgitation, with a gensitivity of 91-94 per cent and a
spec]_flc]_ty of 89-94 per Cent[10,14] . Our own results in
this group are lower, sensitivity being 80 per cent and

specificity being 70 per cemt. On further analysis, how-
ever, the results in all but one of the false negatives have

been due to estimates of mild mitral requrgitation either
clinically or by PDE. If haemodynamically important
lesions Ol’lly were calculated (ie moderate or Severe) then
our results would show a sensitivity of 95 per cent and a
specificity of 100 pey cent. The gcanning technique an be
more difficult for mitral regurgitationl
experience suggests that =s familiarity with the technique
increases, the diagnostic accuracy ¥ill improve. Mitral

requrgitation, especially of mild degree, is well known to
fluctuate from day to day With varying clinical circum-

and our own

stances. We have also found PDE to be useful after
catheterisation in 3gsessing possible catheter-induced mi-
tral regurgitation.

The evaluation of right_sided lesions has proved inter-
esting. Tricuspid regurgitation may Pe clinically undecta-
ble except in severe cases but is easily diagnosed by PDE.
This is important Pecause tricuspid regurgitation 1 =
frequent accompaniment of mitral valve disease and left

ventricular impairment .
our results show that PDE is particularly valuable in

patients with multiple valvular lesions. PDE is no more or
less accurate for each specific lesion in these cases but
accurate clinical diagnosis becomes increasingly hard as
the number of lesions rises. In our series the majority of

'missed' lesions were in patients with more than one

valvular abnormality.
Prosthetic valve evaluation is becoming increasingly

important and PDE is a great aid in these patients for
whom further invasive investigation may be more hazard-

ous than usual. The mild stenotic pattern of prosthetic
valves must be recognised. The echogenic material of
prostheses cam make gcanning mexe difficult, but careful
technique will ygyally show mitral or aortic regurgitation.
It is now also pogsible to distinguish Petween paravalvar
and valvar Jegks[14].

The gtydy of acute and severe haemodynamic upset
such as rypture of the ventricular geptum ©r papillary
muscle after myocardial infarct, infective endocarditis or

the acute derangement ©f a prosthetic valve is well suited
to PDE[18], In such cases the correct clinical diagnosis is
often gugpected, Put echocardiography with 2-D imaging
and PDE can provide rapid confirmation and allow
surgical intervention in some cases without gybjecting

critically il patients to invasive investigation.
Doppler studies are a logical extension of paediatric
echocardiography. The anatomical accuracy ©f diagnosis

is mow well recognised but Doppler studies complement

the 2-D images in the conditions where imaging resolu-
tion 1is not totally accurate. Small ventricular septal
defects, patent ductus arteriosus and coarctation can be

hard to visualise or exclude by 2-D studies[19] but it is
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just such lesions with their high velocity turbulent jets

that are well suited to diagnosis by PDE.

The complementary nature of imaging o
ination is well suited to the diagnosig ©f some difficult
lesions. In their deSCription of the diagnosis of coronary
artery fistulae, Miyatake et al [20] emphasised the com-

plementary roles of 2-D and Doppler techniques. Uncer-
can often be more clearly

and PDE exam-

tain anatomical structures
evaluated if flow signals from them are Obtained. In our
series a case of membranous ventricular geptal aneurysm
without interventricular communication could not have
been diagnosed with certainty o= 2-D studies alclme.

It is notable that the errors made in our series have

usually been as a result of inappropriate scanning telch—
nique rather than failure to interpret the Doppler find-
ings. It is for this reason that we feel even more accurate
results will be poggible as experience in PDE grows.

Quantitative Doppler evaluation of valvar gradients,
intracardiac pressures and volume flows (cardiac output
and shunt eyaluation) =are all exciting prospects that are
now being evaluated. They are soon likely ®© join qua}ita-
tive Doppler echocardiography in the routine non-inva-
sive assessment of cardiac patients'
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