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Doppler Echocardiography in Cardiac Tamponade: Exaggerated
Respiratory Variatien in Transvalvular Blood Flow Velocity Integrals
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Pulsed Poppler echocardiography has been used previously

respiratery changes were markedly reduced after relief of

to demonstrate marked changes in blood fAlow
velucitics during cardiac tampanade in lahoratary animals
ond 2 small number of patients. To further assess the
respiratory changes in transvalveiar bleod flow during
temponade, puised Ltoppler tracings of flow velocity pro-
files across all four cardinc valves were recorded during
inspiration and expiration in 13 patients during cardiac
tamponade, in 6 of the 13 patients after relief of tamponade
by pericardiocentesis and in 8 normal control subjects.
Flow velocity integrals were calculated for cich valve
during inspiration and expiration.

In the setting of cardiac tamponade, inspiration caused
an 85 * 46% increese in the flow velocity integral across the
pulmonary valve, an Bl & 34% increase across the ricus-
pid valve, 2 33 = 13% decrease across the aortic valve and
a 35 + 8% decrease across the mitral valve, These phasic

{p < 0.08 comp: with and were
observed to only a minimal extent in the normal individuals
{p < M.01 compared with tamponade). The exaggerated

P y varjations in tr flow velocity inte-
grals suggest that Doppler evaluation may be a valuable
tool in the diagnosis of cardiac tamponade,

Transmitral Doppler indexes of left ventricular filling
durlng cardiac tamponade revealed that inspiration caused
# shift to increased filling during late diastole, with »
greater contribution of atrial systole to total left ventricular
filling. These Doppler indexes did not vary significantly
with resplration in the group studied after relief of tampon-
ade or in the control group. The change in these indexes
during I lon in cardiac is i with
an Inspiratory decrease in lefi ventricular compliance,

{J Am Coll Cardisi 1988;11:572-8)

Pulsus paradoxus. an inspiratory decrease in systolic blood
pressure in excess of 10 mm Hg, is a frequent finding in
cardiac tamponade. Pandian et al. (1.2) recently described a
“flow velacity paradoxus™ in cardiac tamponade. Using
pulsed Doppler echocardiographic lechniques in dogs with
experimentally created tamponade and in a smail number of
patients with cardiac tamponade. they reported an increase
in blood flow velocity acress the fricuspid and pulmonary
vaives during inspiration ard an inspiratary decrease in
blood flow velocity across the mitral and aortic valves. The
present study was undertaken 1o characterize more com-

pletely the respiratory changes in transvalvular blood flow in
patients with cardiac tamponade.

Methods

Study patients. Thirleen patients with clinical and echo-
cardiographic signs of cardiac tamponade were evaluated
with Doppler echocardiography. The five men and eight
women had 2 mean age of 42 + {7 years. Tamponade was
subsequently confirmed in all patients by intracardiac and
intrapericardial pressure measurements obtained during

bined Swan-Ganz cath ion and needle pericardio-
ccmes:s Six of the patients underwent a second Doppler
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t | echocardiography underwent Doppler ex-
aminations to serve as a control group.

Fehocardiographic evaluation. Two-dimensional echo-
cardiographic iriages and pulsed Doppler velocity signals
were recorded on an ATL Mark 600 or a Hewlett-Packard
(model 770 20A) combined imaging-Doppler ech di
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graph. During two-dimensional imaging. the size of the
pericardial effssion was subjectively graded. and the pres-
ence and Liming of right atrial (3) and right ventricular {4}
collapse were determined.

Doppler velocity tracings of mitral transvaivular flow
were recorded from the apicai four chamber view, with the
sample volume positioned al the fevel of the mitral anutus.
Tricuspid flow velocily recordings were obtained at the level
of the tricuspid anulus using a parasternal <hort-axis or
apical four chamber view. Doppler tracings of wortic valve
flow were obtained using the apical five chamber view. with
the sample voiume placed just beyond the valve leaflets
within the proximal aortic root. Doppler tracings of pulmo-
nary blood flow were vbtained using the parasternal short-
axis view. with the sample volume positioned just beyond
the valve Ieaflets within the proximal pulinonary artery. The
transducer position was held as constant as possible, and
Doppier tracings were recorded throughout several respira-
tory cycles. Patients were given no instructions with regard
ta breathing and were unaware that inspiration and expira-
tion were being monitored by a separate technician who
observed the movement of the chest wall and marked the
onset of inspiration and expiration by reversing the black-
white color pattern on the video image. Still frames for
analysis could be printed only in black on white format. but
were chosen to represent the porlions of the respiratory
cycle indicated by the variable white and biack backgrounds
of the video :mages.

Doppier flow velaeity calenlations. Hard copy tracings of
the pulsed Dappler velocity signals were printed and digi-
tized with a graphics tablet (GTCO) and microcomputer
(IBM PC) using custom-written software (Datastat). Digiti-
zation consisted of tracing the velocity curves along their
darkest portion (modal velocity). From these curves., veloc-
ity signals were obtained every 4 ms. and the flow velocity
integrals were calculated. The cardiac cycles analyzed dur-
ing inspiration were those d ating the higkest flow
velocily zcross the tricuspid and pulmonary valves and the
lowest flow velocity across the mitral and aortic valves.
Similarly. the cardiac cycles amalyzed during expirali
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Figure 1. Pulsed Doppler transmitral waveforms. showing the men-
sured Doppler indexes. A = peuk late diastolic velocity at the time
of atriat systole: A usea = area under the A velocily curve: E - peak
carly diastolic velocity (in patients in whom the E and A areas
overlapped. the A uren was defined as the portion of the diastolic
velocity integral over that expected if the slope of deceleration from
the L point wa extrapolated (o the baseline): FVI = flow velocity
integral. which is the area under the entire disstotic veiveity curve,

inspiratory change in How velocity integral was calculated
for each valve in that subject. The mean percent inspiralory
change 1n flow velocity integral for each valve was then
caleuluted For the group as a whole. The transmitral Doppler
veloeity signals were subiccted to further analysis to deter-
mine if the time course of left ventricular filling varied duriag
the respirntory cycle. Peak early diastolic velocity (E veloc-
ity) and peak late diastolic velocity at the time of atrial
systole (A velocity) were measured and the E/A welucity
ratio was calculated. The integrated area under the A veloc-
ity triangle was measured, and the A area/mitral flow veloc-
ity integral ratio was calculated (Fig. 1. The L/A velocity
ralios and the A area/mitrat flow velocity integral ratios for

were those demonstrating the lowest flow velocity across the
tricuspid and pulmonary valves and the highest flow velocity
across the mitral and aortic valves. The percent inspiratory
change in flow velecity integial was then calcufated as the
difference between the flow velocity integral of the inspira-
tory beat and that of the next expiratory beat according to
the formula:

% Inspiralory change in flow velacity integral (FVI)
{Inspiratory FV! - Expiratory FVI} x M0
Expiratory FVI

For eaclt of the four valves in euch subje-1, 3 10 (0
respiratory cycles were analyzed. and the mean percent

the i y and expi y beats were compared in the
three proups.

Statistical evaluation. Mean values and stundard devia-
tions were determined for all variables. Values for variables
measured before and after relief of tamponade were com-
pared using the Student's paired ¢ test, and comparisons
between groups were made using the unpaired 1 test. A p
value vl <<0.05 was considered significant.

Resuits
Clinics} and hemedynamic characteristics (Table 1). The
study paticnts consisted of 13 patients with a moderate or
large pericardial effusion and echocardiographic signs of
cardiac tampenade. All underwent right heart catheteriza-
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Table 1. Hemadynamic Data for 13 Patients With Cardiac
Tamponade

Nuring After
Tamponade Pericardinesntesis
Hear rate theats'mn) 106 £ 17 98 = 1%
Sysiolic pressure (mm Heb 144 & 48 150 % 85
Right atrial pressure imm He) 77 Rz4
Pulmanary capillary wedge LN R2zxb
presenre {mm He}
Pericardial pressarc tmm Hegd 165 [}
Paisus paradosus (mm He) 00 Ted

tion and pericardiocentesis within several hours of the
echocardiographic and Doppler examinations.

All patients had sinus rhythm. The most commen cause
of the pericardiai effusion was malignancy. Other identifiable
origins included uremia, radiction therapy and infection.
Echocardiogruphy revealed collapse of the right atrium in all
paticnts and right ventricular collapse, persisling for more
than 0.05 s after the opening of the mitral valve. in 8 (62%; of
the 13 patients. Tamponade physiology was confirmed in all
patients by the findings of elevation and equalization of right
atrial. pulmonzry capiflary wedge and intrapericardial pres-
sures. Suceessful and uncemplicated pericardi is was
performed in all patients, with removal of 700 = 440 mj of
pericardial fluid. The mean pulsus parudoxus of 20 mm Hg
(range O to 35) during tamponade decreased to 2 mm Hg
(range 0 to 10} after pericardiocentesis.

Doppler flow veloclty integrals (Tatie 2). Flow velocity
tracings adequate for analysis could not be obtained across
all four valves in every subject. Tracings obtained during
tamponade were suitable for evaluation of the sortic valve in
12 patients, for the milral valve in 13 patients, for the
pulmonary valve in 8 patients and for the tricuspid valve in
12 patients. {n the six patients restudied ofier relief of
tamponade. lracings adequate for analysis were obtained for
the aortic valve in five patients, the mitral valve in five
paiients, the pulmonary valve in four patiznis and the
tricuspid valve in six patients. Tracings from al! four valves
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in cach of the eight normal subjects were considered ade-
Quate for analysiy.

The transualvalar Doppler flow velocity integrals during
inspiration and expiration in the i3 paticnts with tamponade,
6 patients died afler relief of tamponade and & normal
control subjects are listed in Table 2. Examples of one
patient's Doppler recordings across ail four cardiac valves
during inspiration and expiration, before and after pericar-
diocentesis, are shown in Figure 2.

Durng le, inspi

7 . ion was d with an 85
= 46% {range 47 to 198) increase in the flow velocity integral
acress the pulmonary vaive and an 81 + 34% (range 28 to
116} increase across the tricuspid valve. Flow velocity
integrals across the left-sided vzlves decreased during inspi-
ration, with a 31 £ 13% (range 11 to 64) decrease across the
aorlic valve ant a 35 = 8% (range 21 to 46) decrease across
the mitral valve. Thic magnitude of the respiratory variations
observed across the left-sided valves was less than that seen
across the right-sided valves. Phasic respiratory changes
were alsv observed in the normal control subjects, but the
changes were minimal compared with those seen in the
patients with tamponade,

In the six patients siudied after relief of tamponade, some
respiratory variation persisted, especially across the tico-
spid and pulmonary valves, but it was significantly less than
tkal noted during tamponade (Fig. 3). Only a single recording
from the tricuspid valve of a patient restudied after pericar-
diocentesis showed a respiratory variation within the range
observed in the patients with cardiac tamponade. Other than
this single exception, there were no Doppler tracings from
subjects died after peri or from control
subjects that showed sespiratory variation within ihe range
observed in the patients with cardiac tamponade.

The degree of pilsus paradoxus did not correlate with the
percent inspiratory decrease in the aortic valve Doppler flow
velocity integrals. Two of the patieats with cardiac tampo-
nade bad a pulsus paradoxus of <10 mm Hg on both physical
examinalicn and intraarierial pressure recordings. These
two patients still show.d exaggerated respiralory variations

Table 2. Doppler Flow Velocity Integrais (cm) Aciss the Four Cardiac Valves

Durinz After Normal

n Tamporade n Pericardioveniesis n Group

Pulmonary expir k3 LR 4 133:38 8 H6*18
Pelmonary insp 8 132 = s 4 147 £ 4.4¢ 8 159 + 247
Tricuspid expir 1 6614 6 8 10.1+13
Tricuspia insp 12 116121 ) 8 107214
Avrtic ¢xpir [ 155 569 5 3 8 0026

Avntic insp n” 0z d6m 5 28x13 8 194 2
Mitral expir n 133248 5 [EAER N} 8 146 £ L5
Mitral insp 1 8634 S 1354144 8 13.5 £ 16t

*n < 0.801 versus expiration texpirk. Tp <2 0.05 versus expiralion: a = aumber of patients in cach group in whom Doppler recordings of transvalvular flow

welocity integrals were adequate for analysis: insp = inspiration.
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in transvalvular Doppler recordings and had elevation and
equalization of intracardiac and inrapericardial pressures
diagnostic of iamponade. The Doppler ultrusound and he-
modynamic abnormalities resolved aiter pericardiocentesis.

Doppler Indexes of left ventricular g (Table 3. During
tamponade. inspiration was associated with a decrease in the

Figure 2. Pulsed Doppler recordings in a patient during ang afler
sefich of cardiac tamponade A, Signals acrass the right-sided valves

, Signuls across the left-sided valves. In the transmitral recording
during lamponade, inspiration (INSP)is associated with a prominent
A (late diastolic velocity) wave and an attenvated E (carly diastotic
velacity) wave. ECG = diogram. EXPIR -
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peak earlyate diastolic {E/iA) velocity ratio and an increase
in the A arcaimitral flow velocity integral ratio. refleching a
shift of tetr ventricular filling from early 1o late diastole. In
normal control subjects and the patents recudied aftes
pericardiocentesis, these Dopoler indexcs of left ventrienlas
filling did not vary significantty dusing the respiratory cycte

Discussion
The resulty of this study demonstrale that cardise lampos
nade is associated wilh exaggerated respiralory variations in
iransvalvular Doppler flow velocity integrals. Doppler in-

AFTER RELIEF OF TAMPORADE
IR ;

PULMONIC FLOW SIGNALS

TRICUSPI FLOW SIGNALS
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dexes of feft ventricular filling alse vary with respwration
during tampunade. with a shift to greater dependence on
atrial contraction during inspiration. These Donpler findings
could serve as diagnostic signs of cardiac tamponade and
may be particularly usefui in settings in which movement of
the right atrial and ventricular walls cannot e optimally
assessed 10 detect coitapse suggestive of tamponade or when
fuid ac lation causing iamp may be eccentric (for
example, alter cardiac surgery) (5}

‘Fransvalvulsr flow in cardiac tamponade. This report
extends the observations of Pandian i al. {1.2), who reported
Doppler findings in three patients with cardiac tamponade.
They noted that inspiration was associated with a 100%
increase in peak flow velocity across the tricuspid valve and a
42% decrease n peak flow velocity across the mitral valve,
Althoygh we measured transvalvular flow velocity integrals
rather thun transvalvilar flow, our findings are in accord with
previous work (6-10) demonstrating that pulsus paradoxus
during cardiac tamponade is associated with an cxagaerated
inspiratory increase in right-sided transvalvular flow and a
decrease in left-sided transvatvular flow. In our study. the
right-sided valves showed a greater respiratory variation in
flow velocity integrals than did the lefi-sided valves. Previous
echucardiographic studies in tamponade (11} indicated that
the right ventricie has a greater percent variation in dimension
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AFTER
TAMPONADE PENICARDIOCENTESIS CUNTROL
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Figure 3. Inspiratory changes in Doppler flow velocity integrals
cross the {A) right-sided and (B) \efi-sided valves during cardiac

de and after pericardi is and in control subjects.
Data expressed as inexp * standard error. *p < 0.01 versus
campornade; tp < 0.05 versus tamponade.

with respiratios than the lefi ventricle. The combination of
these fuctors, therefore, suggests a far greater respiratory
variation in blood flow across the right-sided valves than
across the left-sided valves. Some right-sided variation in
excess of that seen in normal subjects persists afler relief of
tamponade. und may be related iv comorbid condilions other
than pericardial disease. including metastatic pulmonary in-
voulvement and obstructive Jung disease (10).

The data from our normal contro) group are consisient
with those reported by Meijboom et al. t12). They evaluated
Doppler recordivgs in four normal subjects, and reported
thal inspiration caused a small increase in blood flow veloc-
ity across the tricuspid valve and a corrasponding decrease
across the mitral valve.

Mechanism of pulsus paradoxus. ln normal subjects. in-
spiration has been reported (13) 1o cause a 75 decrease in left
ventricular stroke volume. The inspiratory decrease in left
venlricular stroke volume is markedly increased in paticnts
with cardiac tamponatic (6.8.13). Using catheter-tipped elec-
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trodes Lo study vema caval blood flow velocity in normal
subjecls and patients with cardiac tamponade. Shanetai et al.
(6) found that inspiration cawied an increase in vena caval
velocity in hoth groups. In a canine model of cardiac tampo-
aude, Shabetai et al. (7.9; demanstratad thit pulsus pari-
doxus depends on an inspiratory c i right ventricular
filling. and does not Geeur when venous return 1o the right
heart is held constant throughout the raspiratory cycle.

The mechanism of pudsus paradoxus in cardiae tampo-
nade i complex and multifactorial (14-18). With inspiration.
negative intrathoracic pressure is transmitted o the pericar-
dial space, and int:apericardial and right atrial pressures
decrease, resulting in an incrcase in flow from the venac
cavae into the right heart chambers. This inspiratory in-
crease in venous return causes an increase in right ventricu-
far size. Because the total intrapericardial space is refatively
fixed during tamponade, an increase in right ventricular
volume causes a corresponding decrease in left ventricular
volume. The interventricular septum is shifted to the left
(19), resviting in a decrease in left ventricular compliance.
left ventricular diastolic filling and, subsequently, inspira-
tory left ventricular strcke volume. Thus. during inspiration,
right-sided flow increases at the expensc of lefi-sided flow.
and inis respiratory variatica is reflected in the Doppler
tracings, Other factors, including inspiratory pooling of
blood in the pulmonary vascular bed and an inspiratory
increase in left ventricular afierload, are also though! to
contribue to pulsus paradoxus (20).

Changes in left ventricular compliarce. An importam
mechanism of pulsus paradoxus during cardiac tamponade is
considered to be an inspiratory decrease in lefl ventricular
compliance, mediated partially by a leftward shilt of the
inierventricular septum. Previous echocardiographic studies
(11,21) of cardiac tamponade reparted an inspiratory de-
crease in the mitral valve EF slope. which may also reflect a
decrease in left ventricular compliance. In this study, Dup-
pler transmitial indexes of left ventricular filling, consisting

Table 3. Ratio of Peak Velocity During Early Diastole 1o Peak
Velocity During Alrial Systole and of Area Under the Velocity
Curve of Alriat Systule to Mitral Flow Velacity inlegral

During After
Tampunade  Percardiocentesis Normal
=13 in =6} Group in = 8}
E/A expir LB 2052 107 20 182 £ 0.47
B2 usp Y0+ (447 176+ 081 L7305
A areaFV 1 expir = 021 <006 =007
A areal¥ V1 insp [ETEY ALY 0.23 = 007 0.12 = 007
"p < .S inspiration versus expiration in each group: fp - 045

in.piralory values in patieats after pericardicss ntesis and in sommal subjects
vershs inspir2ory values in patients during tampoaade. A = peak velocity
dusicg a'mal systole; A area = ¢ 2a under (B¢ velocity curve of atrial svstole:
E = peak v2lacily during early diastabe, £V = flow velucity integral, ather
abbreviativns as in Table 2.
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LEEMAN ET Al
TER FCHOCARDIGGRAPHY IN CARDIAC TAMPONADE

of a decrense in the peak earlyflate diastolic (E/A) velocity
ratio and an increase in the A arca/mitral flow velocity
integral rabo. also suggest a decrease in left ventricular
compliance with inspiration during Tariponide, Similar
changes in Doppler indexes of early and Lite diastotic Giting
have previously been reported in other conditions where lef®
ventn calar compliance is decreased (22), including patholug-
i latt wentriculur hypertrophy (23). myocardial ischemia (24)
and normal aging (25).

Liraitations of the study., Ona assumptioa of quanlitative
Doppler echucardivgraphy is that the Doppler interrogation
beam is aligned paraliel to blood flow. A potential limitation
of this study i« that excessive swinging of the heart within a
turge wardial effusion may have changed the angle be-
tween the directinn of blood flow and the Doppler beam in
some patients during the casdiac and respiratory cycles.
However, becuuse all patients showed reproducible changes
that wer~ in the same direction and of such significant
magnitude. it is untikely that this potential factor would alter
the conclusions of the study.

Another limitation of our study is that we assessed
velocity integrals rather than wtal transvalvular flow. To
quantitate transvalvutar flow, the Row velocity integral must
be multiplied by the cross-sectional area of the valve vrifice
(26-28). In this study, the actual volume of transvalvulas
flow was not quantitated because the cross-sectional areas of
the valve orifices were not measured. In most palients. a
slight variation in cardiac position during the cardiac and
respiratory cycles precluded optimal measurements of in-
fow and omtflow areas. Seule et al. (11j and others (20)
repurlsd echnmrdmgmphlc measurements during cardiac
tamp that i produces a sig-
nificant decrease in left vcnlmuldr internal dimension and a
significant increase in right ventricular internal dimension.
Similar studies have also documented an inspiratory de-
crease in miral valve diastolic area and aortic valve systolic
area (11,29} and an inspiratory increase in puimonary ariery
di {14}, Thus. although we did not inflow and
outflow areas. which would have permitted calculation of
actual transvalvular flow, previous evidence suggests that
inspiration is associated with an iacrease in the area of
right-sided valves and a decrease in the arca of left-sided
valves. The zctual respiralory variation in transvalvular
kiood flow. therefore, would likely be greater than the
respiratory variation in flow velocity integrals reported here.

Finallv. this study did not address the specificity of the
respirato -y chunges in flow velucities or flow velocity inte-
grals. Hoitet al. {30) reported a similar *flow paradoxus’ of
respiratcry origin in a patient with pulsus paradoxus and
seveie 0 wiruclive lung disease. suggesting that exaggerated
respiratcry changes in intrathoracic pressure might produce
similar fndings. It remains to be determined whether pa-
tients with pulsus paradoxus found in association with other
illnesses (). including asthma and acvic py

nary embo-
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lism. may also demonstrate changes in flow velocities and
flow velocity integrals mimicking those of tamponade.
Conclusions. Cardiac iy associzted with exag-
gerated respiratory variation in transvalvular Doppier flow
velocity integrals. These phasic respiratory changes are
markedly reduced afier relief of lamponadc and are vbserved
to only a minimal extent in normal subjects. Doppler echo-
cardxogra;hy may, therefore, be a valusble tool in ihe
is of cardiuc ponade. particularly in pahenls in
whom the diagnesis is uncertain clinically and in whom
imaging of the right atrial and right ventricular walls lo delect
collapse, characteristic of tamponade, is ifficult. In addi-
tion. the changes in morphology of the mivral fiow veivgity
profites. suggesting an inspiratory decrease in left ventricular
cornplmm.c may assist in further understanding the mecha-
nisms associated with pulsus paradoxus.

We are pratelul Tor the assistance of James J. Ferguson. ML in developing a
computer analysis program, for the support of the eehucardiographic technol-
wgists Lisa Carl and Marilyn Riley and for the expert secretarial awistance of
Kit Husings.
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