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Doppler assessmentef diastolic fun&o

has hecamea stao-

dmi part ofrontiae ecb~pbic
examiaatioa sad imparts
information rekmat to a patient’s fanctioaal dass, maaagement
aad pmgmsis. This review describes tbe Doppler patteras of
diastolic fimctlon rebtive to physical signs and physiology. A
mntimmm of Doppler patteras of diastafic fUf&an exis& iacladiag normal diistolic fitaction, impaired relaxatioa, pseadaaonaal

Doppler echocardiography is an important tool in the care of
patients with heart failure. It provides a noninvasive, safe and
rapid bedside alternative to cardiac catheterization for the
assessmentof ventricular diastolic function (1). Although
absolute pressuresare never directly measured, Doppler demonstration of blood flow diiion and velocity corresponds to
direct hemodynamic pressure recording (2-6) and measurement of left ventricular diastolic pressure (7-10). By detecting
differences in diastolic function in patients with similar hvodimensional echocardiographic findings, Doppler distinguishes
pathophysiologic entities and indicates functional class and
prognosis (11-15). The goal of this report is to provide the
clinician with a practical review of the Doppler patterns of
diastolic function, as well as their current and future applications.

Standard Doppler Measurements
lntluw. The Doppler measurements of diastolic function are the product of atriai and ventricular relaxation, contraction (16-B), compliance and loading (2,19-U).
Analogous flows are recorded from both sidesof the heart. At
the onset of diastole, the isovohnnetric relaxation time occurs
between the Doppler sounds of aortic valve closure and mitral
valve opening (8). When the mitral and tricuspid valve open,
blood inflow velocity acceleratesto a peak early tilling velocity,
which coincides with the third heart sound (23). With ventricVentricalar

fdlii mMctio~ mnstrirtiorr and tampenade.These patterns
evotvefmmenetoaaetheriaashr$elndtvtdttakwithchangesht
diseaseevolotioo, treatmmt and taailhrg mmlithma New appllmtions of cmlcaaoas wave Doppler, color Doppler
Dopplertissaeimagingarere6aingoara&mm&g6fdiastolic fsuetion.
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ular filling inflow velocity decelerates at a measurable rate
called the decelrmrio rime. Subsequent atrial contraction
causesthe late tilling velocity, which begins with the onset of
the fourth heart sound (Fig. lA, B) (23).
Atrial inflow. Flow in the pulmonary and hepatic veins has
two intervals of forward tlow and one or two intervals of tlow
reversal (Fig lC, D) (182425). During ventricular systole,
descent of the base (1QlS) and atrial relaxation (17.26) are
amnciated with venous forward tlow into tbe atria. CToiig
with thex descentof the venous pressure tracing (27). this flow
increasesto a peak systolii veiocity and then failq sometimes
to the point of Bow rwersal, as atrial filling and pressure rise:
(25.28).
With mitral and tricuspid valve opening, the atria empty,
atrial pressure falls and venous fonvard flow resumes until a
peak diastolic filling velocity is achiieved,whib 002urs at the
the of the venous pressurey &scent (27). As ventricular and
atria1 filling and pressures rise, venous return falls At enddiastole, atrial con&action electsblood back into the veins and
causesvenous Row reversal,in addition to augmenting ventticular tilling. How much atrial blood goes forward or backward
depends on the systolicftmction and loading conditions of the
contracting atrium (27,192229).

Patterns of Diastdii

Function

Normal lksadh. Table 1 lists normal Doppler reference
values (2&W). Fining is progrmsively delayed in the aging
ventricle as meal
relaxation slows and wall thi&ess
inmass. This is manifested hy an increased A wave vekcity,
decelemtiou
time aud ‘i.9cidumetlic
ea+trammitralflmvvelobtytoatriaitIowvei&ty(UA)

relaxation

time ‘and an

velocityratio<1(2qq31).Agingisassociatedwitttmcmased
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Tat&e 1. Left and Right Ventricular
Normal Suhiects*

Filling Dynamics in

Age ?I-4Y yr
Left ventricular inRow
Peak E (cm/s)
Peak A (cm/a)
E/A ratio
DT (ins)

IVRT (ms)
Pulmona~ win
Peak S (cm/s)
Peak D (cm/>)
S/D ratio
Peak AR (cm’s)
Right ventriadar inflow
Peak E &me)
Peak A (cm/\)
EIA ratio
DT (cmh)
Superior vena raw
Peak S (cm+)
Peak D (cm/s)
Peak AR (cm/s)

n = hl
72 (&I-IlKI)
40 (2lMll)
I .Y (0.7-3. I )
17’)(139-21’))
76 (54-9X)
II=44
.iX(W66)
50 (w7rl:
I.0 (NS-1.5)
lS(ll-27)
” :hl
51 (37-65)
27(11-43)
2.0 (I .(I-3.0)
183 (I.&232)
n = 5Y
41 (23..5Y)
22 ( 12-32)
13 (7-19)

Age eS0 vr
-Y.” = Sh
62 (3440)
59 (31~K7)
I.1 (11.5-1.7)
210(138-282)
W(5fl-124)
n=4l
71(53-tiY)
3x (211~Sh)
1.7(I&2.6)
3-i-51)
n = 56
.lI (Z-57)
33(17-49)
1.3(0.S-2.1)
19X(152-244)
n = 53
42 (M-MI)
??(IZ,l?j
I6 (IO-??)

*Normal reference ualucr for Doppler measurements oi diastolic function in
two age groups of normal rubjccts. Data presented xc man value (contidencc
interval). A = atrial flow velocity; AR = vtnou~ Row rwcrsal during atrial
contraction: D = diastolic Row vckrcity: DT = deceleration time: E = early
transmitral Rowvelocity: IVRT = iwvolumetric relaxation time; S = systolic RWJ
velocity.

1. %mtai BBppier @ow pm&s (cm/s) of (A) mitral, (51
’
tiicqid,
(Q pulmonary venous tlow and (D) hcqatic venous flows
Right&led flows normally increase with inspiration ( 7 ) and decrees ,
With expiration ( J,), although there is little or no respiratory variatiof I
in b&sided flow. A = atria1 tlow vekwity; AR = venous flow reverse l

during atrial contraction; D = diastolic Row velocity; DT = dcceler. .
ation time; E = early transmitral flow velocity; IVRT = isovolumetric
relaxation time; S = systolic Row velocity; VR = venous flow reversa .I
during late ventricular systole.

reversal of pulmonary venous flow during atrial contractior I
and a~no~~o~~d~~~ve~~
ratio >1(29,32).
On the:
other hand, healthy young adults without structural
hean I

disease may have a pulmonary
venous systolic/diastolic
ratio
Cl (3433).
Impaired
relaxation.
Ventricular
&hernia,
hypertrophy
and aging are associated with delay in the energy-dependent
reuptake of calcium by the sarcoplasmic
reticulum
(34-36).
Impaired relaxation is typically manifested by Doppler with an
E/A ratio <1, an increased
deceleration
time (typically
>220 ms) and an increased
isovolumetric
relaxation
time
(typically
>lOO ms) (Fig. 2, left). An E/A ratio 10.5 is
abnormal (30) and may occur when ventricular contraction
and
relaxation are seriously delayed, prolonged
or asynchronous
(37). An impaired relaxation pattern also occurs with hypovolemia because of a reduced early transmitral
gradient and
relatively
more ventricular
filling during atrial contraction
(20,22.3839).
Pseudonormalizati~~n.
Pseudonormat
filling refers to the
normal appearance of ventricular
inflow (E/A ratio between 1
and 2; deceleration time between 150 and 220 ms; isovolumettic relaxation time between 60 and 100 ms) in some patients
with elevated filling pressures (Fig. 2, center) (32). This pattern
represents an intermediate
stage between impaired relaxation
and restrictive
filling as a result of disease progression,
ischemia or increased loading conditions
(2,14.21,32,40).
Reduction of venous return during the Valsalva maneuver causes
pseudonormal
filling to revert to impaired relaxation (41).
Pseudonormal
filling is usually indicated by the presence of,
signiticant
left ventricuiar
or atriai systolic dysfunction
or
dilation (10).
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Figure 2. Mitral (top) and pulmonaryvenous
(bntton~) Doppler flow profiles of impaired
relaxation(left), pseudononnaltilling (center)
and restriction(rtgbt). Velocity scalemarkers
indicate20 cm/s.Abbreviationsasin Figure 1.

Puhnonary venous flow is usually abnormal. increased
filling pressuresare asso@atedwith a venous systolic/diastolic
ratio <l (7,9,10). Furthermore, ventricular noncompliance
during atrial contraction causes an increased venous flow
reversal (>35 cm/s) and termination of transmitral flow before
the associated pulmonary venous flow reversal has ended
(7,10,32,42). This premature termination of mitral flow predicts a left ventricular end-diastolic pressure >15 mm Hg with
an 85% sensitivity and a 79% specificity among patients
undergoing diagnostic cardiac catheterization (7).
Restrlctlve 6llll
The restrictive filling pattern is characterized by a rapid increase in ventricular pressure during early
diastolic filling and little subsequentfilling becauseof chamber
stiffness (2J). Doppler lindiigs consist of an increased E/A
ratio (typically >2) and a short deceleration time (typically
<I50 ms) and isovolumetric relaxation time (typically <60 ms)
(Fig. 2, right). In addition, Doppler flows of venous return are
greater during diastole than systole(5,43). The momentum of
rapid blood flow into the stiff ventricle may cause ventricular
pressure to rise quickly and exceed atrial pressure during
diastole, reversing the direction of flow and causing diasrolic
mitrd and tiuspid regurgirati (2,5,32).
Restrictive filling is associatedwith greater filling pressures,
more symptoms and a worsened prognosis (5,11-15). This
coincides with more systolic dysfunction and clinical failure
among patients with myocardial infardion and idiopathic
dilated cardiomyopathy (11-13). In one study of heart failure
from ischemic or dilated cardiomyopathy, the mortality rate
was 19% at 1 year and 51% at 2 years with restriction (vs 5%
without restriction) (13). Among patients with amyloidosis,
wall thiiness correlates with disease progression (40). The
impaired relaxation patty of early diseaseprogresses to the
restrictive pattern of advanced disease with an associated
increase in right (>7 nun) and left (>15 mm) veMicular wall
thickne~ (44,45). When mitral deceleration time decreasesto

Cl50 ms, the l-year survival rate has dropped from 92% to
49% (p < 0.001) (14).
Irmeaml repMory varhtkm Respiration nm
pm
duces little change (~10%) in mitral tlow and mild change
(<30%) in tricuspid flow (4,6,46). With inspiration, tricuspid
flow increasesand mitral flow decreases With expirata the
opposite occurs.Respiratory variation of Doppler tlowsmay be
helpful in diagnosing con&i&e pericarditis and tam$onade.
Constrictive pe3icdW
Constrictiie pericarditis and restrictive cardiomyopathy may be diilt
to distiih,
especially if both are present. Similarities include a short deceleration time or a “dip and plateau” hemodynamic pattern
(43,47,1) (Fig. 3A). Differences include increased variation in
mitral (~25%) and pulmonary venous flows during m@mtion
(4,43,48) with alnstriction but not restr&on. Systolicanterograde venous flow is greater in amshic& pericarditi than in
restrictive cardiomyopathy (43). IncreasedIlowreversalsof
hepatic venous llow occur during expiration with con&&m
and during inspiration with re&ctii
(5,48).
In a study of 25 patients with surgicaQ proven amstriction
(48), Doppler indicated constriction in 22 (sensitivity88%) and
restriction in 3. A mitral deceleration time Cl60 ms and an
E/A ratio > I were usually but not alwayspresent. The velocity
of h-tic venous fan ard flow during systole equalled or
exceeded the diastolic velocity in half of the patients. After
pericudiiomy,
persistent restrictiie filling was associated
with less improvement of symptoms(48).
Canilactlllppsinde. Cardiactamponadeisasociatedwith
respiratory variation in systolic blood pmssure (p&us pam~OXLIS)and mr
Bows (Fig. 3B). This may J-K due to
shielding of the heart (but not the extrapericaniial veins) from
the normal respiratory variation in iatratboracic pressure.
Respiratory variation in the gradient between the puhnonary
veins and letI atrium results ia,variation of venous return aad
left venaiatlar preload (6,49). Increased chamber antptins
withtampooademayal~~a&seofrespiratoryvariationof
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4. Simultaneous mitral regurgitation Doppler velocity cmve
aad high fidelity letI ventricular pressure curve. The time interval (t)
from 3 to 1 m/s on the Doppler velocity curve is shown. The time
constant of relaxation (mu) is calculated from the left ventricular
pressure cone by using a semilogarithmic model from peak negative
dP/dt to 5 mm Hg above the left ventricular end-diastolic pressure
(h~terraptedllae). F’ressurecalibration is shown from 0 to 150 mm Hg;
the Doppler caliition
of 2 m/s is also shown. Reprinted, with
permission, from Nishimwa et al. (3). Copyright 0 1993 by the
American Heart Association.
echocardiigraphic findings that complement each other in
establishing this diagnosis (52-54). Increased respiratory variation of mitral Bow suggestsequaliition of right-sided pressures and helps indite the presence of tamponade among
patients with large effi&ons and chamber collapse (54).
Doppler imaging may also distinguish tamponade and
amstri&e pericarditis, akhough the two entities may be
com~med as efisive-constrictive disease (55). Both physiologic Wmgs have increased chamber coupling, pericardial
shielding and increased respiratory variation of Doppler flows.
However, diastolic venous return is blunted or reversed with
tampooade (6,46) and present with constriction (43,47,56).
Deceleration time is often shortened with constriction but not
with tamponade.
Patients with lung disease may also liave increased

Doppler lkm and blood prewre. With tamponade, the
cardiacchambersareconfmedtoafixe&noacompiiaatperiCdii Space.Id
right beart Suing with inspiration c3l
oceut 0nIy with decreased filling on the IelI side (SOJl).
venous return can only ocetlr wbcn llet ilwapelicardial pressurefaIkduriqs,stoliceje&ouofbIoodiotothegreat

variation

of Doppler flows, although respiration has a relatively delayed
impact on mitral and tricuspid flow. In contrast, the greatest
increase in tricuspid and mitral flow ioxm~trictive pericarditis
and tamponade occmx during the first beat after the onset of
inspiration sod expiration, respectively (4,6).
Roleoftram
pby. TransesoPhageal e&cardiography
should be considered when the cause,
prognosis and optimal treatment of heart failure or hemodynamic i&ability are not clear fmm clinicaI and transthoracic
data alone, espe&Uy when an operation is beii considered.
Althongb trramq@cal
ckcardiihy
can usually be
usedtoevahutemostDop@erAow$itisespe4Syusefulfor
pubmary venom Bow in the determination
pteswn and compkcc (7JP). In ad&ion
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Figura 5. color Doppler M-mode tramesophageal echocardiography
of dia!aolie

tlowffomthekhatrium(tep)towardtbe
veutricularapex&ottemi,asimagectiua

fourthamber
view. Flow propa@ioo
is
sea dub
early (El and ‘9. (A) fiuhrg
withnormal6uingor-(eentar)

and constrict&~(rtght). The E wavemaximalvelocityiscloserto theventricuk apex
than the A wave because blood is “putted”
into the activelyrelaxingventride in early
diastole and “puskd” into the ventricle
druing atrial an~tractbn. compared with
normal filling the Rowpropagatioudope
(wlfltellne)isshallowwirh restdimand
steepwith constriction.Scalemarkersin&cate 1 cm.
Doppler echocardiography of the left atrial appendage detects
analogous E and A wave velocities that relate to atriai and
ventricular systolicand diastolic timction (57).

Future Directions
contlmlons
Gnltiml~
ltic regurgjwave Doppler
tation during the isovolmnetrk relaxation period can be used
to cahxdate a measurement of active rebation called lou (Fig.
4) (338-60). This parameter is less influenced by loading
conditions and heart rate than other Doppler measurements
(3,61). With continuous digitization of the isovolumetric mitral
regurgitation signal+the rate of fall of left ventricuku presure,
or -dP/dt, can be &mated (Ss). Becausethe Duppkr signal
of mitral regurgitation reflects the ventriadoatrial gradient,
the left ventricular presure may be cab&ted by adding an
assumed or measured left atrial pressure (60).
G4or Doppler M-mode
.-WW
M-mode e&wardiography of venknlar &low generates an

F&we 6. combiMtion of Doppler IissBeimagingandc&rDop@erMmodeeckmdL
Op&JOftheparartemalshortti(~)
dpubed=(PW)Doppferimaejllgd

tbeposterkwaU@&ow).Motionrmvardtbe
tmu&cerisabovetkpuk.dwavebppk
basebe(eokcodedred)andk
bysystolii(s)poat~wanmotiolLMotioa
awayfromthet
isbelowtheprllld
Dopplelbaseline(~wdr!dblue)audis
illustmtedby diastok early (E) and late (A)
posteriorwall motion.

equivalentqxctmldi@ayofmitralEandAwaves(F~5).
TbisRowoccmsatafinitevelocitycakdtbe~
*~,whichismeasuredtYomtbeleadingedgeofthebbod
wave on color Doppler M-mode echocardiograpb (6563). In
thatthesktpeoflknvpqqxtkmdecreasesastmc,
-dP/dtand
minimalearlydiastoliepresaureincmse ww, cdol DWP
kM-d~~deteCt&layKl~~
inheartfai!lue(66)andhelpdist&&bpsevdooormaffmm

(67).

M-mode
diastolic

fbncbbydis@+gthzvetodtyofmyocardialmotion(Fa,
6)(6&71).Whentbe@edDopplercursorisposihwloo
themylmdiqearlyandlate;ipicaldiastdicmotionir
dl%fXkdWithS3llUAratiothlt&lihtkHeatriarlar~
velocityratiqfaU.5withagiog(7O)imdir&dcdisease(68).
PukdDopplerimagingofthemitralammhsmayhe@
disth&&hialldwaolal~,arhicbhave
earlydiaEtoIlciuuadarmotian,flwlreslTictive(audpoaFiwy
)lining+whidlBasslowamJldarlBotioa(72),
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Table 2. Potential Treatment Strategies of Diastolic Function According to Doppler Filling Pattern and Clinical and Two-Dimetwiottal
Ecwphic
context
DC&H
ltapaa

Fiadmp

cli0~iphie

relaxatiat

comea

(E, A wave tin)
pseudotmmml filling 0, remiclimn

comtmiy artery dii.
Inalnatiw caoJiithy
b&equate tilling time
Volume overload
comumy atterj &ease
bltxtntive cardiiopatlty
Dilated cardiom)qatby

(enddiastolic MR)
cofiaaii

T&WWtl

Fluid5

Hypovolemia
Encemii afterhxid

Pmiooged PR interval
Tbtiened pericardium: chamber oompressio~

Amihypeneasive drugi to regrers hypetwo&
relieve outflow obsttwtion
Amianginal drugs: rewcularizatioa
Nitrates; diwesb; treat metabolic of immuaologic derangemeat
Slow heart rate (beta-blocker% verapamil, diltiazem)
Nitrates: dim-&: dialysis: cotrect valvular regurgitation
Antiaoginal drugs; revawulatiation: transplantatioo
Nitrates: dior&
treat metabolic or immooologic derangement;
transplantatio”
Reduce aftedoad: ACE inhibitors; correct outtkw obstruction: optimize
preload: treat corooar) arty disease; inotmpes for systolic
dyxfmxtiou: tramplantatiin
Dual-chamber pacing to reduce PR interval
Mediil treatment of cause, especially if acute (antibiotics attti-

inflammatory agents, hormonal therapy. chemotherapy, radiotherapy):
paicardii stripping, if chmttic
Tampade

Pertcardi:! etiin;

chamber compre&m

Pericardiwentesb; perieardial iodo~ if recweace likely; medical
treatment of cat% evacuate bematoma after heart sorgety or rupture;
achii hemostasis

ACE = aagk~ensio-cotwertlng enzyme: MR = mitral regurgitation; other abbreviatioor as in Table I.

Limitations

and Conclusions

Doppler
evaluation
of diastolic
function
may
fotmdcd by an inadequate acoustic window, vahular

be condiiasc,

tachycardia,
arrhythmias,
suboptimal
machine settings and
incofrect positioning of the Doppler cursor (73). Although new
Doppler methods await estabkhment
of their clinii
utility,
cur.tnt techniques are useful in patient management (Table 2)
(74-77) hecause they help diagnose the cause of exercise
intolerance, dyqne+
edema and hypoperfusion.
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