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Data obtained from echocardiographic studies are used on a daily basis to guide clinical decision-making
regarding patient management and the need for additional diagnostic investigations. Interrogation of blood
flow in the pulmonary veins by spectral, most often pulsed-wave, Doppler is an important component of
any comprehensive echocardiographic study. Whereas it is most often used to help assess left-sided filling
pressure and quantify the severity of mitral regurgitation, the pulmonary vein Doppler profile provides added
diagnostic insights into several disorders that affect heart function and allows assessment of their hemody-
namic consequences on the heart. The aim of this review is to summarize current knowledge in the field of
PV Doppler interrogation, highlight the physiological and pathological parameters that influence it, and delin-
eate the manifestations of various cardiovascular disorders on the flow profile. (J Am Soc Echocardiogr
2021;34:223-36.)
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Noninvasive recording of pulmonary vein (PV) flow by pulsed-wave
Doppler was first reported in the 1980s.1 Since then, Doppler interro-
gation of PV flow has become a routine component of echocardio-
graphic imaging.2,3 Despite current emphasis on modern
parameters such as tissue Doppler, strain, and volumetric analysis,
the PV Doppler profile is useful for understanding the hemodynamic
consequences of disorders that affect heart function.4 Valvular,
myocardial, pericardial, congenital, and rhythm and conduction disor-
ders alter the PV Doppler profile, at times in a characteristic manner.
Optimal recording of the PV flow signal and proper analysis of the di-
rection, velocity, and duration of the Doppler waveforms distinguish
normal from abnormal flow patterns and relate abnormal flow pat-
terns to specific disorders that particularly involve the left heart.

The aim of this review is to provide a comprehensive review of the
role of PV Doppler in the daily practice of echocardiography and
highlight the manifestations of various cardiovascular disorders on
the PV flow profile. Awareness of the consequences of disease states
on the PV Doppler profile improves our diagnostic ability and pro-
motes our understanding of the pathophysiology of several cardiac
disorders.

In this report, we review the anatomy and imaging of the PVs by
echocardiography, followed by an analysis of the normal flow profile
and description of the physiology of PV flow, then discuss the
alterations in Doppler signal that occur in various disease states, fol-
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lowed by a review of the differential diagnosis of different flow pat-
terns, then elaborate on the prognostic value of the PV signal, and,
finally, address the feasibility of flow recording and the use of ultra-
sound enhancing agents.
ANATOMY AND ECHOCARDIOGRAPHIC IMAGING OF THE

PVS

Pulmonary Venous Anatomy

Typically, four distinct PVs with separate ostia drain into the left
atrium, consisting of right and left upper and lower veins. However,
this anatomy is present in only 70% of individuals.5 The right upper
and lower veins run posterior to the superior vena cava and right
atrium and connect medially to the superior and posterior aspects
of the left atrium, respectively, near the interatrial septum. The left up-
per and lower veins run anterior to the descending aorta and connect
to the lateral wall of the left atrium. In the remaining 30% of individ-
uals, PV anatomic variants are noted, including conjoined veins that
join proximal to the left atrium, resulting in a single ostium.5

Another variant is the presence of accessory PVs that drain either a
pulmonary lobe or a segment of a lobe, thus representing supernu-
merary veins with separate ostia.5
Reprint requests: Bahaa M. Fadel, MD, King Faisal Specialist Hospital & Research

Center, Heart Center, PO Box 3354, MBC #16 Riyadh, 11211, Saudi Arabia

(E-mail: fadelbahaa@gmail.com).

0894-7317/$36.00

Copyright 2020 by the American Society of Echocardiography.

https://doi.org/10.1016/j.echo.2020.09.012

223

mailto:fadelbahaa@gmail.com
https://doi.org/10.1016/j.echo.2020.09.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.echo.2020.09.012&domain=pdf


Abbreviations

LA = Left atrial

LLPV = Left lower pulmonary

vein

LUPV = Left upper pulmonary
vein

LV = Left ventricular

LVEDP = Left ventricular

end-diastolic pressure

LVEF = Left ventricular
ejection fraction

MR = Mitral regurgitation

PV = Pulmonary vein

RLPV = Right lower

pulmonary vein

RUPV = Right upper

pulmonary vein

RV = Right ventricular

SR = Systolic reversal

TEE = Transesophageal

echocardiography

TTE = Transthoracic

echocardiography

TVI = Time-velocity integral
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Transthoracic
Echocardiography

Various transthoracic windows
allow visualization of different
PVs. From the suprasternal win-
dow, all four PVs can be imaged
(Figure 1A), but this window is
usually accessible in the pediatric
rather than the adult popula-
tion.2 Most often, the right upper
PV (RUPV) and right lower PV
(RLPV) offer the best alignment
of flow with the Doppler beam
from the apical four-chamber
view.6 The RLPV is imaged using
a slight posterior tilt of the trans-
ducer (Figure 1B), whereas the
RUPV is imaged with a slight
anterior angulation toward the
five-chamber view, partly visual-
izing the aortic valve
(Figure 1C).6

The left upper PV (LUPV) can
be visualized in the apical four-
chamber and parasternal short-
axis views, but flow is often not
parallel with the Doppler beam
to allow proper recording
(Figure 1C). The left lower PV
(LLPV) can be visualized using
a modified parasternal short-
axis view (Figure 1D).6 Table 1 details the requirements for the
optimal recording of PV flow by spectral Doppler from the apical
window.
Transesophageal Echocardiography

Transesophageal echocardiography (TEE) provides improved visuali-
zation of the PVs and allows sampling of flow from different veins.
Additionally, TEE provides a higher quality recording of the
Doppler signal than the transthoracic window because of the prox-
imity of the transducer to the PVs and to near parallel interrogation
of flow.7 The PVs are imaged from the midesophageal window,
and this can be facilitated by the use of color Doppler. Both upper
veins and the LLPVrun oblique or near vertical to the transesophageal
imaging plane, whereas the RLPV runs more horizontal and is more
posteriorly located. The upper veins are easier to visualize and, with
the LLPV, are the most suitable to interrogate using pulsed-wave
Doppler because of better alignment with the ultrasound beam.
The orifices of the upper and lower veins are in close proximity to
each other. When an upper PV is identified, a slight forward motion
of the probe and/or minimal change in the transducer angle (10�) usu-
ally allows visualization of the corresponding lower vein. Therefore, it
is possible to visualize the upper and lower PVs, right or left, in the
same imaging plane. The sample volume should be positioned
approximately 1 cm inside the vein from the ostium for pulsed-
wave Doppler interrogation.

The LUPV is often well visualized adjacent to the left atrial (LA)
appendage with some transducer angulation (30�–60�; Figure 1E).8

More oblique angulation (90�–120�) with the image centered on
the LUPV allows visualization of the LUPV and LLPV in an inverted
‘‘v’’ figure (Figure 1F).8 The RUPV is easily identified by rotating the
probe to the right from the LA appendage or the bicaval view.
Advancing the probe by 1 to 2 cm and turning further to the right al-
lows visualization of the RLPV (Figure 1G).8
NORMAL PULMONARY VENOUS FLOW PROFILE

The PVs are thin-walled, highly compliant conduits that allowmainte-
nance of a constant left ventricular (LV) stroke volume despite beat-
to-beat variation in right ventricular (RV) stroke volume.1

Pulmonary venous blood flow is determined by the pressure gradient
between the PVs and the left atrium. Consequently, Doppler waves in
the PVs mirror the pressure waveforms in the left atrium.9 The PV-LA
pressure gradient and thus the PV flow profile are dependent mostly
on the cardiac cycle and the function of the left heart.9 Additionally,
they are influenced by the respiratory cycle, albeit to a lesser degree
than flow in the superior and inferior venae cavae. Therefore, PV
flow is altered in disease states that either affect left heart function
or disturb the cardiac rhythm.2,3,9

The normal flow profile in the PVs shows phasic and bidirectional
waves, predominantly antegrade, that are temporally related to wave-
forms obtained on pressure recording of the left atrium
(Figure 2A).9,10 Fluctuations in flow direction and velocity indicate
changes in LA pressure. PV flow reflects LA filling throughout the car-
diac cycle and LV filling during diastole.

Four distinct Doppler waves can be identified in the PVs.1,9,10 The
first two antegrade waves are noted in early systole (S1) and mid to
late systole (S2), respectively, and occur during the LA reservoir phase,
corresponding to the ‘‘x’’ descent on LA pressure recording
(Figures 2A and 2B). The S1 and S2 waves are fused on transthoracic
echocardiography (TTE) in 70% to 85% of subjects, thus forming a
single systolic wave (S wave; Figure 2C).1,9,10 These two waves are
discernable by TEE in most individuals. The third wave is antegrade
and is noted in early to mid diastole (D wave), occurring during the
LA conduit phase. TheDwave is temporally related to the ‘‘y’’ descent
on LA pressure recording and to the transmitral E wave on Doppler
imaging (Figures 2A–2C).1,9,10 The fourth wave is retrograde and is
noted in late diastole (Awave), occurring during the LA pump phase.
It is temporally related to the ‘‘a’’ wave on LA pressure and to the
transmitral A wave on Doppler imaging (Figures 2A–2C).1,9,10

Recording a measurable A wave has a lower success rate than
recording the S and D waves by TTE.

Useful PV Doppler measurements include the peak velocity of the
S, D, and Awaves, the S/D peak velocity ratio, the A-wave duration,
and the deceleration time of the D wave. The systolic fraction repre-
sents the ratio of the time-velocity integral (TVI) of the S wave to the
sum of the S and D waves (systolic fraction = STVI/[STVI + DTVI]).
Effect of Age on PV Doppler Profile

Blood flow in the PVs varies with the state of LV myocardial relaxa-
tion, a parameter strongly influenced by age.11 Normal adolescents
and young adults with excellent elastic recoil manifest fast LV relaxa-
tion and thus rapid LV filling in early diastole, with only minor contri-
bution to filling during atrial contraction. In synchrony with the
transmitral Doppler that demonstrates a prominent E wave and a
small Awave, the PV Doppler shows a prominent D wave with a dia-
stolic dominant pattern (S/D ratio < 1) and a small A-wave reversal
(Figure 2D). The normal decline in LV relaxation that occurs with ag-
ing leads to progressive decrease in LV filling in early diastole and an
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increase in filling during atrial contraction. Normal individuals in their
third and fourth decades demonstrate near equalization of the PV S
and D waves. With aging, the transmitral Doppler shows progressive
attenuation and prolonged deceleration of the E wave together with
an increasingly prominent A wave in terms of velocity and duration.
This transmitral pattern is mirrored by the PV Doppler profile that
demonstrates a progressively prominent S wave, a smaller D wave,
and more prominent A-wave reversal. Still, the velocity of the latter
remains <35 cm/sec (Figures 2B and 2C).11,12
Influence of Various Physiologic Factors on Individual PV
Doppler Waveforms

The physiologic hemodynamic parameters that influence the various
PV Doppler waveforms are shown in Figure 3. S1 occurs in response
to the fall in LA pressure caused by the increase in atrial volume as a
result of atrial relaxationwith a ‘‘suction effect’’ on blood in the pulmo-
nary vasculature. Thus, S1 depends on the efficiency of LA relaxation,
which is, in turn, dependent on atrial contractility. S2 results from the
propagation of the RV ejection wave across the pulmonary vascula-
ture, causing a ‘‘pushing effect’’ on blood flow.9,10 Additionally, S2 is
determined in part by LA compliance, itself dependent on the systolic
displacement of the mitral annulus toward the apex. Therefore, S2 de-
pends on the RV stroke volume and on the LV longitudinal function,
an important contributor to the increase in LA volume during sys-
tole.9,10 The D wave results from the fall in LA pressure that follows
mitral valve (MV) opening and emptying of the left atrium into the left
ventricle. Thus, it is determined by the state of LV relaxation and
compliance, and it is influenced by the same factors that affect early
transmitral filling (E wave).9,10 Finally, the A wave is caused by atrial
contraction with subsequent rise in LA pressure that exceeds PV pres-
sure, thus leading to flow reversal in the PVs. Therefore, the Awave is
affected by LA contractile function and by LV stiffness.9,10

The timing of the S2 and D waves is relatively fixed during the car-
diac cycle because of their associations with RV systole and LV relax-
ation, respectively. In contrast, the timing of the A and S1 waves may
vary, as they are influenced by variable factors such as the cardiac
rhythm, the duration of the PR interval, and the relationship between
the P-wave and the QRS complex.
PV DOPPLER IN DISEASE STATES

Alterations of the PV flow profile occur in disease states that involve
the LV myocardium, pericardium, MV, or conduction system.
Additionally, PV stenosis and congenital anomalies that involve the
left atrium cause alterations in PV Doppler. Some of these conditions
lead to characteristic changes in the PV flow profile.
MV DISEASE

Mitral Regurgitation

The PV Doppler profile is a valuable tool for evaluating the hemody-
namic consequences and aiding in the assessment of the severity of
mitral regurgitation (MR). Worsening degree of MR is associated
with a progressive reduction in the peak velocity of the S wave, due
to a decrease of the S2 component, together with an increase in the
velocity of the D wave.13 Some patients with severe MR demonstrate
a characteristic systolic reversal (SR) that replaces the forward S wave
(Figure 4A).14,15 The SR results from the transmission of the LV sys-
tolic pressure to the left atrium and reflects a prominent ‘‘v’’ wave
on LA or pulmonary capillary wedge pressure recording.15 As the
‘‘v’’ wave is typically evident in the latter part of systole and SR re-
places the forward S2 component, SR is often noted in mid to late sys-
tole, with S1 being either forward or absent, particularly in individuals
with severe MR due to MV prolapse.4 Holosystolic reversal is occa-
sionally encountered with reversal of the S1 and S2 waves, especially
when MR is very severe.

Whereas mild MR does not alter the PV flow profile in the absence
of associated pathologies, it is tempting to speculate that moderate
MRwould lead to blunting of the S wave, leading to an S < D pattern,
and severe MR would result in SR in the PVs. However, this simplistic
scenario does not hold true in many patients with moderate or severe
MR.3 Even though the velocities of the S and Dwaves inversely corre-
late with the height of the ‘‘v’’ wave, the latter is neither sensitive nor
specific for severe MR.16

Several hemodynamic parameters influence the height of the ‘‘v’’
wave in the left atrium and thus the peak velocity of the S wave
and the presence or absence of SR.9,17

An important parameter is LA compliance, a major determinant of
both LA filling pressure and the velocity of the S2 component
(Figure 3). Acute severe MR in the setting of a nondilated and poorly
compliant left atrium leads to SR more often than chronic severe MR
with similar regurgitant volume.17 Still, in chronic severe MR, LA
compliance gradually worsens over time, leading to a progressive in-
crease in the height of the ‘‘v’’ wave, more blunting of the S wave, and,
ultimately, possible development of SR.17

Beyond LA compliance, additional parameters influence the veloc-
ity of the S wave, including LV systolic function, the presence of atrial
fibrillation, and mitral stenosis.18,19 For instance, an asymptomatic pa-
tient with chronic severe MR, a dilated and compliant left atrium, and
normal LV systolic function would likely have normal or near normal
LA filling pressure and demonstrate a normal PV flow profile with
S > D and no SR. This pattern is associated with trivial ‘‘v’’ waves
on LA or pulmonary capillary wedge pressure recording.20

Accordingly, 40% to 50% of individuals with severe MR exhibit
either a normal PV flow profile or blunting of the S wave.21

Conversely, a patient with chronic severe MR and one or more of
the following conditions, including a noncompliant left atrium, LV sys-
tolic dysfunction, mitral stenosis, and/or atrial fibrillation, would have
more likelihood of exhibiting large ‘‘v’’ waves on pressure recording
and SR on the PV Doppler profile. Figure 4B illustrates the various
PV flow patterns associated with MR.

A limitation to the assessment of MR severity by PVDoppler is that
SR may be present in only one PV, depending on the direction and
eccentricity of the MR jet.22,23 As TTE most often permits sampling
of a single PV, TEE provides added information to the assessment
of MR severity by allowing sampling of additional PVs.7,23 In one
study, one third of patients with severe MR demonstrated discordant
flow pattern between the RUPVand LUPV, with the former showing



Figure 1 Transthoracic and transesophageal echocardiographic windows for visualization of the PVs. (A) Suprasternal short-axis
view showing the left atrium (LA) and the four PVs. (B) Apical four-chamber view with color Doppler demonstrating blood flow in
the RLPV (arrow). (C) Modified apical four-chamber view with slight anterior angulation demonstrating blood flow in the LUPV (arrow).
Blood flow exiting the orifice of the RUPV is indicated by an arrowhead. (D)Modified parasternal short-axis view demonstrating flow in
the LLPV (arrow). (E–G) Transesophageal images showing the various PVs from the midesophageal window. Note the LUPV (E), the
LUPV and LLPV visualized simultaneously (F), and the RUPV and RLPV visualized simultaneously (G). AoA, Aortic arch; LV, left
ventricle; RA, right atrium; RPA, right pulmonary artery; RV, right ventricle; RVOT, RV outflow tract.

Table 1 Requirements for the optimal recording of pulsed-wave Doppler interrogation of the RUPV or RLPV by TTE

� Ensure optimal ECG tracing showing ‘‘P’’ and ‘‘QRS’’ waves

� Position the ultrasound transducer in the apical four-chamber view
� Optimize 2D image quality

� Narrow the 2D sector

� Identify the orifice of the RUPV by slight anterior angulation or RLPV by slight posterior tilt

� If PV orifice is difficult to visualize, perform slight transducer rotation toward the apical three-chamber view
� Visualize blood flow within the RUPV or RLPV by color Doppler

� Narrow the color sector to maximize frame rate

� If flow is not well visualized, reduce the velocity scale (Nyquist limit) to improve visualization of the color signal

� Ensure alignment of the Doppler signal with flow
� Optimize pulsed-wave Doppler settings

B Sample volume size: 2–3 mm

B Sample volume location: 0.5–2 cm inside the PV
B Gain

B Relatively low filter (#200 Hz) to visualize the onset and end of A wave

� Adjust recording speed

B 25 mm/sec to assess the effect of respiration on PV flow
B 50–100 mm/sec to measure the duration of the A-wave reversal

� Activate the respirometer, if needed, to determine the phase of the respiratory cycle (inspiration, expiration, apnea)

� In case excessive respiratory motion displaces the sample volume outside the PV, obtain recording during breath holding in end-expiration

� Obtain a transmitral Doppler at the same recording speed for comparison

2D, Two-dimensional; ECG, electrocardiographic.
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Figure 2 (A) Temporal relationship between the electrocardiogram (ECG), phases of LA function, LA pressure, PV Doppler, and MV
Doppler. (B–D) Normal PV Doppler profiles. PV Doppler profile from the transthoracic window shows distinct S1 and S2 waves (B)
versus a single S wave (C) in healthy individuals in their sixth decade. A dominant diastolic pattern (S < D) is evident in this 18-
year-old healthy woman with no structural heart disease (D). MVC, MV closure; MVO, MV opening.

Figure 3 Influence of various physiologic factors on individual pulmonary venous waveforms. AV, Atrioventricular; [, increased; Y,
decreased.
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Figure 4 MV disease. (A) Severe MR in a 55-year-old man with ischemic heart disease. The PV Doppler profile demonstrates char-
acteristic SRs (arrows), occurring in the last two thirds of systole and replacing the forward Swave. (B)Various pulmonary venous flow
patterns associated with MR. (C) Severe mitral stenosis in a 44-year-old woman with rheumatic heart disease. There is prolongation
of the D-wave pressure halftime at 160 msec (arrows), which is comparable with the transmitral E-wave pressure halftime of 165
msec, reflecting the obstruction to flow across the MV. PCW, Pulmonary capillary wedge.

Figure 5 Abnormalities of LV diastolic function. (A) Elevated LVEDP in a 65-year-old man with hypertensive heart disease. The
temporally aligned MV and PV Doppler show a shortened transmitral AMV with a prominent APV reversal that ends 50 msec after
AMV. (B) Elevated LA filling pressure in a 72-year-old man with ischemic cardiomyopathy and an LVEF of 35%. The PV Doppler profile
demonstrates an attenuated S wave with an S < D pattern indicative of elevated LA pressure. The widened A-wave reversal is likely
due to elevated LVEDP.
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more commonly SR and the latter more often blunting of the S wave
or a normal flow profile.23

As discussed below, atrial fibrillation and elevated LA pressure of
any etiology independently lead to blunting of the S-wave in the
absence of MR. Therefore, caution must be exercised not to use sys-
tolic blunting as the sole marker of MR severity, particularly in the
setting of LV systolic dysfunction. Additionally, systolic blunting as a
marker ofMR severity is more valuable in the setting of primary rather
than secondary MR.24
On the basis of the aforementioned information, the PV Doppler
should not be used alone but in conjunction with other parameters to
help assess the severity of MR.4 The presence of SR carries high spec-
ificity but low sensitivity for severe MR, and specificity is further
increased if SR is evident in two separate PVs by TEE.4,14,21

Importantly, SR should be evident on every cardiac cycle, and care
should be taken to distinguish it from intermittent SR due to atrioven-
tricular dissociation and from early SR due to junctional or idioventric-
ular rhythm (see section under ‘‘Rhythm and Conduction
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Disorders’’).4 Therefore the absence of SR does not exclude severe
MR, whereas its presence makes severe MR highly likely.

An important technical factor during interrogation of the PV flow is
to ensure correct positioning of the pulsed-wave Doppler sample vol-
ume (Table 1). If the latter is inadvertently placed in the posterior
aspect of the left atrium rather than inside the PV, contamination
by the MR jet may lead to a false diagnosis of SR and overestimation
of MR severity.4
MV Repair

Recent data demonstrate a value for the intraprocedural assessment
of the PV Doppler profile at the time of percutaneous MV repair
for severe MR. TEE-derived PV flow data obtained in the catheteriza-
tion laboratory and demonstrating a low S/D TVI ratio (<0.72) after
transcatheter edge-to-edge MV clip implantation predict recurrent
MR and worse long-term outcome.25 Conversely, postrepair
improvement in the PV flow profile from SR to blunted signal
(S < D) and from blunted signal to a normal pattern (S > D) is a better
predictor of outcome than MR grade and is associated with survival
benefit and lower rehospitalization rate.26
Mitral Stenosis

Significant obstruction to flow across the MV is associated with a
decrease in the velocity of all PV waveforms (S, D, and A waves).19
Figure 6 LA mechanical failure in a 72-year-old man with ischemic
evaluation with temporally alignedMV and PV Doppler shows eviden
E-wave deceleration time and isovolumic relaxation time (IVRT), and
Sixmonths later, he presentedwith worsening heart failure. A follow-
an increase in peak E-wave velocity, shortening of the deceleration
rhythm, and increase in D-wave velocity. The transmitral A wave has
tion despite higher filling pressure. These findings are suggestive of
deceleration time; Evel, E-wave peak velocity; PA, pulmonary artery
A prolonged pressure halftime of the D wave is usually evident
(Figure 4C), a reflection of the abnormally slow pressure decay across
the MV in early diastole. This pattern is mirrored by an abnormally
prolonged pressure halftime of the transmitral E wave. Additionally,
a prominent Awave is occasionally noted during sinus rhythm, indic-
ative of forceful LA contraction against the stenotic MV.27 A similar
PV pattern showing a prolonged deceleration of the D wave can be
encountered in the setting of impaired LV relaxation.
ABNORMALITIES OF LV DIASTOLIC FUNCTION

Elevated LV End-Diastolic Pressure

Elevated LV end-diastolic pressure (LVEDP) is one of the earliest
measurable markers of diastolic dysfunction that usually precedes
the increase in mean LA pressure. The MVA wave (AMV) and PVA
wave (APV) normally begin simultaneously, and in healthy subjects,
their durations are either similar or AMV is slightly longer
(Figure 2A).11 In the setting of elevated LVEDP, the rise in LV diastolic
pressure causes theMV to close before atrial relaxation has begun and
thus before LA pressure has decreased. This phenomenon results in a
more pronounced backflow of blood into the PVs and leads to a
wider APV than AMV. An APV-AMV duration > 30 msec predicts
high LVEDP with high accuracy and in an age-independent manner
(Figure 5A).28,29 A simpler approach to measuring the duration of
cardiomyopathy and severe LV systolic dysfunction. Baseline
ce of elevated LA pressure with E/A velocity ratio of 2, shortened
APV-AMV difference = 90 msec, suggestive of elevated LVEDP.

up study showed further increase in LA pressure as evidenced by
time and IVRT, disappearance of the PV S wave despite sinus
vanished and the PV Awave has decreased in velocity and dura-
LA mechanical dysfunction. Adur, A-wave duration; EDT, E-wave
.



Figure 7 Pericardial and myocardial disease. (A) Constrictive pericarditis. In this 60-year-old man with idiopathic constrictive peri-
carditis, the D-wave velocity decreases by 60% from expiration (Exp; arrows) to the first beat of inspiration (Insp; arrowheads). (B)
Restrictive cardiomyopathy. In this 72-year-old man with cardiac amyloidosis, the atrial relaxation wave (S1) is evident, whereas
S2 is absent. The marked attenuation of S2 is due to significant impairment of LV longitudinal function and elevated filling pressure.
The D wave is prominent and exhibits minimal respiratory variability.

Figure 8 PV stenosis. (A) PV stenosis in a 50-year-old man following catheter ablation of atrial fibrillation. Continuous-wave Doppler
of the RLPV shows increased peak velocity of the S and Dwaves at 1.3 m/sec. (B)High-grade PV stenosis. The S wave demonstrates
markedly elevated peak velocity at 2.8 m/sec. (C) High-grade PV stenosis in a 25-year-old woman following lung transplantation
complicated by thrombosis of the RLPV anastomosis. A monophasic and high-velocity flow is evident with loss of distinct S and
D waves.

Figure 9 Congenital heart disease. (A) Atrial septal defect. The
PV Doppler profile of a 32-year-old woman with large secundum
defect demonstrates a single continuous antegrade wave (ar-
rows) that replaces the S and D wave. Additionally, no A-wave
reversal is evident. (B) Cor triatriatum. The PV Doppler profile
of this 16-year-old boy shows dampening of the forward S
and D wave with no A-wave reversal. The effect of the A-wave
is evident on the forward velocities (arrows).
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AMV and APV is to compare the ends of both waves using the R wave
on the electrocardiogram as a reference.

The APV-AMV difference helps separate patients with impaired
relaxation pattern into those with normal filling pressure and those
with elevated LVEDP and normal mean LA pressure. In contrast to
the S/D ratio (see below), an APV-AMV difference > 30 msec is indic-
ative of elevated LVEDP regardless of LVejection fraction (LVEF) and
remains useful in patients with hypertrophic cardiomyopathy.30,31 An
abnormal APV-AMV difference is associated with a higher readmission
rate in patients with heart failure.32

A less robust indicator of elevated LVEDP is an increased APV

velocity > 35 cm/sec. Importantly, assessment of APV is not feasible
during atrial fibrillation, because of the loss of atrial contraction.
Elevated LA Pressure

In normal adults older than 40 years of age, the S/D ratio is >1 and
exhibits an inverse relationship to LA pressure. As the latter increases,
the velocity of the S wave decreases, and the PV Doppler profile typi-
cally demonstrates a diastolic-dominant (S < D) pattern. The promi-
nent D wave reflects a high-velocity transmitral E wave, itself a
manifestation of the high LA-LV pressure gradient (Figure 5B).33

Shortening of the D-wave deceleration time is often noted, and occa-
sionally, an APV-AMV difference > 30 msec is evident, indicating high
LVEDP.34 As the S2 wave is influenced by LV contractility and stroke
volume, an S/D ratio < 1 is a marker of elevated LA pressure in



Figure 10 Rhythm and conduction disorders. (A) Atrial fibrillation in a 56-year-old man. The PV Doppler profile demonstrates an
attenuated S wave with prominent D wave and no A-wave reversal. (B) Atrial flutter in a 60-year-old man. The PV Doppler profile
shows abrupt changes in the velocity of the D wave (arrows). (C) First-degree atrioventricular block in a 75-year-old woman with a
PR interval of 260 msec. The PV Doppler profile demonstrates one forward systolic velocity (S2 wave) and two forward diastolic ve-
locities that correspond to the Dwave and the atrial relaxation (S1) wave, respectively. Note thewide separation of the peaks of S1 and
S2 and the onset of S1 well before the QRS complex (arrows). (D) Short PR interval of 90msec in an 18-year-old woman with no struc-
tural heart disease. The temporally aligned MV and PV Doppler demonstrate a large PV A-wave reversal (arrows) with high velocity
(45 cm/sec) and a long duration (150 msec) that ends 70 msec after the small and shortened transmitral A-wave (arrowheads). This
finding can be mistaken for elevated LVEDP if the short PR interval is not recognized on the electrocardiogram. (E) Atrioventricular
dissociation in a 74-year-old man with third-degree atrioventricular block. Note the unrelated P and QRSwaves on the electrocardio-
gram. The PV Doppler profile demonstrates dissociation between the A and atrial relaxation (AR) waves (arrowheads) that follow the
electrocardiographic P wave and the S and D waves that are dependent on the QRS complex. Additionally, a prominent SR wave
(arrow) is noted, resulting from LA contraction occurring against a closed MV, thus leading to more prominent backflow into the
PVs. (F) Junctional rhythm in a 35-year-oldmanwith retrograde atrial activation. The simultaneous occurrence of atrial and ventricular
systole leads to large early systolic flow reversals (cannon A-waves; arrows) in the PV, noted with every beat. This phenomenon re-
sults from atrial contraction occurring against a closed MV.
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patients with reduced LVEFs and/or low cardiac output.35 In individ-
uals with normal LVEFs, the S/D ratio is not a sensitive marker of
elevated filling pressure, because of preserved mitral annular motion
that opposes blunting of S2.

35 Thus, an S/D ratio > 1 does not exclude
elevated LA pressure in the setting of preserved LVEF. When present,
a low S/D ratio is an independent predictor of survival and future car-
diovascular events in individuals with preserved LVEF and provides
prognostic information beyond the traditional grading of diastolic
function.32 Another parameter, the systolic fraction (STVI/
[STVI + DTVI]), predicts normal filling pressure with high accuracy
when it is >55%.33

Healthy individuals <40 years of age normally exhibit S/D ra-
tios < 1 (Figure 2D), and this pattern should not be considered to
reflect elevated LA pressure. Furthermore, the S/D ratio is not predic-
tive of LA pressure in the setting of atrial fibrillation, severe MR, and
hypertrophic cardiomyopathy.
LA Mechanical Dysfunction

Stretching of the left atrium or infiltration of the LAwall with amyloid
fibrils may lead to atrial mechanical failure.36 Despite sinus rhythm,
the PV A wave can be small or absent despite elevated LVEDP
(Figure 6).
DISEASES OF THE PERICARDIUM AND MYOCARDIUM

Constrictive Pericarditis and Cardiac Tamponade

Constrictive pericarditis leads to hemodynamic disturbances,
including exaggerated ventricular interdependence and limited trans-
mission of the intrathoracic pressure to the cardiac cavities.37

Inspiration results in augmented RV filling with leftward shift of the
interventricular septum and subsequent decrease in LV filling. The re-
sulting PV Doppler profile demonstrates a significant decrease in the
forward flow velocities with inspiration, particularly the D wave.38

Expiration is associated with opposite changes (Figure 7). These re-
spirophasic alterations are usually most evident on the first inspiratory
and expiratory beats. The inspiratory decrease and expiratory in-
crease in D-wave velocity parallel those for the transmitral E wave,
but the percentage change in velocity is often more marked in the
PVs. The combination of an S/D ratio $ 0.65 coupled with a
decrease in D-wave velocity of $40% from expiration to inspiration
helps distinguish patients with constrictive pericarditis from those
with restrictive cardiomyopathy.38 Similar findings of respirophasic
variation on the PV Doppler are noted with cardiac tamponade.

Respiratory variation in flow is neither sensitive nor specific for
pericardial diseases. Studies have shown the absence of respirophasic
variation in at least one third of patients with constrictive



Figure 11 Common or characteristic PV Doppler patterns with
diagnostic correlation. Abnormal waveforms are shown in red.
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pericarditis.39,40 Additionally, variation does occur in individuals with
exaggerated fluctuation in intrathoracic pressure, often in the setting
of increased respiratory effort due to obesity or airway obstruction
associated with chronic obstructive lung disease. Therefore, the pres-
ence of respirophasic variation on PV Doppler is supportive of
constrictive pericarditis or cardiac tamponade within the echocardio-
graphic context. However, its absence should not be used to exclude
the diagnosis.
Restrictive Cardiomyopathy

The main hemodynamic abnormality is an increase in LV chamber
stiffness leading to a rise in LA filling pressure. The PVDoppler profile
typically demonstrates blunting of the S wave with a prominent D
wave showing minimal respiratory variation and rapid deceleration
time, all indicative of elevated LA pressure (Figure 7B).38 Blunting
of the Swave is often pronounced because of the elevated filling pres-
sure, the impairment of LV longitudinal function, and occasional atrial
fibrillation.
PV STENOSIS

This conditionmost often results from an injury during catheter-based
PV isolation for atrial fibrillation.41 Even though TTE does not allow
optimal visualization of all four PVs, the color Doppler identification
of a turbulent flow originating from the direction of a PV should raise
the suspicion of PV stenosis.41 PV Doppler demonstrating an abnor-
mally high peak velocity of the forward waveforms$1.1 m/sec is sug-
gestive of this diagnosis (Figure 8A).42,43 The identification of a peak
waveform velocity > 1.6 m/sec (Figure 8B) or a high-velocity mono-
phasic flow with loss of distinct S and D waves (Figure 8C) indicates
high-grade PV stenosis.43 TEE allows improved assessment of the
presence and severity of PV stenosis compared with TTE.
CONGENITAL HEART DISEASE

Atrial Septal Defect

In the setting of an atrial septal defect with a large left-to-right shunt,
flow in the PVs becomes more dependent on interatrial shunting than
on left cardiac hemodynamics. This uncoupling phenomenon be-
tween the PVs and left heart parameters confers characteristic
changes to the PV Doppler profile, resulting in the loss of distinct S
and D waves. Instead, many patients demonstrate a single continuous
antegrade wave from the onset of systole to atrial contraction, reflect-
ing the run-off of blood from the left atrium into the right atrium
across the defect (Figure 9A).44,45 Additionally, the A wave is often
attenuated because atrial contraction pushes the blood not only
into the PV and left ventricle but also into the right atrium, thus
reducing backflow into the PVs (Figure 9A).44,45 The specificity and
positive predictive value of a single antegrade wave to indicate the
presence of an underlying atrial septal defect is not known. The PV
Doppler profile returns to a normal pattern following closure of the
defect.44,45
Cor Triatriatum

This condition is characterized by obstruction to flow within the LA
cavity and leads to partial uncoupling between PV flow and left heart
hemodynamics. The resulting PV Doppler profile demonstrates
dampening of the waveforms with partial fusion of the S and Dwaves
and no A-wave reversal (Figure 9B).46 The effect of the A wave re-
mains evident on the forward flow velocities (Figure 9B).
RHYTHM AND CONDUCTION DISORDERS

Atrial Fibrillation

An important hemodynamic consequence of atrial fibrillation is the
loss of effective atrial contraction and relaxation. As the A wave is
generated by LA contraction, atrial fibrillation leads to the loss of
the A wave on the PV Doppler profile. Additionally, the absence of
atrial relaxation results in the vanishing of the S1 wave. Therefore,
the forward systolic waveform results from the sole contribution of
S2. As S2 normally arises before S1 has ended, this phenomenon
causes S2 to start at a low velocity, thus leading to blunting of the S
wave and a diastolic-dominant (S < D) pattern (Figure 10A).18 This
pattern resembles the flow profile seen in older individuals in sinus
rhythmwith elevated LA pressure. Thus, a false diagnosis of high filing
pressure can be made if this phenomenon is not recognized.
Following conversion to sinus rhythm, the resulting atrial stunning is



Table 2 Prognostic value of PV flow patterns

Finding on PV Doppler Cardiac condition n Mean age, y Follow-up duration Outcome Study

APV-AMV difference $

30 msec

HFrEF 145 70 15 mo Higher cardiacmortality

and hospitalization

Dini et al.51

Peak S < D LVEF < 45% 115 69 1 y Higher rate of HF
hospitalization and

death

Dini et al.52

S < D TVI ratio IHD 102 66.9 4.1 y Higher rate of HF

hospitalization or
death

Ren et al.53

Lower peak S/D

Higher APV-AMV

LVEF > 50% 365 64.9 7.9 mo Higher rate of HF

readmissions

Buffle et al.32

Improved PV Doppler* Post-PMVr 93 76 1 y Improved survival and

reduced

hospitalization

Corrigan et al.26

S/D TVI # 0.72† Post-PMVr 300 76 1 y Higher mortality,

recurrent MR, MV

surgery, redo PMVR

Ikenaga et al.25

HF, Heart failure; HFrEF, heart failure with reduced ejection fraction; IHD, ischemic heart disease; PMVr, percutaneous MV repair.

*Improved PV Doppler is defined as a positive change in S-wave morphology from reversed to blunted or from blunted to normal pattern on intra-

procedural TEE done in the immediate postrepair period.
†S/D TVI ratio # 0.72 on intraprocedural TEE done in the immediate postrepair period.

Table 3 Feasibility of obtaining optimal pulmonary venous velocity recording by TTE from the apical window

Authors Year of publication

Feasibility of assessing S

and D waves

Feasibility of assessing A

wave

Jensen et al.54 1997 190/200 (95%) 180/200 (90%)

Gentile et al.12 1997 143/174 (82%) 101/174 (58%)

Dini et al.51 2000 110/145 (76%) 90/145 (62%)

Buffle et al.32 2015 284/393 (73%) 255/393 (65%)
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associated with low velocity of all waveforms, particularly the S1 and
Awaves. Within 10 days after cardioversion, increases in the velocities
of all waveforms are usually noted.47
Atrial Flutter

The most characteristic pattern is an abrupt change in the forward
flow velocities with indentations on the contour of the waveforms,
particularly the D wave (Figure 10B). This pattern reflects the rapid
change in the PV-LA pressure gradient due to the fast sequence of
atrial contraction and relaxation.
First-Degree Atrioventricular Block

With an abnormally long PR interval, atrial contraction occurs before
the rapid filling phase has ended. The atrial relaxation (S1) wave that
follows starts before the delayed QRS complex and gives a ‘‘double
diastolic peak’’ pattern to the PV signal (Figure 10C). Additionally,
the systolic wave becomes clearly biphasic, with wide separation be-
tween the peaks of S1 and S2.

48
Short PR Interval

Because of the short atrioventricular delay, the rapid rise in LV pres-
sure in early systole causes premature closure of the MV and thus
abrupt termination of the transmitral flow with shortening of the
MV A-wave duration (Figure 10D). As LA relaxation has not fully
developed, the relatively high LA pressure at the time of MV closure
causes backflow into the PVs and leads to a prominent PV A wave
with longer duration than the transmitral A wave (Figure 10D).49

The same flow pattern occurs in individuals with intra-atrial conduc-
tion delay due to late activation of the left atrium. This finding on PV
Doppler mimics an elevation in LVEDP (Figure 5A). Therefore,
before a diagnosis of elevated LVEDP is considered, one must ensure
that the PR interval is not abnormally short.
Atrioventricular Dissociation

The electrical dissociation between the P andQRSwaves leads to me-
chanical dissociation between the left atrium and left ventricle. The
resulting PV Doppler profile demonstrates a dissociation between
both the Awave and atrial relaxation wave that follow the electrocar-
diographic P wave and the S and D waves that are dependent on the
QRS complex (Figure 10E).9 Additionally, intermittent and promi-
nent SR waves are noted. These waves result from LA contraction
occurring during ventricular systole, thus against a closedMV, causing
further rise in LA pressure and backflow into the PVs (Figure 10E).50



234 Fadel et al Journal of the American Society of Echocardiography
March 2021
Junctional and Idioventricular Rhythm

In patients with retrograde electrical conduction to the atria, atrial acti-
vation and contraction occur during ventricular systole and thus
against a closed MV. This phenomenon leads to a rise in LA pressure,
resulting in prominent and early systolic flow reversals (cannon A
waves) in the PVs (Figure 10F).49 This pattern of early SR should be
distinguished from the holosystolic or mid to late SR encountered
in severe MR.

In summary, the PV Doppler profile is altered in various rhythm
and conduction disorders. Recognition of these alterations prevents
the misinterpretation of the Doppler signal as to represent a structural
of hemodynamic abnormality of the left heart.
DIAGNOSTIC CORRELATION OF PULMONARY VENOUS

FLOW PATTERNS

Figure 11 illustrates common or characteristic PV Doppler flow pat-
terns with correlation to specific diagnosis.
PROGNOSTIC VALUE OF PULMONARY VENOUS FLOW

PARAMETERS

PV Doppler parameters including the S/D ratio and APV-AMV have
prognostic value and are predictors of major adverse cardiac events,
including hospitalization for heart failure, readmission, and higher
mortality rates in specific patient populations.32,51-53 Additionally,
various findings on PV Doppler following percutaneous MV repair
are associated with either survival benefit or with worse patient
outcomes.25,26 These studies are detailed in Table 2.
FEASIBILITY OF PULMONARY VENOUS FLOW RECORDING

AND USE OF ULTRASOUND ENHANCING AGENTS

An interpretable PV flow profile can be acquired from the transtho-
racic apical window in up to 90% of adults. The S and D waves are
optimally recorded in 73% to 95% of individuals, whereas the lower
velocity Awave is more difficult to visualize and is recordable in 58%
to 90% of individuals (Table 3).12,32,52,54

In individuals with suboptimal flow profile, the use of ultrasound
enhancing agents during TTE improves the quality and facilitates
interpretation of the PV Doppler signal.55 Ultrasound enhancing
agents allow improved visualization of biphasic systolic waves and
recording of higher peak velocity of the forward waves, thus
increasing the accuracy of interpretation of the Doppler data.55

Technically, PV flow is best evaluated in the later part of the contrast
injection.51,52,55
LIMITATIONS AND PITFALLS

The major challenge to the use of the PV Doppler in everyday prac-
tice is the ability to obtain a good-quality and interpretable flow signal
by TTE. Several conditions, such as chronic lung disease, shadowing
from mitral calcifications, reverberations from prosthetic valves, me-
chanical ventilation, and inability to properly position patients, such
as in the intensive care setting, increase the difficulty in obtaining an
optimal PV Doppler signal. Additionally, obesity and severe LA
and/or LV enlargement make an optimal signal difficult to record
because of the far-field sector and distortion of cardiac anatomy.

The A wave is often more difficult to record than the S and D
waves because of its lower velocity and timing. The most common
and problematic artifact encountered on the PV Doppler profile oc-
curs during atrial contraction and results in a low-velocity wall motion
signal in late diastole that obscures the A wave. Table 1 summarizes
the appropriate steps that help improve the quality of the PV
Doppler signal.
CONCLUSION

Spectral Doppler interrogation of the PVs should be routinely per-
formed as part of any comprehensive echocardiographic study.
Even though findings on the PV Doppler profile should not be used
as the sole parameters for diagnostic purposes, their use in combina-
tion with two-dimensional, spectral, color, and tissue Doppler param-
eters provides added hemodynamic information regarding a wide
variety of diseases that involve the left heart. A good-quality recording
of the PV flow signal and proper interpretation of the waveforms are
important requirements to improve diagnostic accuracy and optimize
medical care.
REFERENCES

1. Keren G, Sherez J, Megidish R, Levitt B, Laniado S. Pulmonary venous flow
pattern—its relationship to cardiac dynamics. A pulsed Doppler echocar-
diographic study. Circulation 1985;71:1105-12.

2. Klein AL, Tajik AJ. Doppler assessment of pulmonary venous flow in
healthy subjects and in patients with heart disease. J Am Soc Echocardiogr
1991;4:379-92.

3. Tabata T, Thomas JD, Klein AL. Pulmonary venous flow by Doppler echo-
cardiography: revisited 12 years later. J Am Coll Cardiol 2003;41:
1243-50.

4. Zoghbi WA, Adams D, Bonow RO, Enriquez-Sarano M, Foster E,
Grayburn PA, et al. Recommendations for noninvasive evaluation of
native valvular regurgitation: a report from the American Society of Echo-
cardiography developed in collaboration with the Society for Cardiovas-
cular Magnetic Resonance. J Am Soc Echocardiogr 2017;30:303-71.

5. Sohns C, Vollmann D, Luethje L, Dorenkamp M, Seegers J, Schmitto JD,
et al. MDCT in the diagnostic algorithm in patients with symptomatic atrial
fibrillation. World J Radiol 2011;3:41-6.

6. Huang X, Huang Y, Huang T, Huang W, Huang Z. Individual pulmonary
vein imaging by transthoracic echocardiography: an inadequate traditional
interpretation. Eur J Echocardiogr 2008;9:655-60.

7. Castello R, Pearson AC, Lenzen P, Labovitz AJ. Evaluation of pulmonary
venous flow by transesophageal echocardiography in subjects with a
normal heart: comparison with transthoracic echocardiography. J Am
Coll Cardiol 1991;18:65-71.

8. Hahn RT, Abraham T, Adams MS, Bruce CJ, Glas KE, Lang RM, et al.
Guidelines for performing a comprehensive transesophageal echocardio-
graphic examination: recommendations from the American Society of
Echocardiography and the Society of Cardiovascular Anesthesiologists. J
Am Soc Echocardiogr 2013;26:921-64.

9. AppletonCP. Hemodynamic determinants of Doppler pulmonary venous
flow velocity components: new insights from studies in lightly sedated
normal dogs. J Am Coll Cardiol 1997;30:1562-74.

10. Smiseth OA, Thompson CR, Lohavanichbutr K, Ling H, Abel JG,
Miyagishima RT, et al. The pulmonary venous systolic flow pulse—its origin
and relationship to left atrial pressure. J Am Coll Cardiol 1999;34:802-9.

http://refhub.elsevier.com/S0894-7317(20)30614-3/sref1
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref1
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref1
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref2
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref2
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref2
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref3
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref3
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref3
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref4
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref4
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref4
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref4
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref4
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref5
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref5
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref5
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref6
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref6
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref6
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref7
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref7
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref7
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref7
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref8
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref8
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref8
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref8
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref8
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref9
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref9
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref9
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref10
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref10
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref10


Journal of the American Society of Echocardiography
Volume 34 Number 3

Fadel et al 235
11. Oh JK, Appleton CP, Hatle LK, Nishimura RA, Seward JB, Tajik AJ. The
noninvasive assessment of left ventricular diastolic function with two-
dimensional and Doppler echocardiography. J Am Soc Echocardiogr
1997;10:246-70.

12. Gentile F, Mantero A, Lippolis A, Ornaghi M, Azzollini M, Barbier P, et al.
Pulmonary venous flow velocity patterns in 143 normal subjects aged 20
to 80 years old. An echo 2D colour Doppler cooperative study. Eur Heart J
1997;18:148-64.

13. Castello R, Pearson AC, Lenzen P, Labovitz AJ. Effect of mitral regurgita-
tion on pulmonary venous velocities derived from transesophageal echo-
cardiography color-guided pulsed Doppler imaging. J Am Coll Cardiol
1991;17:1499-506.

14. Klein AL, Obarski TP, Stewart WJ, Casale PN, Pearce GL, Husbands K,
et al. Transesophageal Doppler echocardiography of pulmonary venous
flow: a new marker of mitral regurgitation severity. J Am Coll Cardiol
1991;18:518-26.

15. Kamp O, Huitink H, van Eenige MJ, Visser CA, Roos JP. Value of pulmo-
nary venous flow characteristics in the assessment of severity of native
mitral valve regurgitation: an angiographic correlated study. J Am Soc
Echocardiogr 1992;5:239-46.

16. Pichard AD, Diaz R, Marchant E, Casanegra P. Large V waves in the pul-
monary capillary wedge pressure tracing without mitral regurgitation: the
influence of the pressure/volume relationship on the V wave size. Clin
Cardiol 1983;6:534-41.

17. Grimes RY, Levine RA, Walker PG, Yoganathan AP. Dynamics of systolic
pulmonary venous flow in mitral regurgitation: mathematical modeling
of the pulmonary venous system and atrium. J Am Soc Echocardiogr
1995;8:631-42.

18. Oki T, Iuchi A, Tabata T, Yamada H, Manabe K, Fukuda K, et al. Transeso-
phageal pulsed Doppler echocardiographic study of systolic flow velocity
patterns of the pulmonary vein in patients with atrial fibrillation. Echocar-
diography 1998;15:147-56.

19. Klein AL, Bailey AS, Cohen GI, Stewart WJ, Husbands K, Pearce GL, et al.
Effects of mitral stenosis on pulmonary venous flow as measured by
Doppler transesophageal echocardiography. Am J Cardiol 1993;72:
66-72.

20. Braunwald E, Awe WC. The syndrome of severe mitral regurgitation with
normal left atrial pressure. Circulation 1963;27:29-35.

21. Enriquez-Sarano M, Dujardin KS, Tribouilloy CM, Seward JB,
Yoganathan AP, Bailey KR, et al. Determinants of pulmonary venous
flow reversal in mitral regurgitation and its usefulness in determining the
severity of regurgitation. Am J Cardiol 1999;83:535-41.

22. Mark JB, Ahmed SU, Kluger R, Robinson SM. Influence of jet direction on
pulmonary vein flow patterns in severe mitral regurgitation. Anesth Analg
1995;80:486-91.

23. Klein AL, Bailey AS, Cohen GI, Stewart WJ, Duffy CI, Pearce GL, et al.
Importance of sampling both pulmonary veins in grading mitral regurgita-
tion by transesophageal echocardiography. J Am Soc Echocardiogr 1993;
6:115-23.

24. PuM,Griffin BP, Vandervoort PM, StewartWJ, Fan X, CosgroveDM, et al.
The value of assessing pulmonary venous flow velocity for predicting
severity of mitral regurgitation: a quantitative assessment integrating left
ventricular function. J Am Soc Echocardiogr 1999;12:736-43.

25. Ikenaga H, Yoshida J, Hayashi A, Nagaura T, Yamaguchi S, Rader F, et al.
Usefulness of intraprocedural pulmonary venous flow for predicting
recurrent mitral regurgitation and clinical outcomes after percutaneous
mitral valve repair with the MitraClip. JACC Cardiovasc Interv 2019;12:
140-50.

26. Corrigan FE III, Chen JH, Maini A, Lisko JC, Alvarez L, Kamioka N, et al.
Pulmonary venous waveforms predict rehospitalization and mortality af-
ter percutaneous mitral valve repair. JACC Cardiovasc Imaging 2019;
12:1905-13.

27. KerenG, Pardes A,Miller HI, Scherez J, Laniado S. Pulmonary venous flow
determined by Doppler echocardiography in mitral stenosis. Am J Cardiol
1990;65:246-9.
28. Rossvoll O, Hatle LK. Pulmonary venous flow velocities recorded by
transthoracic Doppler ultrasound: relation to left ventricular diastolic pres-
sures. J Am Coll Cardiol 1993;21:1687-96.

29. Yamamoto K, Nishimura RA, Burnett JC Jr., Redfield MM. Assessment of
left ventricular end-diastolic pressure by Doppler echocardiography:
contribution of duration of pulmonary venous versus mitral flow velocity
curves at atrial contraction. J Am Soc Echocardiogr 1997;10:52-9.

30. Yamamoto K, Nishimura RA, Chaliki HP, Appleton CP, Holmes DR Jr.,
RedfieldMM. Determination of left ventricular filling pressure by Doppler
echocardiography in patients with coronary artery disease: critical role of
left ventricular systolic function. J Am Coll Cardiol 1997;30:1819-26.

31. Geske JB, Sorajja P, Nishimura RA, Ommen SR. Evaluation of left ventric-
ular filling pressures by Doppler echocardiography in patients with hyper-
trophic cardiomyopathy: correlation with direct left atrial pressure
measurement at cardiac catheterization. Circulation 2007;116:2702-8.

32. Buffle E, Kramarz J, Elazar E, Aviram G, Ingbir M, Nesher N, et al. Added
value of pulmonary venous flowDoppler assessment in patients with pre-
served ejection fraction and its contribution to the diastolic grading para-
digm. Eur Heart J Cardiovasc Imaging 2015;16:1191-7.

33. Kuecherer HF, Muhiudeen IA, Kusumoto FM, Lee E, Moulinier LE,
Cahalan MK, et al. Estimation of mean left atrial pressure from transeso-
phageal pulsed Doppler echocardiography of pulmonary venous flow.
Circulation 1990;82:1127-39.

34. Hunderi JO, Thompson CR, Smiseth OA. Deceleration time of systolic
pulmonary venous flow: a new clinical marker of left atrial pressure and
compliance. J Appl Physiol (1985) 2006;100:685-9.

35. Castello R, Vaughn M, Dressler FA, McBride LR, Willman VL, Kaiser GC,
et al. Relation between pulmonary venous flow and pulmonary wedge
pressure: influence of cardiac output. Am Heart J 1995;130:127-34.

36. Plehn JF, Southworth J, Cornwell GG III. Brief report: atrial systolic failure
in primary amyloidosis. N Engl J Med 1992;327:1570-3.

37. Hatle LK, Appleton CP, Popp RL. Differentiation of constrictive pericar-
ditis and restrictive cardiomyopathy by Doppler echocardiography. Circu-
lation 1989;79:357-70.

38. Klein AL, Cohen GI, Pietrolungo JF, White RD, Bailey A, Pearce GL, et al.
Differentiation of constrictive pericarditis from restrictive cardiomyopathy
by Doppler transesophageal echocardiographic measurements of respira-
tory variations in pulmonary venous flow. J Am Coll Cardiol 1993;22:
1935-43.

39. Oh JK, Hatle LK, Seward JB, Danielson GK, Schaff HV, Reeder GS, et al.
Diagnostic role of Doppler echocardiography in constrictive pericarditis. J
Am Coll Cardiol 1994;23:154-62.

40. Ha JW, Oh JK, Ommen SR, Ling LH, Tajik AJ. Diagnostic value of mitral
annular velocity for constrictive pericarditis in the absence of respiratory
variation in mitral inflow velocity. J Am Soc Echocardiogr 2002;15:
1468-71.

41. Robbins IM, Colvin EV, Doyle TP, Kemp WE, Loyd JE, McMahon WS,
et al. Pulmonary vein stenosis after catheter ablation of atrial fibrillation.
Circulation 1998;98:1769-75.

42. Obeid AI, Carlson RJ. Evaluation of pulmonary vein stenosis by transeso-
phageal echocardiography. J Am Soc Echocardiogr 1995;8:888-96.

43. Fadel BM, Abdulbaki K, Nambiar V, Al Amri M, Shahid M, Khouqeer F,
et al. Dual thrombosis of the pulmonary arterial and venous anastomotic
sites after single lung transplantation: role of transesophageal echocardiog-
raphy in diagnosis and management. J Am Soc Echocardiogr 2007;20.
438.e9-438.e12.

44. Saric M, Applebaum RM, Phoon CK, Katz ES, Goldstein SA, Tunick PA,
et al. Pulmonary venous flow in large, uncomplicated atrial septal defect.
J Am Soc Echocardiogr 2001;14:386-90.

45. Fadel BM, Mohty D, Aldawood W, Dahdouh Z, Di Salvo G. Spectral
Doppler interrogation of the pulmonary veins in atrial septal defect. Echo-
cardiography 2015;32:1027-9.

46. FaganLF Jr., PenickDR,WilliamsGA,LabovitzAJ,PearsonAC.Two-dimen-
sional, spectralDoppler, and color flow imaging in adultswith acquired and
congenital cor triatriatum. J Am Soc Echocardiogr 1991;4:177-84.

http://refhub.elsevier.com/S0894-7317(20)30614-3/sref11
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref11
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref11
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref11
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref12
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref12
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref12
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref12
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref13
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref13
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref13
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref13
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref14
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref14
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref14
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref14
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref15
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref15
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref15
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref15
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref16
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref16
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref16
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref16
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref17
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref17
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref17
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref17
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref18
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref18
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref18
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref18
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref19
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref19
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref19
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref19
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref20
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref20
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref21
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref21
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref21
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref21
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref22
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref22
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref22
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref23
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref23
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref23
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref23
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref24
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref24
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref24
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref24
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref25
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref25
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref25
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref25
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref25
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref26
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref26
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref26
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref26
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref27
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref27
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref27
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref28
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref28
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref28
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref29
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref29
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref29
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref29
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref30
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref30
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref30
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref30
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref31
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref31
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref31
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref31
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref32
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref32
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref32
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref32
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref33
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref33
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref33
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref33
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref34
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref34
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref34
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref35
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref35
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref35
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref36
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref36
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref37
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref37
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref37
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref38
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref38
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref38
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref38
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref38
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref39
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref39
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref39
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref40
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref40
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref40
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref40
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref41
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref41
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref41
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref42
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref42
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref43
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref43
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref43
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref43
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref43
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref44
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref44
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref44
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref45
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref45
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref45
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref46
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref46
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref46


236 Fadel et al Journal of the American Society of Echocardiography
March 2021
47. Iuchi A, Oki T, Fukuda N, Tabata T, Manabe K, Kageji Y, et al. Changes in
transmitral and pulmonary venous flow velocity patterns after cardiover-
sion of atrial fibrillation. Am Heart J 1996;131:270-5.

48. Steen T, Kongsgaard E, Soyland E, Ihlen H. The influence of atrioventric-
ular conduction and heart rate on the pulmonary venous flow pattern. J
Am Soc Echocardiogr 1996;9:129-34.

49. Naito M, Dreifus LS, David D, Michelson EL, Mardelli TJ,
Kmetzo JJ. Reevaluation of the role of atrial systole to cardiac he-
modynamics: evidence for pulmonary venous regurgitation during
abnormal atrioventricular sequencing. Am Heart J 1983;105:
295-302.

50. Tabata T, Grimm RA, Bauer FJ, Fukamachi K, Takagaki M, Ochiai Y, et al.
Giant flow reversal in pulmonary venous flow as a possible mechanism for
asynchronous pacing-induced heart failure. J Am Soc Echocardiogr 2005;
18:722-8.

51. Dini FL, Michelassi C, Micheli G, Rovai D. Prognostic value of pulmonary
venous flow Doppler signal in left ventricular dysfunction: contribution of
the difference in duration of pulmonary venous and mitral flow at atrial
contraction. J Am Coll Cardiol 2000;36:1295-302.

52. Dini FL, Dell’Anna R, Micheli A, Michelassi C, Rovai D. Impact of blunted
pulmonary venous flow on the outcome of patients with left ventricular
systolic dysfunction secondary to either ischemic or idiopathic dilated car-
diomyopathy. Am J Cardiol 2000;85:1455-60.

53. Ren X, Na B, Ristow B, Whooley MA, Schiller NB. Usefulness of diastolic
dominant pulmonary vein flow to predict hospitalization for heart failure
and mortality in ambulatory patients with coronary heart disease (from
the Heart and Soul Study). Am J Cardiol 2009;103:482-5.

54. Jensen JL, Williams FE, Beilby BJ, Johnson BL, Miller LK, Ginter TL, et al.
Feasibility of obtaining pulmonary venous flow velocity in cardiac patients
using transthoracic pulsed wave Doppler technique. J Am Soc Echocar-
diogr 1997;10:60-6.

55. Williams MJ, McClements BM, Picard MH. Improvement of transthoracic
pulmonary venous flow Doppler signal with intravenous injection of son-
icated albumin. J Am Coll Cardiol 1995;26:1741-6.

http://refhub.elsevier.com/S0894-7317(20)30614-3/sref47
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref47
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref47
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref48
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref48
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref48
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref49
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref49
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref49
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref49
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref49
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref50
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref50
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref50
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref50
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref51
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref51
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref51
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref51
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref52
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref52
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref52
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref52
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref53
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref53
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref53
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref53
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref54
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref54
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref54
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref54
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref55
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref55
http://refhub.elsevier.com/S0894-7317(20)30614-3/sref55

	Spectral Doppler Interrogation of the Pulmonary Veins for the Diagnosis of Cardiac Disorders: A Comprehensive Review
	Anatomy and Echocardiographic Imaging of the PVs
	Pulmonary Venous Anatomy
	Transthoracic Echocardiography
	Transesophageal Echocardiography

	Normal Pulmonary Venous Flow Profile
	Effect of Age on PV Doppler Profile
	Influence of Various Physiologic Factors on Individual PV Doppler Waveforms

	PV Doppler in Disease States
	MV Disease
	Mitral Regurgitation
	MV Repair
	Mitral Stenosis

	Abnormalities of LV Diastolic Function
	Elevated LV End-Diastolic Pressure
	Elevated LA Pressure
	LA Mechanical Dysfunction

	Diseases of the Pericardium and Myocardium
	Constrictive Pericarditis and Cardiac Tamponade
	Restrictive Cardiomyopathy

	PV Stenosis
	Congenital Heart Disease
	Atrial Septal Defect
	Cor Triatriatum

	Rhythm and Conduction Disorders
	Atrial Fibrillation
	Atrial Flutter
	First-Degree Atrioventricular Block
	Short PR Interval
	Atrioventricular Dissociation
	Junctional and Idioventricular Rhythm

	Diagnostic Correlation of Pulmonary Venous Flow Patterns
	Prognostic Value of Pulmonary Venous Flow Parameters
	Feasibility of Pulmonary Venous Flow Recording and Use of Ultrasound Enhancing Agents
	Limitations and Pitfalls
	Conclusion
	References


