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A global multidisciplinary workshop was convened to discuss the multimodality diagnostic evaluation of aortic

regurgitation (AR). Specifically, the focus was on assessment tools for AR severity and analyzing evolving data on the

optimal timing of aortic valve intervention. The key concepts from this expert panel are summarized as: 1) echocardi-

ography is the primary imaging modality for assessment of AR severity; however, when data is incongruent or incom-

plete, cardiac magnetic resonance may be helpful; 2) assessment of left ventricular size and function is crucial in

determining the timing of intervention; 3) recent evidence suggests current cutpoints for intervention in asymptomatic

severe AR patients requires further scrutiny; 4) left ventricular end-systolic volume index has emerged as an additional

parameter that has promise in guiding timing of intervention; and 5) the role of additional factors (including global

longitudinal strain, regurgitant fraction, and myocardial extracellular volume) is worthy of future investigation.

(J Am Coll Cardiol 2023;82:1953–1966) © 2023 by the American College of Cardiology Foundation.
T he prevalence of aortic regurgitation (AR) is
not well established. Recent large-scale,
community-based epidemiologic studies

report greater than or equal to mild AR in 15% to
67.5% of adult patients $65 years of age, with male
sex and increasing age being the primary risk factors
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for disease. Clinically significant AR ($ moderate or
3þ) is estimated to account for 1.6% to 15% of the
AR population.1,2

In most patients, AR is due to chronic degenerative
disease and almost one-half of the patients have
congenital abnormalities, predominantly bicuspid
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HIGHLIGHTS

� Assessing the hemodynamic impact of AR
on the LV involves integrating various
imaging parameters pertaining to LV size
and systolic function to determine the
optimum time for intervention.

� Conventional criteria for surgical inter-
vention in patients with AR include:
LVEF #55%, LVESD $25 mm/m2, pro-
gressive decline in LVEF to 55% to 60%,
or increase in LVEDD to >65 mm.

� Additional studies are needed to deter-
mine whether lower thresholds (eg,
LVEF <60% and LVESD >20 mm/m2) for
valve intervention would improve long-
term outcomes for patients with chronic,
severe AR.

ABBR EV I A T I ON S

AND ACRONYMS

2D = 2-dimensional

3D = 3-dimensional

AR = aortic regurgitation

CMR = cardiac magnetic

resonance

CT = computed tomography

ECV = extracellular volume

GLS = global longitudinal

strain

LV = left ventricle

LVEDD = left ventricular

internal end-diastolic

dimension

LVEDV = left ventricular

end-diastolic volume

LVEF = left ventricular

ejection fraction

LVESD = left ventricular

end-systolic dimension

LVESV = left ventricular

end-systolic volume

RF = regurgitant fraction

ROA = regurgitant orifice area

RV = regurgitant volume

TEE = transesophageal

echocardiography

TTE = transthoracic

echocardiography
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aortic valves.3,4 Patients with AR and
bicuspid valve disease are younger by 2 de-
cades, primarily male, and commonly have
associated ascending aortic dilation.5,6

The pathophysiology of AR is complex;
over time excessive preload and afterload
portend to eccentric left ventricular (LV)
hypertrophy and dilation. In turn, this leads
to diastolic and microvascular dysfunction
and interstitial cellular changes. Disease
progression is multifactorial and predicted
by ventricular response, age, genetics, and
concomitant comorbidities (such as hyper-
tension). The longstanding pressure and
volume overload can result in marked LV
dilation, irreversible LV systolic dysfunc-
tion, and eventually heart failure symp-
toms, all of which are associated with a
poor prognosis.7 Ideally, aortic valve inter-
vention is performed before the onset of
irreversible remodeling and/or LV systolic
dysfunction.

Currently, the presence of symptoms, left
ventricular ejection fraction (LVEF), and
echocardiographic linear LV dimensions
guide the timing of intervention in patients
with chronic severe AR. The contemporary
recommendations from the American Col-
lege of Cardiology/American Heart Associa-
tion and European Society of Cardiology/
European Association of Cardio-Thoracic Surgery
practice guidelines for patients with valvular
heart disease are summarized in Table 1.8,9 How-
ever, recent data suggest that excess mortality
may occur at lower thresholds of LV size and
function.

The optimal timing of intervention for patients
with asymptomatic significant AR is based on
assessment of AR severity and identification of early
signs of LV dysfunction and/or LV chamber dilation.
Although echocardiography is the cornerstone imag-
ing modality for assessment of patients with AR,
multimodality imaging is crucial in many patients for
complete assessment of AR severity and subclinical
LV changes.

As such, the aim of this paper is to provide an
overview of the key aspects of noninvasive imaging in
the evaluation of chronic, native valve AR, and to
readdress the parameters to determine timing of
aortic valve intervention considering recent evidence
that has emerged since the current guidelines.
Herein, the data presented may serve as a stimuli for
additional investigation to influence future
guidelines.
METHODS

The Heart Valve Collaboratory AR working group is
comprised of a diverse group of stakeholders and
academic AR experts including international aca-
demic leaders and clinical investigators, industry, the
U.S. Food and Drug Administration, the National In-
stitutes of Health, and the U.S. Centers for Medicare
and Medicaid Services.10 The Heart Valve Collabo-
ratory convened a global consortium in January 2022
to critically analyze the diagnostic evaluation of AR
and address the current uncertainties, evidence gaps,
and controversies in the timing of treatment of AR.

DIAGNOSTIC TOOLS FOR VALVE

ASSESSMENT AND EVALUATION OF

AR SEVERITY

PHYSICAL EXAMINATION. Attention to the physical
examination and vital signs is necessary as the find-
ings can be notable in significant AR, and can alert the
clinician to a significant valve lesion for which further
evaluation is needed. Physical examination findings
include wide pulse pressure, low diastolic blood
pressure, prominent holodiastolic murmur, bounding
pulses on palpation, Corrigan sign, and Quincke’s
pulse.11 Often the systolic outflow murmur from the
increased forward stroke volume is more prominent
than the diastolic murmur. Some of these findings are
also associated with an increased mortality risk; in
fact, decreasing diastolic blood pressure alone is an
independent risk factor for mortality in chronic AR.12

ECHOCARDIOGRAPHY. Transthoracic echocardiography
(TTE) is the initial and most commonly used modality



TABLE 1 ACC/AHA and ESC/EACTS Practice Guidelines for the Management of Patients With Chronic AR

ESC/EACTS ACC/AHA

Class I

(a) Surgery is recommended in symptomatic patients regardless of LV function (LOE: B)

(b) Surgery is recommended in asymptomatic patients with LVESD
>50 mm or LVESDi >25 mm/m2 or LVEF #50% (LOE: B)

(b) Surgery is recommended in chronic, severe AR patients with LVEF#55% if
no other cause of systolic dysfunction is identified (LOE: B)

(c) Surgery is recommended in symptomatic or asymptomatic
patients with severe AR if undergoing CABG or surgery of
ascending aorta or another valve (LOE: C)

(d) Valve sparing root replacement is recommended in young patients
with aortic root dilation, if performed in experienced centers and
durable results are expected (LOE: B)

(e) Ascending aortic surgery is recommended in patients with Marfan
syndrome who have aortic root disease with maximal ascending
aortic diameter $50 mm (LOE: C)

Class IIa

(a) Ascending aortic surgery should be considered in patients who
have aortic root disease with maximal ascending aortic diameter:
1) $55 mm in all patients; or 2) $45 mm in the presence of
Marfan syndrome or additional risk factors, or (3) $50 mm in
the presence of bicuspid aortic valve with additional risk factors
or coarctation (LOE: C)

(a) Surgery is reasonable in asymptomatic severe AR patients with
LVEF >55% if LV is severely enlarged (LVESD >50 mm or LVESDi
>25 mm/m2) (LOE: B)

(b) When surgery is indicated for the aortic valve, replacement of
the aortic root or tubular ascending aorta should be considered
when $45 mm (LOE: C)

(b) Surgery is reasonable in patients with moderate AR who are
undergoing cardiac or aortic surgery for other indications (LOE: C)

Class IIb

(a) Surgery may be considered in asymptomatic patients with
LVESDi >20 mm/m2 or resting LVEF #55%, if surgery is low
risk (LOE: C)

(a) Surgery may be considered in asymptomatic, severe AR patients with
LVEF >55% who are low surgical risk and have a progressive decline in
LVEF on at least 3 serial studies to the low-normal range (LVEF 55% to
60%) or a progressive increase in LV size into the severe range (LVEDD
>65 mm) (LOE: B)

(b) Aortic valve repair may be considered in selected patients at
experienced centers when durable results are expected (LOE: C)

ACC ¼ American College of Cardiology; AHA¼ American Heart Association; AR ¼ aortic regurgitation; CABG ¼ coronary artery bypass grafting; ESC ¼ European Society of
Cardiology; EACTS ¼ European Association of Cardio-Thoracic Surgery; LOE ¼ level of evidence; LV ¼ left ventricular; LVEF ¼ left ventricular ejection fraction; LVEDD ¼ left
ventricular end-diastolic dimension; LVESD ¼ left ventricular end-systolic dimension; LVESDi ¼ left ventricular end-systolic dimension index.
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to evaluate cardiac structure and function in patients
with all valvular disorders, including AR. A compre-
hensive TTE examination provides the mechanism
and severity of the valve lesion, the hemodynamic
impact of the valve lesion on the cardiac chambers,
and the presence of other cardiac pathology. Two-
dimensional (2D) assessment also includes a
detailed evaluation of the aortic valve, the LV outflow
tract, and the aorta to understand the anatomy and
define the mechanism and severity of regurgitation.

Echocardiography is critical for determining the
severity of AR. There are quantitative, semi-
quantitative and qualitative methods using 2D TTE
and Doppler techniques to assess AR severity.13 No
single method is preferred, and each has its pros and
cons. Therefore, an integrated approach that com-
bines methodologies is recommended (Figure 1). For
example, holodiastolic reversal of flow in the
abdominal aorta on TTE is a specific sign of severe AR;
however, it cannot always be assessed using echo-
cardiography due to body habitus or acoustic window
limitations.
Transesophageal echocardiography (TEE) can be
helpful in delineating leaflet morphology and evalu-
ating the severity of AR when TTE image quality
precludes accurate assessment. It also allows for a
more detailed analysis for surgical aortic valve repair,
valve sparing root repair, or transcatheter treatment
options. Additional options for assessment in patients
with suboptimal image quality or when discrepancies
exist between echocardiographic and clinical
data include cardiac magnetic resonance (CMR), car-
diac computed tomography (CT) or aortic root
angiography.
CMR. Both the American College of Cardiology/
American Heart Association and European Society of
Cardiology/European Association of Cardio-Thoracic
Surgery guidelines recommend CMR as an adjunct
diagnostic test in situations where echocardiography
is inconclusive or further evaluation of AR severity is
warranted.8,9 CMR is able to accurately assess the
mechanism of AR in addition to evaluation of atrio-
ventricular morphology, aortic root, and thoracic
aortic size.14



FIGURE 1 Echocardiographic Methods Used in the Assessment of AR Severity

• Rapid assessment

Vena Contracta
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Pulsed-Wave Doppler:
 
Flow Reversal in the 
Proximal Descending Aorta

Quantitative Doppler: 
EROA,RV, RF

Stroke Volume Method

Advantages Limitations
Echocardiography

Parameter Example

• Surrogate for regurgitant orifice size
• May be used in eccentric jets
• Independent of flow rate and driving pressure
• Less dependent on technical factors
• Good for identifying mild or severe AR; vena
   contracta width >0.6 cm specific for severe AR

• Problematic in the presence of multiple
   jets or bicuspid valves
• Convergence zone needs to be visualized
• Direction of the jet will influence the
   appearance of the jet

• Less useful for multiple jets, constrained
   jet (by aortic wall), and nonhemispheric
   jet shapes
• Timing in early diastole

• Multiple jets of differing directions may 
   be measured

• Dynamic jets may be over or
   underestimated

• Simple supportive sign of severe AR
• More specific sign for severe AR if seen in the
   abdominal aorta
• Can be obtained with TTE and TEE

• Depends on compliance of the aorta; less
   reliable in older patients
• Brief velocity reversal is normal
• Can be present in AV fistula in the upper
   extremity and ruptured sinus of Valsalva
• May not be holodiastolic in acute AR

Qualitative parameter
Pressure Half-Time • Simple

• Specific sign of pressure relation between
   aorta and LV; <200 ms is specific for 
    severe AR

• Poor alignment of Doppler beam may
   result in lower pressure half time
• Affected by changes that modify LV-aorta
   pressure gradient
• Less useful in the assessment of chronic AR

• Rapid quantitative assessment of lesion
   severity (EROA) and volume overload (RV)

• Feasibility limited by AV calcifications
• Not valid for multiple jets
• Less accurate in eccentric jets
• Limited experience
• Small errors in radius can lead to large
   errors in EROA due to squaring of error

• Valid with multiple jets and eccentric jets
• Provides lesion severity (EROA, RF) and
   volume overload (RV)
• Can verify results using LV end diastolic
   volume and end-systolic volume

• Inaccuracies can result if there is difficulty
   measuring mitral annulus (eg, calcification)
• Cannot be used for co-existing mitral
   and aortic regurgitation

Semiquantitative parameter
Jet width/LVOT diameter • Simple, sensitive screen

• Rapid assessment
• Jet width ≥65% of LVOT specific for 
  
   severe AR
  

• Underestimates AR in eccentric jets
• May overestimate AR in central or
   
   transient jets
• Affected by LVOT size

Qualitative parameter

Density of Continuous-Wave
Regurgitant Jet

• Simple
• Density proportional to number of red blood
   cells reflecting the signal
• Faint or incomplete jet is compatible with
   mild or trace AR

• Perfectly central jets may appear denser
   
   than eccentric jets of higher severity
• Overlap between moderate and severe AR

An integrated approach using quantitative, semiquantitative and qualitative echocardiographic parameters is recommended to evaluate regurgitation severity. Adapted

with permission from Zoghbi et al.13 3D ¼ 3-dimensional; AR ¼ aortic regurgitation; EROA ¼ effective regurgitation orifice area; LV ¼ left ventricle; LVOT ¼ left

ventricular outflow tract; RF ¼ regurgitant fraction; RV ¼ regurgitant volume; TEE ¼ transesophageal echocardiography; TTE ¼ transthoracic echocardiography.
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Using 2D phase contrast CMR (ideally at the level of
the sinotubular junction and perpendicular to the
aorta), direct quantification of forward volume,
regurgitant volume (RV) and regurgitant fraction (RF)
can be performed (Figure 2A). Both CMR-RF and CMR-
RV are highly reproducible and have superior repro-
ducibility compared to echocardiography.15 Formal
cut-off values to delineate hemodynamically signifi-
cant AR have yet to be defined. In the literature, the
CMR-RF cut-off values that have best agreed with
severe AR on echocardiography have ranged from
26% to 48%.16-18 These CMR-RF cut-off values for
significant AR are consistently lower than echocar-
diographic cut-offs and show better correlation with
3-dimensional (3D) TTE compared to 2D TTE.19 A
higher degree of AR severity by CMR is also asso-
ciated with increased progression of symptoms
and/or need for surgery with high accuracy. Using a
cut-point value of a CMR-RF of 33%, Myerson
et al20 found that 85% of subjects with a CMR-RF
>33% progressed to surgery in comparison to only
8% with a CMR-RF #33% (P < 0.0001). This was
confirmed recently by Hashimoto et al21 and by
Faber et al22 identifying a similar aortic CMR-RF
threshold of 32% which was associated with symp-
tom progression and/or need for aortic valve
replacement.21,22 Recent work by Vejpongsa et al23

also supports a lower CMR-RF threshold (35%) for
identification of severe AR as compared to the
current proposed TTE-based guideline-threshold (RF
>50%). Although an RF >50% is highly specific for
significant AR, it may lack the needed sensitivity for
earlier identification of LV remodeling and adverse
outcomes.

In addition, holodiastolic retrograde flow at the
proximal descending thoracic aorta can be easily
assessed, is highly reproducible, and has prognostic
value. The presence of holodiastolic retrograde
flow on CMR is independently associated with 2.8
times increased risk of death or heart failure
hospitalization.17

Despite the many advantages of CMR phase-
contrast imaging in quantifying AR severity, such as
its noninvasiveness and avoidance of contrast injec-
tion or radiation, important nuances are needed for
its proper acquisition and analysis. First, systematic
alignment of the imaging plane perpendicular to the
vessel interrogated is essential to avoid underesti-
mation of forward and regurgitation flows. Second,
presence of mixed aortic stenosis and AR leads to
dephasing and underestimation of forward flow. To
overcome this limitation, a separate acquisition at
the aortic annulus/left ventricular outflow tract
(below the stenosis) and/or adjustment of the
phase-contrast encoding velocity to avoid aliasing is
necessary. Third, patients should be positioned at
the magnet isocenter to minimize offset errors
which can introduce up to 10% of variation in flow
measurements, particularly if no background
correction is applied.24 Fourth, similar to echocar-
diography, CMR assessment of AR severity in the
presence of atrial fibrillation requires averaging of
multiple cardiac cycles with free-breathing phase-
contrast acquisition which can introduce greater
variability improving with averaged acquisition.
Last, as mentioned before, the location of AR
severity assessment must be obtained at the
sinotubular junction for greater accuracy and
reproducibility.18

MULTIDETECTOR CARDIAC CT. Cardiac CT is not
a first-line imaging tool for assessment of AR severity
as it cannot provide a direct measurement of flow.
However, with electrocardiogram–synchronized
acquisition either covering the entire cardiac cycle
(retrospective) or just diastolic phases (prospective),
cardiac CT does allow for assessment of aortic valve/
root morphology and structure and can be used to
help quantify severity by means of geometric mea-
surements of the regurgitant orifice area (ROA).

ROA estimation by CT can be useful in selected
patients with difficult echocardiographic images;
however, it tends to be overestimated in comparison
to proximal isovelocity surface area–derived ROA by
TEE. The few published CT studies that suggest ROA
cut-off values for the diagnosis of moderate and se-
vere AR (using TTE as the reference standard) vary
widely in their results: 25 mm2 and 75 mm2 by Alkadhi
et al25, 27 mm2 and 47 mm2 by Jeon et al26, and
25 mm2 and 37 mm2 by Goffinet et al.14 This is perhaps
due to the fact that the proximal isovelocity surface
area method estimates the area of the vena contracta
width which tends to be smaller than the geometric
regurgitant area.14 However, ROA quantification of
AR severity using CT planimetry correlates well with
CMR assessment of AR. Ko et al27 found that ROAs of
15 mm2 and 23 mm2 allow good discrimination be-
tween mild, moderate, and severe AR by CMR.

There are notable limitations in the CT assessment
of AR severity; therefore, this technique is used less
often to quantify AR. For example, in cases of AR with
eccentric jets and/or commissural insufficiency, a
higher degree of AR may not be accompanied by an
increased ROA. ROA measurement can also be diffi-
cult in patients with cusp prolapse and/or calcifica-
tion at the cusp margins, which cause significant
artifacts. However, this has not been found to impair



FIGURE 2 CMR Assessment in Patients With Chronic AR

Phase-Contrast CMR Assessment of Aortic Valve Flow and Severity of ARA

CMR Assessment of the Left VentricleB
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(A) Phase-contrast cardiac magnetic resonance (CMR) image acquisition is performed to measure forward stroke volume, regurgitant volume, and regurgitant fraction

to measure AR severity. It is measured in a plane perpendicular to the aortic root at the level of the sinotubular junction (yellow dashed line). A flow-time curve is

generated by integration of velocity and area data at each phase in the cardiac cycle. In this example, the holodiastolic flow reversal and high aortic RF are consistent

with severe AR. (B) CMR evaluation of the LV response to chronic AR includes systolic function assessment by LV ejection fraction and strain, volumetric assessment of

LV dilation, and myocardial fibrosis estimated by late gadolinium enhancement (LGE) and extracellular volume (ECV) measurement. GLS ¼ global longitudinal strain;

LVEDVi ¼ left ventricle end-diastolic volume index; LVESVi ¼ left ventricular end-systolic volume index; other abbreviations as in Figure 1.
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TABLE 2 Classification of Significant AR by Echocardiography and CMR Imaging:

Qualitative and Quantitative Parameters

Echocardiography13 CMR

Jet width $65% of LVOT
(2D color Doppler)

—

Vena contracta width, mm >6.0 (2D color Doppler) —

Vena contracta area, cm2 >0.4 (3D color Doppler) —

Pressure halftime, ms <200 ms —

Diastolic retrograde flow in aorta Holodiastolic,
end-diastolic

flow Vmax >20 cm/s

Holodiastolic,
end-diastolic flow
Vmax > 20 cm/s17

Regurgitant volume, mL $60 —

Regurgitant fraction, % $50 >30 to 4016-18,20-23

EROA, cm2 $0.3 —

2D ¼ 2-dimensional; 3D ¼ 3-dimensional; CMR ¼ cardiac magnetic resonance; EROA ¼ estimated regurgitant
orifice area; LVOT ¼ left ventricular outflow tract; Vmax ¼ maximum velocity.
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the correlation between CMR grade of AR and CT ROA
assessment.27

Importantly, diseases of the aorta often accompany
aortic valve disorders, and cardiac CT plays a key role
in the assessment of the aortic root and ascending
aorta. Cardiac CT clearly defines the aortic wall, and
multiplanar reconstruction can be used to create
aortic images in a plane perpendicular to the aortic
lumen allowing correction of shape distortions from
aortic tortuosity. Aortic root and ascending aorta
dimension measurements are highly reproducible
across studies.28 Indexing of aortic size to height and
body size should also be considered as this has been
shown to improve risk stratification compared to
unindexed aortic dimensions.29-31

The thresholds for significant AR vary depending
on the imaging modality used. Table 2 summarizes
the key factors that can be evaluated by echocardi-
ography and CMR when assessing AR severity.
Limited echocardiographic imaging windows or
eccentric regurgitation jets can cause underestima-
tion of AR severity by echocardiography. When sig-
nificant AR is still suspected based on clinical
symptomatology and/or LV parameters, further
evaluation should be pursued with CMR.

DIAGNOSTIC EVALUATION OF LV RESPONSE

AND REMODELING

AR severity and clinical outcomes both strongly
correlate with LV dilation.32,33 Assessment of LV
dilation aids in the risk stratification of patients
with significant AR. However, there are multiple
causes of LV dilation or dysfunction aside from
AR; therefore, assuring that LV remodeling is a
result of AR rather than an alternative process
before deciding if a patient requires intervention is
imperative.

ECHOCARDIOGRAPHY. The TTE examination begins
with measurement of left ventricular internal end-
diastolic dimension (LVEDD) and end-systolic
dimension (LVESD), left ventricular end-diastolic
and end-systolic volumes (LVEDV and LVESV,
respectively) and LVEF. Data demonstrating the
prognostic value of LV internal dimensions have
withstood the test of time despite their intrinsic
limitations, and are the foundation for the LV cham-
ber size cut-off values used in both American College
of Cardiology/American Heart Association and Euro-
pean Society of Cardiology/European Association of
Cardio-Thoracic Surgery practice guideline for pa-
tients with valvular heart disease for determination
of the timing of surgical intervention.8,34-36 LVEDD
and LVESD are reproducible, relatively easy to
perform, and strong predictors of survival. Increased
LVESD, in particular, reflects not only severity of LV
dilation but also LV systolic dysfunction. Hence,
LVESD prognostic performance has exceeded that
of LVEDD. Several studies have shown that a left
ventricular end-systolic dimension index (LVESDi)
$25 mm/m2 alone is associated with excess mortal-
ity;37,38 this has provided the basis for the current
guideline recommendation for surgical intervention
at this threshold.8,9,37,38 However, more recent
studies suggest that a cut-off value of 25 mm/m2 may
be too conservative, and there may be a higher risk of
adverse outcomes earlier, perhaps once LVESDi
is $20 mm/m2. Mentias et al39 suggested increased
risk when LVESDi reached >20 mm/m2 and de
Meester et al40 showed excess mortality once LVESDi
was $25 mm/m2 compared to <25 mm/m2. Yang
et al41 similarly showed an increased mortality when
LVESDi is 20 to 25 mm/m2 (HR: 1.53; 95% CI: 1.01-
2.31), and yet an even greater mortality risk
at $25 mm/m2 (HR: 2.23; 95% CI: 1.32-3.77). Although
these findings have been confirmed in another recent
study in which LVESDi in the range of 20 to 25 mm/m2

was suggested as a threshold for surgical referral in
patients with asymptomatic severe AR and preserved
LVEF, this evidence is based on retrospective, single-
center observational studies.42 Therefore, further
investigation is needed before becoming standard
of care.

On the other hand, LVEDD and LVESD are linear
dimensions and may underestimate LV size in the
presence of asymmetric enlargement. Measurement
can sometimes be difficult in the presence of
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hypertrophy of the basal septum. Additionally, early
data supporting the use of these linear parameters
were based on M-mode methodology, whereas such
measurements are currently performed with 2D
techniques.34-36

LV volumes are ideally suited to provide a more
comprehensive assessment of global LV dilation and
have been shown to reflect the hemodynamic burden
on the LV in patients with AR. Recently, a threshold
LVESVi $45 mL/m2 was shown to be significantly
associated with increased mortality risk in asymp-
tomatic patients with chronic moderately severe to
severe AR. Additionally, LVESVi performed equally
well to LVESDi in discriminating excess mortality in
chronic AR patients.42

However, LV volumes are less reproducible in the
setting of poor image quality and in cases of image
foreshortening.43 Therefore, care must be taken to
obtain apical images that are not foreshortened to
ensure accurate and reproducible LV volumes
assessment. The use of echocardiography enhancing
agents has been shown to improve the accuracy of LV
volumes assessment and should be used in patients
with suboptimal image quality.44 3D TTE can poten-
tially overcome the drawbacks of 2D volumes because
geometric assumptions are required for measurement
of 2D LV volumes and LVEF. LV volumes by 3D TTE
have been shown to be closer than 2D TTE to volume
measurements assessed by CMR.45 The accuracy of 3D
TTE measurements is also highly dependent on image
quality; therefore, 3D imaging is not useful nor
feasible in every patient. Additionally, there is a
paucity of prognostic data for 3D TTE volumes in the
assessment of outcomes in patients with AR.

Although analysis of LV volumes, if feasible, is
associated with outcomes, identifying LV dysfunction
early in the disease process remains challenging.
Ideally, more sensitive parameters of LV dysfunction
are needed. LV deformation imaging has recently
been shown to be highly reproducible and have
prognostic value in a variety of disease states. Olsen
et al46 showed that reduced myocardial systolic
strain, systolic strain rate, and early diastolic strain
rate measured using speckle tracking echocardiogra-
phy are associated with disease progression during
conservative management and with impaired out-
comes after surgery. Global longitudinal strain (GLS)
is currently the most widely used echocardiographic
technique to assess myocardial deformation. Soft-
ware to measure GLS quickly and accurately is
currently available onmostmodern echocardiographic
imaging systems. Olsen et al46 suggested that the
best cut-off value discriminating between patients
with disease progression and stable disease during
conservative management is a GLS value of �18%
(area under the curve [AUC]: 0.72; sensitivity, 88%;
specificity, 60%), and the best cut-off for predicting
surgical outcomes is a GLS value of �14% (AUC:
0.77; sensitivity, 82%; specificity, 72%). In another
study by Alashi et al,47 in patients with chronic AR
and preserved ejection fraction (EF), an LV-GLS
value worse than �19.5% was associated with a
significantly increased 5-year risk of death.
Furthermore, patients who continue to show
impaired LV-GLS post aortic valve replacement
(worse than �19%) or worsening of LV-GLS by >5%
points post aortic valve replacement have signifi-
cantly higher long-term mortality.48 Yang et al49

found that LV-GLS worse than �15% alone has a
2.6-fold risk for death (95% CI: 1.54-4.23); further-
more, the combination of LV-GLS worse than �15%
and LVESVi >45 mL/m2 had a 3.96-fold risk of death
(95% CI: 1.94-8.03). Thus, the addition of LV-GLS
aids in the management of patients with chronic
AR.48,49 Although agreement on the precise cut-off
value for GLS that would prompt surgical inter-
vention remains to be defined, a depressed GLS
value in the range of �15% to �19% is useful,
particularly in patients with LV dilation.

A marked limitation of LV-GLS utility, especially
in chronic AR, is the degree to which it can be
affected by loading conditions. Myocardial work, LV
global work index, and LV global constructive work
are load-independent parameters that have been
introduced as alternative measures to assess
myocardial function in chronic AR patients with
preserved LVEF. Both LV global work index and LV
global constructive work have been shown retro-
spectively to correlate with markers of AR severity
and improve after surgical aortic valve replacement.
Additionally, postoperative impairment in LV global
work index is associated with adverse LV remodel-
ing.50 However, further studies are needed to
establish the prognostic implications of these
myocardial work parameters.
CMR. CMR has great utility in assessing the LV
response to chronic AR. This assessment includes
systolic function assessment by LVEF and strain
imaging, volumetric assessment of LV dilation as
well as myocardial fibrosis assessment by late gado-
linium enhancement and extracellular volume (ECV)
(Figure 2B).
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CMR is the gold standard for LV volumetric
assessment. CMR LV volume measurements are
precise and reproducible when performed by expe-
rienced centers.51 Capron et al33 compared the
discriminatory ability of echocardiographic and CMR
linear dimensions and volume assessment in pre-
dicting AR severity and showed that left ventricular
end-diastolic volume index (LVEDVi) assessment by
CMR has the best discriminatory ability with an
AUC of 0.91. LV volumes are consistently under-
estimated on echocardiography compared to CMR;
this is likely due to difficultly defining a clear LV
endocardial border on echocardiography.15,45,52-55 As
serial assessment of LV dilation is important in
decision-making for asymptomatic patients with
significant AR, if available, CMR can be the refer-
ence imaging method for monitoring LV dilation
over time.

CMR volumetric assessment can be used as a
threshold for early intervention and to predict
reverse remodeling postintervention in AR patients.
In asymptomatic AR patients, CMR-derived LVEDV
assessment (LVEDV >246 mL, LVEDVi >129 mL/m2),
especially when combined with quantitative assess-
ment of RF and RV, has good discriminatory ability
for predicting development of symptoms or an indi-
cation for surgery (AUC: 0.88 and 0.86, respec-
tively).20 Seldrum et al56 found that patients
undergoing surgical aortic valve replacement with an
LVEDVi >155 mL/m2 were more likely to show poor
reverse remodeling after aortic valve replacement
(AUC: 0.90).

Hashimoto et al21 reported that CMR LV volumes,
but not echocardiographic linear dimensions or
volumetric assessment, can also discriminate those
asymptomatic/minimally symptomatic vs symptom-
atic AR. In asymptomatic patients in that study,
LVESVi >45 mL/m2 by CMR was associated with
increased risk of cardiac events (death, heart failure,
symptomatic progression to aortic valve replace-
ment), with a threshold similar to that reported by
Yang et al42 using 2D echo assessment of LVESVi.21

Additionally, highly accurate assessment of CMR-RV
and CMR-RF provided additional prognostic value to
this cohort.21

CMR can also assess the consequences of progres-
sive volume and pressure overload by evaluation of
myocardial fibrosis and strain. Chronic AR is associ-
ated with reactive fibrosis, and T1 mapping with CMR
can quantify this process. Assessment of these
cellular changes by CMR is highly predictive of
clinical outcomes. Regional replacement fibrosis can
be assessed with late gadolinium enhancement.
Myocardial scar is independently associated with a
2.5-fold increased risk of mortality in chronic AR pa-
tients.57 Diffuse interstitial fibrosis and extracellular
matrix expansion, or ECV, can be assessed with T1
mapping techniques (scanner-dependent). ECV,
computed from pre-post contrast CMR T1 time
changes, correlates significantly with the magnitude
of histological fibrosis, AR severity, and adverse
clinical outcomes.40,58 Senapati et al58 found that an
indexed ECV (ECV � indexed LV end-diastolic
myocardial volume) cut-off $24 mL/m2 was associ-
ated with either death or need for aortic valve
replacement. However, indexed ECV is strongly
dependent on LVEDV; therefore, the relationship of
ECV to clinical outcomes is likely not independent.

LV strain assessment by CMR-feature tracking is
possible with routine cine imaging, and, similar to
echocardiography, is a promising technology associ-
ated with outcomes. Preliminary data from Fernán-
dez-Golfin et al59 in patients with chronic AR shows
an association of CMR-GLS with AR severity. In
addition, AR patients with abnormal GLS (worse than
�16%), abnormal global circumferential strain (<17%)
or abnormal global radial strain (<32%) showed a
significantly higher rate of clinical events, including
mortality. CMR strain imaging as a predictor of clin-
ical outcomes will require larger prospective cohort
studies to investigate if this relationship remains in-
dependent of LV volume changes.
MULTIDETECTOR CARDIAC CT. Functional cardiac
CT angiography (CCTA) is an excellent tool for
assessment of LV volumes and LV systolic function
providing accurate measurements when compared to
CMR and TTE.60,61 Using CMR as the reference stan-
dard, CCTA evaluation of LV volumes has been shown
to correlate well with CMR (end-diastolic volume
r ¼ 0.97, end-systolic volume r ¼ 0.97).55,62,63 If
automated software is used for quantification of LV
volumes, it is important to note whether papillary
muscles are included or excluded from LV mass as
this can significantly change the measured
LV volumes.64

A few limitations of CCTA include the need for
adequate intravenous contrast (which can worsen
renal function), radiation exposure, and the necessity
for a regular and slow heart rate at the time of
acquisition. These factors are essential in obtaining
adequate imaging for analysis but may not always be
feasible depending on patient specific factors. Addi-
tionally, assessment of chamber volumes requires
that CT acquisition covers the entire cardiac cycle.
One must be mindful of the limitations of CT in pa-
tients with atrial fibrillation and increased heart rate



FIGURE 3 The Role of LV Response in Determining the Timing of Intervention

Observe

 Decision Aids for
Borderline Scenarios

Operate

LVESDi ≤20 mm/m2

LVEF >60%
LVESDi >25 mm/m2

LVEF ≤55%

Parameters associated with
excess mortality

• LVESDi >20 mm/m2

• LVESVi >45 mL/m2

Adjunctive parameters to consider
• Progressive LV enlargement
• Myocardial strain
• Cardiac MRI
• Biomarkers

There are accumulating data indicating an excess mortality and other adverse cardiac events at thresholds of LVESDi >20 mm/m2, LVESVi

>45 mL/m2, and ejection fraction <60% in patients with significant AR. These factors in addition to myocardial strain imaging and plasma

biomarkers can be considered in borderline scenarios about whether to observe or pursue an intervention. LVEF ¼ left ventricular ejection

fraction; MRI ¼ magnetic resonance imaging; other abbreviations as in Figures 1 and 2.
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variability, which are specific for the CT scanner
system used. Although CT imaging acquired with CT
systems with limited detector coverage may experi-
ence step artifact, volume CT scanners with whole
heart acquisition are typically artifact free but may
not cover a representative RR-interval, ultimately
leading to underestimation of the LVEDV. Electro-
cardiogram tracing recorded by the CT scanner should
be reviewed and included into the interpretation of
the quantitative measures.

INTEGRATIVE IMAGING APPROACH IN A

PATIENT WITH SIGNIFICANT CHRONIC AR

The decision of whether a patient with AR requires
intervention is dependent on the assessment of clin-
ical symptoms, AR severity, and LV remodeling.

The evaluation of symptoms is critically important;
however, it can be challenging because patients
usually chronically adapt to the hemodynamic
burden of AR slowly over time and may not be aware
of any physical limitations. Exercise treadmill stress
testing may serve as an aid in the assessment of ex-
ercise tolerance.

Assessment of AR severity requires the correlation
of the physical examination and the initial TTE. If
there is discordance between the clinical data and
TTE (eg, loud diastolic murmur and wide pulse pres-
sure, but TTE parameters not consistent with severe
AR), then further imaging is necessary. There may
also be internal discrepancies in the TTE itself, such
as indications of severe AR by proximal isovelocity
surface area or volumetric analysis but normal LV
outflow velocity or absence of LV dilation. Eccentric
regurgitation jets are a common cause for imaging
discrepancies. TEE or CMR can be useful in resolving
these discrepancies. The thresholds of severity of AR
vary depending on the imaging modality used, and
lower thresholds of regurgitant fraction by CMR
compared to TTE have been shown by several groups
to be associated with progression of symptoms, need
for aortic valve replacement, and cardiovascular
outcomes. Aortic root angiography can also provide
semiquantitative assessment of AR severity.65

Beyond determining severity of valvular regurgi-
tation, accurate serial assessment of the extent of
LV remodeling plays a central role in determining
the optimal timing of surgical intervention. Mea-
surements of both LV size and systolic function, and
changes in these measurements over time, are key as
they are significantly associated with outcomes in
patients with significant AR. TTE is the initial imaging
modality for both the initial assessment of LV size
and function. However, if there is poor endocardial
definition on TTE or if there are “borderline” param-
eters, CMR or CT should be used to provide a more
accurate and reproducible assessment of LV size and
function.

LV remodeling in response to AR varies with age
and sex. Research suggests that older and/or female
patients have a blunted LV response in comparison to
younger and/or male patients.66-68 This elucidates



TABLE 3 Emerging Ventricular Parameters Associated With Adverse

Outcomes by Echocardiography and CMR Imaginga

Echocardiography CMR

LVEDV — >246 mL or 129 mL/m2 20

LVESVi >45 mL/m2 42,49 $43-45 mL/m2 21,72

LVESDi 20-25 mm/m2 39-42

GLS, % Worse than �15 to �1946-49 Worse than 1659

Indexed extracellular
volume, mL/m2

— $2458

aEmerging data based on nonrandomized, retrospective data.

GLS ¼ global longitudinal strain; LVEDV ¼ left ventricular end-diastolic volume; LVESDi ¼ left
ventricular end-systolic dimension index; LVESVi ¼ left ventricular end-systolic volume index;
other abbreviation as in Table 2.
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why fewer women are referred for AV intervention
based on LV parameters and also potentially con-
tributes to the inferior observed outcomes.67,69 Thus,
these factors are important to consider when evalu-
ating the LV. Sex and age-based thresholds for
intervention remain fertile ground for future
research. It is also important to determine whether LV
enlargement and/or dysfunction is due to severity of
AR or another etiology.

As noted previously, there are accumulating data
for severe AR indicating an excess mortality and
other adverse cardiac events at thresholds of
LVESDi >20 mm/m2, LVESVi >45 mL/m2, and
LVEF <60%.41,42 Additional measures of LV func-
tion including LV-GLS, and the degree/extent of
myocardial fibrosis may also help in predicting the
onset of myocardial dysfunction. Thus, the sug-
gested method to determine the treatment course of
the patient with severe AR is as follows: 1) If
symptoms or limited exercise tolerance, then oper-
ate; 2) If current guideline thresholds are reached
(LVESDi >25 mm/m2 or LVEF <55%), then operate;
3) If the patient is below lower limits of adverse
outcomes (LVESDi <20 mm/m2 and LVEF >60%),
then observe; and 4) If the patient is in the inter-
mediate range (LVESDi 20 mm/m2 to 25 mm/m2,
LVEF 55% to 60%), then incorporate other factors
(Figure 3, Table 3).

Adjunctive parameters to consider include LV
volumes (>45 mL/m2), LV-GLS, severity of RV and RF,
plasma biomarkers, and the degree and extent of
myocardial fibrosis. Importantly, progressive changes
in LV size and function should be considered.
Because of the variability of any single measurement
of either LV size or function by echocardiography,
measurements from at least 3 studies should be used,
or if available, tracked by CMR given its superior
reproducibility. B-type natriuretic peptide (BNP) is
the most studied plasma biomarker that has
prognostic importance. Elevated or progressively
increasing BNP can indicate advancing valve disease
and predicts poor clinical outcomes.38,70,71 In
asymptomatic, severe AR patients with normal
LV size and function, one study showed a BNP
value $130 pg/mL to be associated with adverse
outcomes.38 Finally, the needs and preferences of the
individual patient should be taken into consideration
using a shared decision-making process.

CONCLUSIONS

The diagnosis of AR severity and the imaging criteria
used for intervention for AR are less well established
than those used for aortic stenosis. All available in-
formation, both clinical (ie, vital signs, physical ex-
amination, and symptoms) and imaging, must be
integrated into determining whether AR is significant
(Central Illustration). Although echocardiography is
the first-line imaging technique used in chronic sig-
nificant AR, CMR is useful to assess AR severity and
LV remodeling when echocardiography data are
discrepant.

Assessment of LV volumes, myocardial strain,
and myocardial fibrosis may be helpful for patients
who are in the indeterminate range for management
based on current guidelines (LVESDi 20 mm/m2 to
25 mm/m2, LVEF 55% to 60%). Based on the current
data available, we cannot establish causality but
only associations between these thresholds
(LVEF <60%, GLS worse than �15 to �19, LVESDi
>20 mm/m2, LVESVi >45 mL/m2) and worse prog-
nosis; therefore, no single imaging-based early
threshold is absolute.

Intervening in patients with severe AR before the
onset of LV dysfunction may prevent irreversible
remodeling that occurs with long-standing pressure
and volume overload. Adjunctive imaging parame-
ters hold promise in helping guide the timing of
surgical intervention and may be incorporated into
decision-making as more robust data becomes
available. This will become particularly important in
the future with refinement of surgical aortic valve
repair techniques, reduction in operative risks, and
the likely emergence of AR-specific transcatheter
therapies.
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CENTRAL ILLUSTRATION Summary of the Assessment and Therapy Decisions for Chronic
Aortic Regurgitation

Nonsignificant AR:
• Optimize medical management
• Appropriate surveillance imaging and
   visits
• Patient counseling for relevant
  symptoms

Significant AR without symptoms:
Perform risk assessment and consider
early surgical intervention

Established parameters to evaluate:
• LVEF
• LV end-systolic and -diastolic dimensions

Adjunctive parameters to evaluate:
• LV end-systolic and -diastolic volumes
• Global longitudinal strain
• Extracellular volume and/or fibrosis (CMR)

Significant AR with symptoms:
• Refer for surgery

Continue to Monitor

Decision for Surgical Intervention

Established parameters:
• LVEF >60%
• LVESDi ≤20 mm/m2

Emerging parameters:
• LVESVi <45 mL/m2

• Absence of myocardial scar or diffuse
   interstitial fibrosis by CMR

Early Intervention

Established
• LVEF ≤55%
• LVESD >50 mm
• LVESDi >25 mm/m2

• Progressive increase in LVEDD to >65 mm

Emerging parameters:
• LVESVi ≥45 mL/m2

• GLS worse than −15% to −19% by echo
   and 16% by CMR
• Extracellular volumei ≥24 mL/m2 by CMR

Ranard LS, et al. J Am Coll Cardiol. 2023;82(20):1953–1966.

The assessment of a patient with aortic regurgitation (AR) is primarily composed of clinical examination and echocardiography. However, in

patients with borderline metrics or if precise volumetric assessment of chamber sizes is needed, cardiac magnetic resonance (CMR) imaging

may be useful. The figure outlines the management decisions based on AR severity and symptomatology along with established and emerging

parameters obtained from imaging studies. GLS ¼ global longitudinal strain; LV ¼ left ventricular; LVEDD ¼ left ventricular internal end-

diastolic dimension; LVEF ¼ left ventricular ejection fraction; LVESD ¼ left ventricular end-systolic dimension; LVESDi ¼ left ventricular

end-systolic dimension index; LVESVi ¼ left ventricular end-systolic volume index.
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