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Norsk Sammendrag

Det er utviklet og patentert en tredimensjonalaljdl Doppler metode (multibeam high pulse
repetition frequency color Doppler eller MULDO) fawantitering av klaffelekkasjer. Ved
hjelp av Doppler kan blodstrems hastigheter makes! en klaffelekkasje vil den smaleste
delen av blodstreammen gjennom en defekt kalles eenaracta der alt blodet har samme fart
(lamineer blodstrgm). Maksimale blodhastigheter naveontracta er typisk mellom 4 og 6
m/s, som er hgyere enn det pulset Doppler kan nwaleenytter HPRF (high pulse repetition
frequency) for & kunne male Doppler-signalet fraaveontracta. Styrken i Dopplersignalet
(Doppler power) er proporsjonalt med stgrrelsetegiiasjedefekten (vena contracta areal) og
méales ved hjelp av mange ultralydbglger (multibeang) kalibreres ved hjelp av en
referansebglge med gitte egenskaper. | studie Inbleden testet i simuleringsforsgk og i
laboratorium samtidig som vi gjorde kliniske pilmt$gk for & se om metoden kunne brukes
pa pasienter. | studiene 2 og 3 ble metoden thetepasienter med hhv. mitral- og aortaklaff
lekkasje. For & beregne lekkasjevolum brukte widpktet av vena contracta arealet ved
MULDO og hastighet-tidsintegralet av lekkasjejetead kontinuerlig Doppler. Det var
rimelig bra samsvar med referansemetoder som todijmeal Doppler ultralyd og magnetisk
resonans imaging (MRI) hos pasienter med moderatstog lekkasje, men metoden
overestimerte sma lekkasjer. Dette var i samsvat siaulering-og laboratorieresultater fra
studie 1 som skyldes begrensninger i romlig opphgsav metoden.

Konklusjon: MULDO kan brukes som supplement til andDoppler parametre for
kvantifisering av moderat til alvorlig mitral- ogodaklaff lekkasje. Vi tror kombinasjoner
med nyere teknikker med parallell straleforming kéorbedre 3D kvantifisering av

klaffelekkasjer.
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Abbreviation list

AR = aortic regurgitation

CW = continuous wave

EF = ejection fraction

ERO area = effective regurgitant orifice area
Eqg. = Equation

HPRF = high pulse repetition frequency
LVEDd = left ventricular end-diastolic dimension
LVESd = left ventricular end-systolic dimension
M-mode = motion mode

MRI = magnetic resonance imaging

MR = mitral regurgitation

MULDO = multibeam high pulse repetition frequenoyar Doppler
PISA = proximal isovelocity surface area

PRF = pulse repetition frequency

PW = pulsed wave

Reg. vol. = regurgitant volume

ROI = region of interest

TEE = transesophageal echocardiography
TTE = transthoracic echocardiography

VCA = vena contracta area

VCW = vena contracta width

VTI = velocity time integral

2D = two-dimensional

3D = three-dimensional
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1 Introduction

1.1 Echocardiography

1.1.1 Selected history

For a wide range of cardiac diseases there is d forenon-invasive tools to assess and
quantify disease processes. The development ofacanttrasound started in Sweden with the
first description of an ultrasonic reflectoscopeluier and Hertz in the early 1950s to obtain
echoes from cardiac structureand later two-dimensional echograms of the hegrtértz
and Asberd: ® In the 1960s Feigenbaum used ultrasound to visidkie left ventricle and
measure wall thicknedsn 1976 Holen and Aslid investigated the presgmaglients in mitral
stenosis by DopplerOmoto et al. demonstrated color Doppler in valvudgyurgitatior?

The ultrasound research group in Trondheim piomeéne Bjgrn Angelsen and Liv Hatle
made important contributions in establishing Dopphethods. In 1976, Bjgrn Angelsen and
colleagues developed PEDOF (Pulsed and continuaus Woppler) which was validated by
Liv Hatle et al. in mitral valve diseasé$,aortic stenosis,and for systolic pulmonary artery
pressuré’ Vingmed included Doppler into a two-dimensiongh@scanner in 1982 and color
Doppler in 1986. In 1984, lhlen et al. from theea@sh group in Oslo demonstrated that
cardiac output could be calculated by DoppfeFhere were further studies by Hegrenzes and
Skjeerpe in Trondheim in 1985 and 1986, validatingpfler in aortic stenosis for the
assessment of severity,**and for the estimation of systolic pressure inrtgbt ventricle in
patients with tricuspid regurgitatidfi.In 1993, Rossvoll and Hatle validated pulmonary
venous flow velocities for estimation of left ventdar end-diastolic pressute.Strain rate

imaging by Doppler was developed and validated biidal and Stayletf: *



1.1.2 Principles of ultrasound

Ultrasound is sound waves with a frequency highanthe range of human hearing, and can
be characterized by its frequency (f), wavelendth dhd amplitude (intensity). Medical
ultrasound transducers typically use frequencidsvdxEn 1 and 20 MHz. The propagation
velocity (c) of sound in the heart is about 1548.rthe relation between the wavelendth (
frequency (f) and propagation velocity (c) of tHegasound wave in the heart; given by Eq. 1:
Eq DA -f=c

Sound waves move along a straight beam that cafiodused. When sound waves
reach a medium with different acoustic properttegy will be reflected at the boundaries.
However, small structures (< 1 wavelength) suclblasd cells result in scattering of the
ultrasound signal in all directions. The amplituzfethe sound wave is in decibels, and the
amplitude of the received ultrasound signal is dépat on the transmitted amplitude,
acoustic impedance of the tissues, the depth (R} transmitting frequency. Ultrasound is
generated by piezoelectric crystals in the transduavhich induce expansion and
compression from electric signals, and the refbctebackscattered echoes are converted to
electric signals. The time (t) between the transiais and return of echoes determines the
depth (R) of the reflecting object, Eq*®:

Eq.2)2 *R=c"t

1.1.3 Spatial resolution

The radial resolution is dependent on the lengttheftransmitted ultrasound pulse, with a
higher transducer frequency allowing a shorter @@rd improved resolution. The lateral
resolution is dependent on the width of the ultmsbbeam which is proportional to the

wavelength and the focal depth and is inverselpgrtional to the transducer diamet@r®



1.1.4 Basic principles of Doppler

Doppler echocardiography is based on detectiom@oppler shift from moving structures
such as red blood cells or myocardium. If the stitmd is backscattered from moving
structures, there will be a change in frequency, the difference in frequency between the
backscattered (f) and transmitted) (ignals is the Doppler shift. When the structige

moving toward the transducer, the backscattereguéecy is higher than the transmitted
frequency, and the Doppler shift is positive. WhHka structure is moving away from the
transducer, the backscattered frequency is lowelr the Doppler shift is negative. The

relation between the Doppler shif)(and blood flow velocity (v) is given by Eq. 3:

vcosH

Eq.3)fa=f—fo=2"fo- c
This is the Doppler equation, afds the angle between the ultrasound beam and the
direction of the blood flow. The radial velocitiese calculated, and the ultrasound beam
should be aligned as parallel with the directionthef blood flow as possible so tttais close

to 0° and co$ can be assumed to be 1. Alignment is importara aef 20, 40 and 60will

cause an underestimation of the flow velocity of, @39 and 50%, respectively.

1.1.5 Grey scale imaging

In grey-scale imaging the amplitude is displayedbi@ghtness of the scatterers versus depth.
By repeating pulse transmission and receiving cyaleng one scan line and recording time
along the horizontal axis, there is a motion (M9de (see the left part of Figure 1). In two-
dimensional (2D) imaging, a pulse is transmittedngl a scan line, waiting for echoes to
return, and then the next pulse is rotated in p-atee manner to make up another scan line
by a phased array probe (see the right part ofrE€i@gu Frame rate is determined by the scan
depth (R) and number of scan lifés® A reduction of the number of scan lines will irese

the frame rate at the cost of poorer lateral resiu



Figure 1: Left: M-mode imaging along one beam (lied) through the mitral valve vs. time. Right: Oin@me of 2D imaging of the heart

made up of several scan lines (red lines).

1.1.6 Pulsed wave and continuous wave Doppler

In pulsed wave (PW) Doppler the blood flow velasitifrom a specific depth are sampled,;
this is called the sample volume. An ultrasounds@uwf short duration is transmitted and,
after an interval determined by the depth of irgeréhe backscattered signal is sampled or
received at the transducer. The length of the samglume is determined by the duration of
the pulse, and the width of the beam correspondsetovidth of the sample volume. Another
pulse of ultrasound can be beam transmitted wherfitst one is received at the transducer,
and the interval of time (t) between the pulsedeigendent on the depth to the sample volume
(R), as demonstrated in Eq. 2. The frequency cSqauis called the pulse repetition frequency
(PRF). For PW Doppler, there is a maximum limit welocity that can be measured
unambiguously, called the Nyquist limit. The maximudetectable Doppler shiftgffis equal

to half of the PRF. The Nyquist limit Q) is given by Eq. 4:

c2

Eq4)Vy, = ——————
q-4) Viy 8 -f, ‘R -cos B

If the velocity of interest exceeds the Nyquistitinthere is signal aliasing, giving
incorrect information of the direction and veloci#s the PRF is successively increased,

using high pulse repetition frequency (HPRF), the st limit is increased, but there will be



more sample volumes and range ambiguity. By trattisigi and sampling continuously,
continuous wave (CW) Doppler high velocities cannteasured without aliasing. Velocities
are measured from any depth, and there is no nasgéution.

The frequency content of the Doppler signals ipldiged as spectral analysis, with
time versus velocities, as shown in Figure 2. Blloa direction towards and away from the

probe is displayed as positive and negative veéxifThe intensity of the velocity spectrum

indicates the amplitude of the Doppler signals #redamount of moving blood cef&?°

Figure 2: Left: PW Doppler of the laminar flow dfet mitral inflow measured at the tip of the mitiedflets, one sample volume (red box),
displays a narrow spectral signal (narrow bandwidtRight: CW Doppler of severe mitral regurgitatiomeasuring velocities from any

depth along the beam (red line), up to 4 m/s is daise, including turbulent flow.

1.1.7 Color Doppler imaging

In Color Doppler, there are multiple sample volunaésng each scan line. An ultrasound
pulse is transmitted, and the Doppler signals femoh sample volume are received. Several
pulses (3 — 15) along each scan line are usedttendstimation of flow velocities is made
from the Doppler signals

The Doppler signal amplitude has high values indittod flow and low values
outside flow. In laminar flow with narrow bandwidithe mean frequency gives information

of the velocity. The radial velocity data at eaaptth are encoded in color showing flow



towards the transducer as red and away from tmsdrecer as blue. If the Nyquist limit is
exceeded, the color shifts from red to blue or wieesa. Turbulent flow with high velocities
causes multiple aliasing and uncertainty in deteimgi the velocity. Turbulent flow is
displayed by including green/yellow with red/blue the color-coding. Color Doppler

imaging is shown in Figure 3.

. . . No color o
Aortic regurgitant jet Mitral inflow

Figure 3: Color Doppler imaging, adapted from Hahsrp.

The Nyquist limit is determined by the scan defh. (The frame rate is determined by the
scan depth, the number of scan lines and the nuofbeltrasound pulses along each scan

line. The sensitivity to detect blood flow is dedent on the number of scan lifé&°

1.1.8 Power Doppler

In power Doppler, there are multiple sample voluraksg each scan line, similar to color
Doppler, but the signal processing differs. The @owf the Doppler signal is proportional to

the amount of moving red blood cells, independéfiba direction and velocity® %



1.1.9 Three dimensional imaging

The ultrasound beam is transmitted in a similar vesya 2D scan and then repeated

successively in a fan-like manner in the elevatmane to make a pyramid-shaped 3D

volume, as demonstrated in Figure 4, using matrixygprobe technology.

Figure 4: Left: Matrix array probe adapted from Haiforp, typically with about 2400 elements for bdarming, steering and focusing in

the azimuthal and elevation plane. Right: Pyramisladped 3D volume visualizing the mitral valve e dliastolic volume.

For 3D imaging, the volume rate can be improvedirbjting the number of scan lines
at the cost of poorer spatial resolution. Theseatditions can be addressed by acquiring
subvolumes for each R-R interval and then stitclimgge subvolumes (typically 4 - 7) to
produce a full volume dataset. One major limitatisrstitching artefacts. Color Doppler is

implemented in 3D imaging, and the limitations #rese inherent for both techniqufes.

1.2 Mitral regurgitation

1.2.1 Background

The prevalence of moderate to severe valvular ltksefise in the USA has been reported to

be as high as 2.5%, with mitral regurgitation (MR)ng the most common (1.7%) lesfGrin



Europe, MR has been reported to be the second cooahon form of valvular heart disease
needing surger§’

The anatomy of the mitral valve is shown in Figbreand dysfunction of any of these

structures can cause abnormal leaflet coaptatidriviR of varying degre&:

Figure 5: Parasternal long axis and short axis véewf the mitral valve The posterior mitral leaflist divided into three scallops:
anterolateral (P1), middle (P2) and the posterorakdtallop (P3). The opposing segments of the antkzaflet are defined as A1, A2 and
A3. The base of the leaflets is attached to thailasn(mitral annular plane is marked in red) ana threas where the two leaflets come
together at their insertion are the posteromediatl @anterolateral commissures (PM and AL). Whenntiiteal valve is closed the line of
contact between the leaflets is called the coaptatine (marked in orange), and the leaflets overtyy several millimeters (coaptation
length is marked in yellow) to ensure valve compsteThe chorda tendinea originate from the papjllauscles and insert into the leaflets

to prevent prolapse.

Carpentier introduced a functional classificatié®MiR based on leaflet movemetft?®
Type 1: Normal valve movement: annular dilatatiomeaflet perforation.

Type 2: Excessive movement: billowing, mitral vajuelapse or flail.

Type 3a: Systolic and diastolic restriction.

Type 3b: Systolic restriction.

In primary (organic) MR, there is a primary vahesibn. In western countries, the
most common etiology of primary MR is degenerativééral valve disease (myxomatous
degeneration and fibroelastic deficiency), resgliim billowing (see the left part of Figure 6)
or a mitral valve prolapse. If there are ruptureldrds, a portion of the mitral valve becomes

8



flail, which results in incomplete coaptation aeaflet diastasié> These lesions represent a
type 2 dysfunction. Rheumatic disease and endiisaage less common. There is typically a
type 3a dysfunction in rheumatic disease and type2ldysfunction in endocarditis.

In secondary (functional) MR, there is primary mgatial disease. The most common
etiology of secondary MR is ischemic heart diséad<€In left ventricular global remodeling,
there is apical and inferior displacement of thpiliegry muscles together with non-extensible
chorda resulting in symmetrically tethered and alpradisplaced leaflets as well as flattening
and dilatation of the mitral annulus. As demonstilain the right part of Figure 6, the
deformation of the mitral valve can be quantifigdtbe degree of tenting of the leafléts®

Localized left ventricular remodeling, such as &s&l inferoposterior infarctions, can result in

asymmetric leaflet tethering. These changes cause a type 3b dysfunction.

Figure 6: Left: Billowing of the mitral valve in Baw’s disease. Both leaflets protrude below thewdar plane (red); however, the
coaptation (yellow) is preserved above the annplane. In mitral valve prolapse, the coaptatioté&ow the annular plane.

Right: Symmetrical tethering resulting in tentinfytioe mitral leaflets in dilated cardiomyopathy.€eTtistance between the annular plane
and the point of coaptation (yellow) is the coajmatdistance (blue). The systolic tenting areshis &rea between the coaptation point, the

leaflets and the annular plane (red triangle). Toaptation length is reduced.

1.2.2 Hemodynamic consequences and outcome of mitra | regurgitation

In acute disease, the regurgitant volume ejectéal annormal-sized left atrium results in
markedly increased left atrial and pulmonary presstiogether with reduced stroke volume

9



by a normal-sized left ventricfé.In chronic compensated primary disease, theregimdual
eccentric remodeling of the left ventricle andwatriin response to volume overload. Severe,
long-standing MR can result in an increase in Hfial and pulmonary pressures and
irreversible myocardial damage. In patients with M&e to flail leaflet treated medically,
there was an annual incidence of heart failure.8%6and a 10 year-incidence of 63%n
secondary MR, the pathophysiology and outcome fferdint since this is a myocardial

disease’

1.2.3 Assessment of severity of mitral regurgitatio n by 2D Doppler

The echocardiographic assessment of the severitiMifis performed by TTE as an
integrated approach. Color Doppler is sensitived@agnosing MR, but the jet area is not
recommended to quantify the severity of MR. Sendrilative approaches by PW Doppler
such as the dimensionless ratio of mitral inflowet ventricular outflow VTI in primary MR
and the pulmonary venous flow patterns are additiparameters to assess severity; however,
these are influenced by the left atrial filling gsare or atrial fibrillation. Quantitative
approaches provide the regurgitant volume and ffexteve regurgitant orifice area (ERO
area)®

Quantitative Doppler is time-consuming, requirireyaral steps of calculation, and is
not recommended as a first line method. The PISAthate is recommended for
quantification, and its principle is based on tbetmuity principle®® As blood approaches a
circular orifice, its velocity increases, formingrncentric and hemispheric shells of increasing
velocity and decreasing surface area, visualizegrasimal flow convergence zones. The
flow in each of these hemispheres equals the flowugh the orifice. Color Doppler offers
the ability to visualize one of these hemispheresesponding to the Nyquist limit by
adjusting the baseline shift to optimize visuaimat Color flow M-mode imaging of a

proximal flow convergence zone is shown in Figure 7

10



Figure 7: Dynamic changes of flow rate (early siistpeak and gradual decrease) during systole usioigr M-mode of the proximal flow

convergence in functional MR.

The PISA is measured at mid-systole correspondingaximal velocity (Vhay Of the

regurgitant jet by CW Doppler. The calculations stiewn: Eq. 5, 6, 7, 8 and Figuré®g*°

Eq.5)PISA=2- 7 R?

Eq.6) Flow rate = PISA - Aliasing velocity

Flow rate
Eq.7) EROypeq = —V
max
Eq.8) Regurgitant volume = ERO . - VTI

11



Figure 8: Upper: A proximal flow convergence zosevisualized by color Doppler imaging at the traiosi from blue to
red/yellow corresponding to blood flow velocity28f cm/s, called the aliasing velocity. The proxinsalvelocity surface area (PISA) is
calculated as the surface area of a hemispherekethas a red hemisphere with a radius (R) marketlack. Flow rate is found by
multiplying the PISA with the aliasing velocity.vier: CW Doppler of the mitral regurgitant flow tmd the VTI, marked by a red envelope,

and Vmax and to calculate both the ERO area andngtant volume.

Quantitative parameters have demonstrated prognestue in primary MR with
worse outcome in those with an ERO ared0 mnf and regurgitant volume 60 mL* In
secondary MR an ERO area20 mnf and regurgitant volume 30 mL are associated with
worse outcomé&®+*

It is recommended to get the best possible alignietween flow and the ultrasound
beams, usually from the apical view. In eccentis,jthere will also be misalignment of flow

and Doppler signals causing errors and limiting tise of the PISA-method. *° There is
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dynamic variation of the mitral regurgitant flowtezand the ERO area during systole, which
is demonstrated in Figure 7. In secondary MR, thergpically an early and late systolic
peak and mid-systolic decrease or an early peddwietl by a gradual decrease in flow rate,
in rheumatic disease the flow is relatively constantil a decrease in end-systolic and in
mitral valve prolapse there is a late-systolic émse of the flow rat€: *® Time integral PISA
methods have been introduced; however, these arbargomé’

Another approach to quantify MR is the vena con&rads a regurgitant jet passes
through an anatomic orifice, the jet continues ¢mstrict for a certain distance before it
expands radially into the receiving chamber. Theaveontracta is the narrowest portion of
the regurgitant jet downstream to the anatomiciagriind corresponds to the physiologic
orifice or effective regurgitant orifice (ERO), vehi is slightly smaller than the anatomic
orifice.*® Both the shape of the proximal flow convergence e vena contracta are defined
by the geometry of the anatomic orifice, and theaveontracta area (VCA) is equivalent to
the physiologic orifice area or ERO area. Makinguasptions that the geometry of the
anatomic orifice is perfectly circular, the flowrogergence zone will form a 3-dimensional
hemispheric shape on which the PISA formula is thased the vena contracta will be
circular®®

The vena contracta is typically viewed and measyerpendicular to the mitral
commissural line, such as in the parasternal lotig@ apical 4-chamber to measure the vena
contracta width (VCW), as demonstrated in FiguréA9Nyquist limit of 50 — 70 cm/s is
recommended. The color sector should be as narsowoasible to maximize lateral and
temporal resolution. As there is dynamic variatiohthe ERO area and thus the vena
contracta, depending on the etiology, each systdime should be examined to identify the

frame with the largest diameter of the vena cotaric*® *°
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Figure 9: The proximal flow convergence (PFC), venatracta (VC) and turbulent jet of a regurgitget are visualized.

Assuming that the vena contracta is circular, dimese of ERO area would be, Eq. 9:

Vew Vew

Eq.9) ERO area = m (—) (—)
2 2

In noncircular jets the 2-chamber view of the veoatracta will overestimate the MR
severity (see Figure 10). According to guidelin@syena contracta width (VCW§ 7 mm

along the long-axis plane or a mean VCW (4-chamabbér2-chamber) > 8mm is regarded as

a specific sign of severe MR.>
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Long-axis plane

2-chamber plane

Figure 10: A short axis view of the mitral valvaflets and the corresponding long-axis plane, witile two-chamber plane is parallel to

the commissural line. The vena contracta width (Y@M appear different in the long-axis and 2-chaen views in asymmetric jets.

1.2.4 Assessment of severity of mitral regurgitatio n by 3D Doppler

Real-time 3D Doppler echocardiography has dematestithat the PISA is hemielliptic rather
than hemispheric in secondary MR, resulting in weskmation of the ERO area by the
hemispheric approach. PISA can be calculated frdvanaielliptic surface area formula using
the 3D dataset to measure the PISA radius, widthiemgth>>>° The regurgitant flow rate is
calculated from the hemielliptic (HE) PISA and tieasing velocity, Eq. 10. The ERO area
and regurgitant volume is calculated from flow ratiee peak velocity and VTI of the
regurgitant jet by CW Doppler, similar to Eq. 7 a&d
Eq.10) Flow rate = HE PISA formula (radius, width, length) - Aliasing velocity
Direct and automated measurement of 3D PISA isifEasnaking no geometric
assumptiong® A time-integrated automated PISA method, Eq. Aatients with secondary
MR, was more accurate than using only one framdufwe) to calculate the regurgitant
volume; N= number of systolic color Doppler voluniés

nautomated 3D PISA,, - Aliasing velocity

Eq.11) R itant vol = Z
q-11) Regurgitant volume 1 color Doppler volume rate
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A 3D color Doppler method to calculate mitral infleand aortic stroke volume has
been validated® and the mitral regurgitant volume can be calcdlai®the differenc®,

By 3D color Doppler, it was first demonstrated ttiz¢ direct measurement of VCA
was feasible and showed better correlation witHagrgphic grading than the VCW Later
studies validated VCA against different 2D Doppiteethods to calculate the ERO area
(PISA, quantitative Doppler, VCWY; ®®3and regurgitant volume by MRf. ®® Either the
apical or parasternal windows were used for pyrahfidl-volume acquisitions made from 7
— 14 subvolume¥® 1 ®*The 3D dataset was manually cropped by an imageepl
perpendicular to the jet direction and moved alohng jet until the vena contracta was
identified, as demonstrated in Figure 11. The vaumith the largest vena contraét®? the
most relevant lesion siZ&,%° and the mid-systolic frame in secondary MR and-#&jstolic
frame in mitral valve prolapse, where the ERO asaasually the largest, were usd/CA

was measured by direct planimetry, as a measUERaf area, Eq. 12.

Eq.12) ERO area =VCA

Figure 11: 3D color Doppler acquisition of a mitragurgitant jet; in 4-chamber view (left) and aoes-sectional view through the vena
contracta demonstrating an asymmetric physiologifice or effective regurgitant orifice. Measurentesf the VCA is performed by

planimetry.
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Little et al. demonstrated that the VCA correlatesll with the shape and area of the
orifice in vitro, while VCA was asymmetric in 89% the casesn vivo®® Kahlert et al.
demonstrated that the shape of the VCA was norlaeiremnd elongated along the commissural
line in secondary MR due to leaflet tethering ancbmplete mitral valve closure. In mitral
valve prolapse, there was moderate asymmetry of\i@d, and in other degenerative
diseases, the VCA was closer to a circular defaased by a fixed lesion resulting from
leaflet stiffening and thickening. Zeng et al. also demonstrated that the VCA was
asymmetric in the majority of patients, regardledsetiology, but more elliptical and
elongated in secondary MR than in primary #fRthe ERO area by 2D PISA significantly
underestimated the VCA in all patients, and to eater degree in secondary MR VCA
was feasible in both eccentric and central jts. a recent study in patients with secondary
MR and more than one MR jet, it was demonstratatittie vena contracta areas could simply
be added together to approximate the total ERQ%rea

By multiplying the VCA by the VTI by CW Doppler, ¢hregurgitant volume can be
calculated, Eq. 1% %

Eq.13) Regurgitant volume = VCA - VTI

1.2.5 Guidelines

Transthoracic echocardiography (TTE) and transesgpgdd echocardiography (TEE) are the
key examinations for evaluation of mechanism, eggl and feasibility of valve repair.
Quantification of MR is based on 2D Doppler methddsferent 3D methods are evolving
because of the limitations of 2D methods, but rfeetier validation.

In acute severe disease, surgery is indicatedeviare chronic primary MR, valve repair
or replacement is indicated if there are symptolef$, ventricular dysfunction, pulmonary
hypertension or atrial fibrillation, as they areegiictors of eventd® % 52 6771

asymptomatic severe chronic primary MR with presdriV-function there is a 2a indication
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for valve repair if there is a high probability mficcessful repair and low expected mortafty.
In severe secondary MR, there is indication forrahitvalve surgery when there is

concomitant CABG? >2

1.3 Aortic regurgitation

1.3.1 Background

In the Euro heart Survey on valvular disease, @oegurgitation (AR) represented 13.3% of
patients with single native left-sided dise&Se.

The anatomy of the aortic valve is demonstrateBigure 12, and dysfunction of any

component of the aortic valve complex can causenmiete coaptation and AR.

Figure 12: Left: Parasternal long axis view of thertic root; diameter at the annulus (red), Sinwsélva (blue) and sino-tubular junction

(green). Right: Short axis of the aortic valve:higoronary cusp (RCC), non-coronary cusp (NCC) kfidcoronary cusp (LCC).

In western countries, AR is most frequently caulsgdeaflet abnormalities such as a
bicuspid valve or a degenerative, calcific valveedise. Other causes are aortic root dilatation
secondary to hypertension or connective tissueadese In developing countries, rheumatic
disease is the most prevalent cause of leaflet ratalbies and severe AR. Acute aortic

regurgitation is caused by endocarditis and aditisection.
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1.3.2 Hemodynamic consequences and outcome of aorti ¢ regurgitation

In acute disease, there is an acute volume ovehtzating to reduced forward stroke volume
and increased end-diastolic pressure. In chromtpemsated disease, there is chronic volume
overload and increased forward volume ejected th&oaorta leading to a combination of
eccentric and concentric hypertrophy and dilatatibong-standing severe AR can cause
irreversible myocardial damage. Measures of LV fiomc are prognostic markers for

outcome>t: 52 7274

1.3.3 Assessment of severity of aortic regurgitatio n by 2D Doppler

The severity of AR is evaluated by TTE and requaesntegrated approach of 2D Doppler
parameteré” " Color Doppler imaging is sensitive to detect ARt the jet area and length
are not recommended for quantification due to wealkelation to severity of AR. The
pressure half time (PHT) of the regurgitant jet@®y Doppler reflects the pressure difference
between the aorta and the left ventricle. A PHTO@ &s is consistent with severe AR, but the
PHT is influenced by both aortic and chamber coamgle as well as chamber pressifes.
Holo-diastolic flow reversal of the upper descegdaorta by PW Doppler and end-diastolic
velocity of > 18 cm/s is a sensitive sign of sevAR.” However, reduced aortic compliance
results in increased duration and velocity of fbe/freversal. Both PHT of the regurgitant jet
and diastolic flow reversal of the descending aar@a semi-quantitative parameters that are
critically dependent on alignment of the Doppleatmeand flow measuremerifs.

Quantification is recommended, but the assessm&rRIBA is less extensively
performed in AR compared with MR; however, whensfeke, PISA is recommended to
quantify the severity of AR® 7> "|n addition to the assumption of hemispheric geoyne
there are some additional limitations for aortigusgitation such as interposition of valve
tissue and difficulty in identifying PISA. There ghit also be obtuse flow convergence angles

such as those with dilatation of the ascendingaagérforation of a cusp or commissural
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regurgitation. Quantitative Doppler is an altermatapproach to quantifying AR, requiring
several steps of calculations of stroke volumesh dmving the potential for errors. An ERO
area of 30 mrhor a regurgitant volume > 60 mL indicate severe*&AR" °* ™

The vena contracta is a direct measure of the ER@VCW correlates to the severity
of AR.”® ®|t is recommended to measure the VCW in parastésng axis and use the frame
with the largest and most clearly defined vena remtd, as demonstrated in Figure 13 a.

According to Guidelines, a VCW 6 mm is regarded as severe AR %275

1.3.4 Assessment of severity of aortic regurgitatio n by 3D Doppler

VCW measurements might under- or overestimate ARrig because the vena contracta
shape is not always circular. From 3D color Doppteaging, we can measure the VCA
without making geometric assumptions, and VCA hasven to be better than VCW
measurements. This was first demonstrated by Faalf A cut-off value of VCA for severe
AR, assessed by quantitative Doppler and aortograsha reference, was proposed at 50
mn?.%? In a few studies VCA, was validated against MRttiagphase contrast imagiffg.2*
Either a parasternal or apical window were usedafdull-volume acquisition of the aortic
regurgitation made from 4 to 7 subvolumes. Thes#twas cropped just downstream of the
aortic valve in a plane perpendicular to the dioecof the aortic regurgitant jet to identify the
vena contracta as the narrowest part of the jet.fildme (volume) with the largest VGAa
mid-diastolic frame (volume}® or the frame (volume) with the most relevant lasiize®* or
an unspecified frame(volume) were u§8d/CA was measured by direct planimetry in all
studies, as a measure of ERO area, Eq. 12.

To calculate regurgitant volume, VCA was multiplieg VTI of the mitral regurgitant
jet by CW Doppler (MR VTI), Eq. 1% In Figure 13 b and ¢, measurements of the VTI by

CW Doppler and direct measurement of the VCA byc8Idr Doppler are demonstrated.

20



18/01/2015 21

Figure 13: 2D and 3D echocardiographic acquisitiand analyses: a) The vena contracta width (red)limeasured from the parasternal
long axis, b) The velocity time integral (VTI) ma@si from the apical window in central jets, c) 8alor Doppler of the vena contracta and

direct planimetry.
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1.3.5 Guidelines

TTE and TEE are key examinations for evaluatiothefmechanism, etiology and feasibility
of valve repair. In the current guidelines, quacdfion of AR is recommended, based on 2D
Doppler methods. With 3D color Doppler, a VCA of 5060 mni has been proposed to
define severe AR, but this needs further validation

In acute severe AR, urgent surgical interventionniicated. In chronic severe AR,
valve replacement or repair is indicated in patiemith either symptoms or LV-dysfunction

or in patients undergoing CABG or surgery of theeasling aorta" >

1.4 MRI

MRI is an accurate and reproducible technique $seasing both the left and right ventricular
volumes®™*® Left ventricular stroke volume is calculated as tifference between the end-
diastolic and systolic volume from short-axis ventlar image slices, as demonstrated in
Figure 14. The accuracy of the left ventricularwoks is dependent on correct placement of
the basal ventricular image slice, with correcteténtiation of the atrium and ventricle, as

well as correct endocardial contour placement dupiost processing.

Figure 14: MRI for assessing the left ventriculatumes. Image Courtesy

of Brage H. Amundsen.
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By using phase-contrast imaging, flow can be diyequantified. This technique is
based on the property of protons moving in a magrfetld causing phase shift, and the
magnitude of this phase shift is proportional teitlvelocity. Velocity can be measured and is
displayed in grey-scale images, as demonstratéukiteft part of Figure 15. Flow is derived
from through-plane velocity maps by integrating tledocity of each pixel and its area over
time, as demonstrated in the right part of Figuke There is good accuracy of flow
measurements im vivo studies®*° However,in vivo validation studies are limited by the
lack of a true gold standard for comparison. Furtiew measurements are dependent on a
homogenous magnetic field. The frame rate of aB&ut+ 30 Hz can be a limitation for the

measurement of fast-changing velocities.

Figure 15: Left: Through-plane phase-contrast véloenapping from one systolic frame from the asgepdorta. Right: Aortic flow

patterns from several systolic (red/yellow) andstiidic frames (blue/green). Image courtesy of Bridgdmundsen.

In most cases, Doppler echocardiography providesdttta needed for evaluation of
valvular disease. MRI is indicated in patients witironic primary MR or chronic AR to
assess ventricular volumes, EF or severity of #gumitation when these issues are not
adequately addressed by TTE or TEE. Outcome ddtey UdRI volumes is, however,
lacking®® %> MRI is not as widely available as Doppler echoizagthphy, as MRI is more

time-consuming, expensive and, most importantlgretare some contraindications.
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1.4.1 MRI in mitral regurgitation

Mitral regurgitant volume can be obtained by vasiauethods, and is usually performed
indirectly. The mitral regurgitant volume can bécatated as the difference between the left
ventricular stroke volume from short-axis imagecesdi of the left ventricle and the aortic
stroke volume by phase-contrast measurement iagbending aorta, Eq. #4This relies on

a combination of two different MRI techniques anttreases the measurement errors.
Alternatively, the difference between the left amght ventricular stroke volume can also
calculate the mitral regurgitant volume, Eq.giEF.his assumes the absence of an intra-cardiac
shunt or another valvular regurgitation to be vagwell as accurate contour placement for
volumetric assessment. Alternatively, using the fed#nce between phase-contrast
measurements from the mitral inflow and ascendimgiga the mitral regurgitant volume can
be calculated, Eq. 18.By using phase-contrast measurements at the dévieé mitral valve,
the mitral regurgitant volume can be measured thirdoom the retrograde flo’* Phase-
contrast measurements at the mitral annulus afeuifdue to the highly mobile mitral
valve.

Eq.14) Mitralreg.volume = LV volumetry SV — PC of aortic SV

Eq.15) Mitral reg.volume = LV volumetric SV — RV volumetric SV

Eq.16) Mitralreg.volume = PC of mitral inflow volume — PC of aortic SV

1.4.2 MRI in aortic regurgitation

MRI has been validated in several studies in®& %1t is most common to assess AR by

using aortic phase-contrast, measuring forwardragdrgitant flow in the ascending aorta by
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placing the imaging slice just above the aortizgahnd thus directly quantitating regurgitant
volume from the regurgitant flow during one card@cle and regurgitant fraction from the
788, 98, 100, 101

ratio between regurgitant and forward (systoliduwee, Eq. 1

Regurgitant volume

Eq.17) Aortic regurgitant fraction =
q-17) gurg f Aortic forward volume

1.5 Multibeam HPRF color Doppler (MULDO)

In laminar flow such as in the vena contracta,lthekscattered Doppler power is proportional
to the volume of blood in a sample volume of arrastbund beartf? The attenuation
compensated volume flowmeter to measure volume flovarteries was introduced by
Hottinger and Meindt®® Buck et al. hypothesized that this principle cobtlapplied at the
vena contracta, and that the total backscatteregpleo power (power integral) was
proportional to the cross-sectional area of theaveontracta. They calculated volume flow
through the vena contracta from the power-veloicitggral and the regurgitant volume from
the power-velocity-time integral and finally calatéd mean VCA, by means of a single wide
measurement beam and a narrow beam for calibraimd-beam spectral Doppféf: 1°°

We have extended this principle to using multipderow ultrasound beams covering
the vena contracta region as well as using HPRBet@ble to isolate the high-velocity
Doppler signals in the vena contracta. HPRF is destnated in the left part of Figure 16 and
multiple beams in Figure 17. With HPRF, severakpslare fired before the deep echoes from
the first pulses have returned to the probe, shett €xact range information is lost in
exchange for increased velocity span. We used add® Doppler mode, with PRF typically
being about 20 kHz and a transmitted frequency.bf\2Hz, resulting in a Nyquist limit of

about 3 m/s; a 3D HPRF color Doppler flow of theaeontracta is demonstrated in the right

part of Figure 16. We used a clutter-filter witlowet-off frequency corresponding to 1.5 m/s to
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remove the signals from the “spurious” sample vaaroutside the jet. This acquisition uses

a packet-size of 8 in each direction, and thus lesabreasonable volume rate of about 7 Hz.

v

007 14:28:44

Figure 16: This picture is from an in-vitro modefl @ regurgitant jet as demonstrated by a 2D triptean (left). HPRF increased the

Nyquist limit and was implemented for 3D color Digpifright) to isolate the vena contracta. Imageu@esy of Torbjgrn Hergum.

There were several narrow ultrasound beams (blaskghown in figure 17 a, covering
the vena contracta region, and a composite measatdmeam (blue) was made by summing
the contribution from all beams. The region of iet# (ROI) must be short radially
(elevation) to enable HPRF. A wide single measurgrbeam (green), as used by Buck et al.,
is included for comparison. Our approach, multibddRRF color Doppler (MULDO), will
ensure a more homogenous sensitivity of the meamurebeam and higher signal-to-noise

ratio compared with a single wide measurement b@agure 17 b).
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Figure 17: a) Cross-sectional view through the veoatracta region. The reference beam (red), thenbevith most Doppler power, is
selected automatically as this beam is most liteelye within the jet of the vena contracta. A cosifeomeasurement beam (blue) is made by
adding multiple narrow beams (black) together. b)this sketch, nine narrow beams have been addedate a wide flat beam or a
composite measurement beam (blue). The greenHmessthe beam profile of a single wide measuretmeat from a smaller transducer.
The peak sensitivity of this beam is about 8 dBefothan for the composite measurement beam (bkmj, the sensitivity varies

significantly. Picture from JASE, 2010; 23(1):1 ~&printed with permission.

As the flow through the vena contracta is lamittae, Doppler power of the composite
measurement beam is proportional to the blood velwithin the sample volume, and for a
thin disk-like sample volume the Doppler powerdR will be proportional to the cross-
sectional area of the vena contracta. To get dreddid Doppler power measurement, a
reference beam (red) was chosen as the beam withrétatest Doppler power {p because
this beam was most likely within the regurgitarit @ computer model provides the cross-
sectional area (4 of the reference beam and the constant, k. The W@# proportional to
the calibrated Doppler power, and therefore inddpahof attenuation or display parameters

such as gain or tissue priority, and found by sgj\JEq. 18:

meas =k- Pref

Eq.18
918) yog = Ares
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2 Aims

2.1 General aims

The main objective was to determine the accuracg néw Doppler method, MULDO, for
the quantification of valvular regurgitation. Theatuation was focused on to what extent this

new method could produce more accurate informdtian current Doppler methods.

2.2 Specific aims

1) To study and validate MULDO in an vitro model.

2) To study and validate MULDO in patients with mitraigurgitation, and compare it
with conventional Doppler methods, echo gradingedasn an integrated approach
and MRI.

3) To study and validate MULDO in patients with aontegurgitation, and compare it
with conventional Doppler methods, echo gradingeasn an integrated approach,

3D color Doppler of the vena contracta and MRI.
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3 Materials

Study 1: This was a simulation study as well asianvitro study using a pulsatile flow
phantom and 6 prosthetic porcine valves with pedgisut circular holes varying from less
than 10 to 40 mfto provide varying degrees of regurgitation parfed at the Department of
Circulation and Medical Imaging, Faculty of MediejriNorwegian University of Science and
Technology (NTNU), Trondheim, Norway, and at thatitute of Medicine, University of

Bergen, Bergen, Norway. A few patients (N = 8) witibderate to severe MR at the
Department of Cardiology, St Olav's University Hitapin Trondheim, Norway, from

October 2007 until February 2008 were studied ideorto identify technical adjustments
necessary prior to a largén vivo testing of the method. This was a simplified pecoto

(without MRI) of the one approved by the Regionain@nittee for Medical and Health

Research Ethics (REK, Midt-Norge) for study 2.

Study 2: This study was performed at the Department of @trdy, St. Olav's University
Hospital in Trondheim, the Department of MediciBeOlav's University Hospital in Orkdal,
Norway, and at the Department of Circulation anddidal Imaging, Faculty of Medicine,
Norwegian University of Science and Technology (NI)NTrondheim, Norway, from March
2008 until March 2009. The inclusion criteria weagult patients, who were followed on a
regular outpatient basis, with mild to severe clrdviR of any etiology in sinus rhythm.
Exclusion criteria were AR, cardiac arrhythmias amahtraindications to MRI. We sought
participants from the outpatient registry from frevious year's consultations with MR as
the main diagnosis and selected those without simiucriteria for invitation to participate.
The patient information and letter of invitationiis the Appendix; we sent requests to 71
patients. Thirty-five patients with mild to seveMR consented to participate. Three

participants were excluded because of poor MULDQ@uesition and quality due to
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misalignment of the Doppler beam and jet directidifficulty in in identifying the vena
contracta and incorrect positioning of the regibmterest (ROI). In cases of exclusion due to
poor MULDO quality, there were no jet signals abdke noise level in the systolic frames
during acquisitions over several heart beats, tieguin inability to measure the VCA. Four
participants were excluded because of poor MRI iyualaused by arrhythmias, and 1
participant was excluded because of the requirenenthemodialysis between the
investigations. There were 27 participants incluitetthe analysis of the study. There were 11
women and 16 men with a median age of 51 (range 28) years. In 11 participants, there
was secondary (functional) MR, while the remaingagticipants had primary (organic) MR.
Eccentric jets were present in 10 participants wittmary MR and in 4 participants with
secondary MR. The median EF was 50 (range 23 —65)%

The study was approved by the Regional Committedfedical and Health Research Ethics

(REK, Midt-Norge) and the Norwegian Social Sciebada Service.

Study 3: This study was performed at the Department of ikrgy, St Olav's University
Hospital in Trondheim, the Department of MediciBeOlav's University Hospital in Orkdal,
Norway, and at the Department of Circulation anddMal Imaging, Faculty of Medicine,
Norwegian University of Science and Technology (NUJ)N Trondheim, Norway, from
December 2009 until February 2012. The inclusidgteiga were adult patients, followed on a
regular outpatient basis, with mild to severe ciwohR of any etiology in sinus rhythm.
Exclusion criteria were cardiac arrhythmias, conitant aortic stenosis or any
contraindication to MRI. We sought participantsnfrdhe outpatient registry at St Olav's
University Hospital in Trondheim and Orkdal frometprevious year's consultations with AR
as the main diagnosis and selected those withootug®n criteria for invitation to

participate. The patient information and lettefrofitation is shown in the Appendix; we sent

30



requests to 60 patients. Twenty-nine of these piatieonsented to participate. Another 7
patients with AR at the Department of CardiologwgldUniversity Hospital, Rikshospitalet,
Norway, participating in another study fulfillingioinclusion criteria consented to participate
in the MULDO study; being performed at Rikshosmtarom April 2011 until September
2011. Finally, there were 36 patients participatiByie to poor MULDO acquisition and
quality because of misalignment of the Doppler beand jet direction, difficulty in
identifying the vena contracta and incorrect positig of the region of interest (ROI), we
were not able to measure the VCA in 7 participaimtthese cases, there were no jet signals
above the noise level in the diastolic frames dyanquisitions over several heart beats, and
they were excluded from the analyses. There werpaficipants included in the analyses.
There were 7 women and 22 men with a median a§8 @fange 18 — 83) years. The etiology
was degenerative valve disease in 9, bicuspidcaeative in 7, cusp prolapses in 3, aortic root
disease in 6 and unknown in 4 participants. In aBigpants, there were eccentric jets and
central jets in 13. The median EF was 60 (range-31)%. The median LVEDd was 61
(range 45 — 72) mm, and the median LVESd was 3®&&5 — 52) mm. The study was
approved by the Regional Committee for Medical b&dlth Research Ethics (REK, Midt-

Norge).
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4 Methods

4.1 Study design

Study 1: MULDO was tested in a simulation model andimrvitro model with a pulsatile
flow phantom and porcine valves with orifices oblm sizes (circular defects from less than
10 to 40 mm). The flow phantom was filled with blood-mimickirfiuid, and the porcine
valves were inserted into the flow phantom to plewarious regurgitation severities. Several
MULDO recordings were performed for each orificeesiboth with stationary and pulsatile
flow, performed and analyzed by Torbjgrn Hergum.

To obtain HPRF, the ROI had to be small in theahdirection; at the same time,
there were clinical pilot trials in patients withRMperformed by Thomas R. Skaug and
Torbjgrn Hergum to define the needs for this thithod to work in a clinical setting. The
azimuthal and elevation dimensions of the ROI sthdnal large enough to measure any mitral
regurgitation. At an early phase we used a ROI witemall radial depth of a 2 mm, as
demonstrated in the left part of Figurel8. The R@&d to be small in the radial direction to
obtain HPRF. This was, however, difficult to usepatients, and we did not manage to obtain
representative Doppler data until the ROI was syibsitly increased in the radial direction
up to 8 mm without significant loss of velocity obgtion, as demonstrated in the right part of

Figure 18.
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Figure 18: MULDO acquisition from patients from semarly clinical pilot trials in patients with maf regurgitation. The left part of the
picture shows ROI (red arrow points at the ROI))fva radial depth of a few millimeters, which wasicult to use in patients. The right

part of the picture after some maodification of thethod shows ROI depth of 8 mm (red arrow pointseaROI).

Study 2: A clinical feasibility and validation study in pamts with MR. We performed
MULDO and 2D TTE exams (Thomas R. Skaug) beford&i exam (Brage H. Amundsen
and Thomas R. Skaug). All analyses were perfornfieline to assess severity of MR by 2D
Doppler and PISA measurements, regurgitant voluyn®BI and MULDO analyses. There
were different observers for the different analy@édRI by Brage H. Amundsen, 2D Doppler
and PISA by Terje Skjeerpe and MULDO analyses bynTd® R. Skaug). MULDO was
analyzed semi-automatically, and we assessed dbgrver variability of the same sets of
recordings by the two investigators (Thomas R. §kand Torbjgrn Hergum). MULDO was
compared with different reference methods (2D Depmdarameters and MRI) to assess

correlation and agreement.

Study 3: A clinical feasibility and validation study in pamts with AR. MULDO, 2D and 3D
TTE exams were performed (N = 25 by Thomas R. Skiug 4 by Stig Urheim) before an

MRI exam (N = 25 by Brage H. Amundsen and ThomaSlwug, N = 4 performed at Oslo
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University Hospital, Rikshospitalet) on the samg.dsl analyses were performed off-line to
assess the severity of AR by 2D Doppler by an nattegl approach, measuring VCW and VTI
by CW Doppler, manual planimetry of VCA by 3D cooppler and regurgitant volume and
fraction by MRI and MULDO analyses. There were ali#int observers for the different
analyses (MRI by Brage H. Amundsen, 2D Doppler lgrB Olav Haugen (N = 25) or by
Stig Urheim (N = 4) and 3D color Doppler analysgsThomas R. Skaug). The MULDO
recordings were validated by Torbjgrn Hergum andfbobmas R. Skaug before fully-
automatic MULDO analyses. MULDO was compared wilfiedent reference methods (2D
Doppler, 3D color Doppler, MRI) to assess correlataind agreement.

The MULDO recordings were analyzed semi-automdyidal the first 20 participants
by Thomas R. Skaug and Torbjgrn Hergum to assesemgnt between the semi-automatic

and fully automatic measurements.

4.2 Echocardiography acquisition and analyses

In studies 1 and 2, all the participants were erachiwith a Vivid 7 scanner (GE Vingmed,
Horten, Norway) with a phased-array (M3S) probe tfee 2D recordings. In study 3, 25
participants were examined with a Vivid 7 scannéhwa M3S probe for the 2D recordings
and a matrix array (3V) transducer for the 3D rdoggs, while in 4 participants an E9

scanner was used with a phased array (M4S) and@@é, respectively.

Study 2: A standard 2D TTE examination was performed to ssdbe left ventricular

function and evaluate the valvular lesions. We uBedDoppler to measure the mitral and
pulmonary flow as well as the flow in LVOT. A coldoppler acquisition was used to
visualize the PISA, the vena contracta and thergggunt jet from the parasternal long axis
view as well as from apical 4 chamber, 2 chambdrlang axis views. The Nyquist limit was
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lowered, such that a flow convergence as closeossile to a hemisphere was shown in an
apical view. The VTI and the peak regurgitant jetoeity were measured using CW Doppler.
The mitral regurgitant flow rate by PISA was measuat the time of the peak regurgitant jet
velocity and the PISA ERO area and regurgitant maluvas calculated by a hemispheric
approach, as demonstrated in Figure 8 and Eq. S\e8performed an integrated MR grading
as follows: 1 = mild; 2 = mild to moderate; 3 = neoate to severe; and 4 = severe, according

to recommendation®.

Study 3: A standard 2D TTE examination was performed toluata the left ventricular
function and evaluate the valvular lesions. We uS®&d Doppler from the parasternal long
axis in eccentric jets and also from the apicatdthamber view in central jets to get the best
possible alignment of the ultrasound beam and ¢geirgitant jet to measure the VTI and
pressure half-time of the regurgitant aortic jess@ssment of diastolic flow reversal in the
descending aorta by PW Doppler was performed. Ardobppler acquisition was performed
from both the parasternal long axis view and apiiea-chamber view to visualize the vena
contracta using a Nyquist limit of about 60 cm/BeTrame with the largest diameter of the
vena contracta was selected to measure the VCWedBas an integrated approach, AR
severity was graded as: 1 = mild; 2 = moderate; &nd severe, according to recent
recommendationS. A 3D color Doppler examination was performed frome parasternal
long-axis view. Full-volume of the flow data wasgaoed from six consecutive cardiac
cycles, and the volume rate was about 15 volumesgmond. The Nyquist limit was about 60
cm/s, and we used a default clutter filter withu&aff frequency corresponding to 20 cm/s.
The dataset was cropped just downstream from ttie @alve in a plane perpendicular to the
aortic regurgitant jet to find the vena contradihe volume (frame) with the largest area of

the vena contracta was chosen and measured bymgggi Regurgitant volume was
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calculated as: VCA « VTl measured separately by Buppler. 2D and 3D acquisitions and

analysis are demonstrated in Figure 13

4.3 MRI acquisition and analyses

In study 2 and 3, all patients were examined dusimgine rest using a Siemens Avanto 1.5-T
system with a body matrix coil (Siemens, Erlangg@ermany). True fast imaging with steady-
state precession cine images were acquired dundgeepiratory breath holds in 4-chamber,
2-chamber and short axis from the base to the apeke left ventricle. Steady-state free
precession phase-contrast sequences were acquiied dreath hold for flow quantification

in the ascending aorta at the level of the righHtnmmary artery. The encoding velocity was
adjusted to just above maximal systolic velocitheTimages were aligned perpendicular to
106

the vessel wall. All images were analyzed usingn®®d. - The MRI settings for acquisition

of left ventricular volumes and aortic flow are shoin Table 1.

Settings LV-acquisition Aortic Flow acquisition
Retrospective ECG gating Yes Yes

Typical in plane resolution0.9 x 0.9 mm 1.3x1.3mm

Typical echo time 1.12 ms 3.09 ms

Typical repetition time 58 ms 61.05 ms

Slice thickness 6 mm 6 mm

Slice gap 4 mm

Frame rate 25-30Hz 25-30Hz

Table 1
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Study 2: The left ventricular stroke volume was calculateinsautomatically drawing
endocardial contours in short-axis images in emdtdle and end-systole (aortic valve
closure). Systolic long-axis excursion was quaatifby measuring the descent of the septal,
lateral, inferior and anterior points of the miteainulus in the 4- and 2-chamber views. The
average value was incorporated into the strokermelestimate in the software. Systolic flow
in the ascending aorta was quantified from the @ltasitrast images by drawing a ROl in the
ascending aorta. The mitral regurgitant volume qaantified as the difference between the
left ventricular stroke volume and the aortic sealolume, Eq. 14

The accuracy of this method was tested inramivo validation study in which the
same measurements as those described above weneina® subjects (4 healthy and 5 with
recent myocardial infarction) in whom the absencéE MR was confirmed by

echocardiography. The estimated error was 3 + Strake.

Study 3: Systolic and diastolic flow in the ascending aai@s quantified from the phase-
contrast images by drawing an ROI in the reconstdianagnitude images. The aortic
regurgitant volume was calculated from the diastoétrograde flow, and the regurgitant
fraction was calculated by dividing the regurgitantume with the forward volume during

systole, Eqg. 17. This approach will slightly ovémasite the regurgitant volume, as coronary
flow during diastole will be included. We soughtremluce phase-offset errors in the velocity
measurements by positioning the phase-contrastanmaghe isocenter, and using as low

encoding velocity as possibi¥.
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4.4 MULDO acquisition and analyses

We used a Vivid 7 scanner (GE Vingmed, Horten, Nofjwwith a matrix array (3V)
transducer in studies 1, 2 and 3 except for 4gpaints in study 3, who were examined by an

E9 scanner and a 3V transducer.

Study 1: There were Doppler simulations to investigatertiference beam and the estimated
VCA. In thein vitro study, the data acquisition was performed in ttepsto ensure that the
vena contracta was within the sample volume. Ringt,vena contracta was found by using a
triplex scan (B-mode, HPRF PW Doppler and color lep searching for the region with a
high velocity, low spectral bandwidth and high powas demonstrated in the left part of
Figure 14, and subsequently switched to a 3D HPRppl2r mode. The transmit frequency
and the PRF were chosen with a reasonable tradetiyh PRF and low transmit frequency
were required to obtain a high Nyquist limit. Ore tbther hand, a high transmit frequency
was desirable to increase the spatial resolutibe. ditrasound settings are shown in Table 2.
The 3D data were clutter filtered and analyzedlio#- with Math lab (The Math Works,
Natick, MA) to find the VCA from the calibrated Dpler power (Eg. 18). In the clinical pilot
testing, MULDO recordings were acquired from the&abpview in two steps and analyzed in

a similar way as described for timevitro study.
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Ultrasound parameter Value

Center frequency 2.1 MHz
Pulse length 5.5 periods
PRF 21 KHz

ROI (azimuth x elevation x radial)19.2 x 18.0 x 8 mm

Volume rate 7 Hz
Focal depth 8.9cm
Packet size 8

Table 2

Study 2: The MULDO recordings were acquired from the apigalv in two steps, similar to
the in vitro study. With the scanner in a triplex mode, theavenntracta was located by
moving the pulsed-wave sample volume into the It fshown by color Doppler imaging
and adjusted to include the highest velocities vattow/narrow spectral bandwidth. The
scanner was then switched to multibeam HPRF cotippl®r mode, with the position of the
3D ROI centered on the pulsed-wave sample volumdeaonstrated in Figure 19.

The depth of the ROl was about 9 — 10 cm, andultrasound parameters are
demonstrated in Table 2. We obtained a Nyquisttlmhiabout 3 m/s, so that a jet flow of
about 6 m/s could be resolved. Each recording stetsiof about 10 — 15 heart cycles of real-

time 3D data with a volume rate of about 7 — 10 Hz.
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Figure 19: Two-step acquisition using a triplex-8c@geft part of the figure) to localize the venantracta before switching to multibeam

HPRF color Doppler mode (right part of the figur@jcture is modified from JASE 2010, reprinted vggrmission.

Cross-sectional images of multibeam HPRF color Depfow of the vena contracta

could be visualized, as demonstrated in Figure 20.

i

Figure 20: Cross-sectional image of multibeam HR®Ior Doppler flow of the vena contracta from ogstslic frame.
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The raw 3D Doppler data were analyzed semi-autaaigti to find the VCA using
custom software (GC mat). Frames corresponding/stole were selected manually by the
observer, and some frames were excluded by theavseccording to the following criteria:

» There was no visible jet above the noise level

e The ROI did not cover the jet area

* The vena contracta was not within the ROI.

The output was cross-sectional Doppler power imagesthe vena contracta, as
demonstrated in two of the frames in Figure 21, ealibrated Doppler power measurements
and estimates of the VCA from all of the selectgdtdic frames, Eq. 18. We chose the
median value of the measurements as an estiméte &CA.

To assess inter-observer variability of the MULD@alyses, another blinded observer

randomly analyzed 18 of the subjects. The regurgitalume was calculated as the product

of VCA and the VTI of the regurgitant jet, measusegarately by CW Doppler.

Figure 21: Cross-sectional Doppler power imageshefvena contracta from two systolic frames in ahitegurgitation. Note that there is a
visible jet and that the vena contracta was witthia ROI. The third frame was excluded as there neaget signal above the background

noise level.
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Study 3: MULDO recordings were acquired from the apicalhamber view for central jets
and from the parasternal long axis or eccentrig fetget the best possible alignment of the
ultrasound beam and the aortic regurgitant jet. Véea contracta was found by using a
triplex mode and then switched to the multibeam HRBIor Doppler mode in a similar way
as described under study 2. Acquisitions from thegternal long axis and from the apical 5-

chamber views are shown in Figure 22.
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Figure 22: Two step acquisition (left: triplex moded right: multibeam HPRF color Doppler acquisitjofrom the parasternal long-axis
view (upper) in an eccentric aortic regurgitatiorithvjet direction towards the anterior mitral leafland from the apical 5-chamber view

(lower) in a central aortic regurgitation. Pictuiie modified from EHJ-CI 2014 and reprinted with péssion.
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The ROI was typically at a depth of 5 — 12 cm, delieg on the apical or parasternal
window. The ultrasound parameters were not diffefiemm those described in study 1 and 2.
The Nyquist limit was about 3 m/s. A recording detedd of 10 — 15 heartbeats of real-time
3D data with a volume rate of about 7 — 10 Hz. €exctional images of multibeam HPRF

color Doppler flow of the vena contracta could Isualized, as demonstrated in Figure 23.

Figure 23: In the left part of the figure cross-8enal images of multibeam HPRF color Doppler flofthe vena contracta acquired from
the parasternal long axis, and in the right partté figure are those acquired from the apical &ver view, in two subjects with aortic

regurgitation.

The raw 3D Doppler data were analyzed fully awttically using Math lab (The Math
Works, Natick, MA). All of the diastolic frames dog a recording were automatically found
by the software. The output was cross-sectionalplspower images of the vena contracta,
as demonstrated in Figure 24, and the calibratgpl®@o power measurements and estimate
of the VCA from all diastolic frames. The mediarnueof all measurements was chosen as an

estimate of the VCA.
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Figure 24: Cross-sectional Doppler power imageshef vena contracta from three diastolic framesartia regurgitation.

All recordings in 29 patients were validated by an feseto assure that the cross-
sectional Doppler power images displayed a jet abihve noise level and that the vena
contracta was within ROI, as demonstrated in Figd#e however, there was no need for
manual interactions to calculate the VCA. To assepgatability, a separate and repeated
recording from the same subject was similarly aredy The regurgitant volume was
calculated as the product of VCA and VTI of thewegtant jet, measured separately by CW

Doppler.

Fully automatic vs semi-automatic analysis of MULDO(not published data): In the first

20 patients with AR in study 3, the same MULDO dai@s assessed by two observers to
estimate VCA semi-automatically, as described urdlgt2, in addition to fully automatically,
as described in study 3, to assess agreement lretivedully automatic and semiautomatic

measurements.
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4.5 Statistics

For both study 2 and 3 descriptive values werentedas median and range, and Spearman’s
rank correlation was used because the continuoriables were not normally distributed.
Because the differences were normally distributeel,used paired sample t test to compare
the regurgitant volume and VCA by different methotiging reported as mean (95%
confidence interval). The agreement between thdiragous variables was assessed by
calculating the 95% limits of agreement (mean défice + 2 SD). To assess agreement
between different or categorical variables, we ugedkappa) statistics. Inter-observer
variability and repeatability were assessed astifficient of repeatability, defined as 2 SD
of the differences. The statistical analyses wemopmed using SPSS (SPSS, Inc., Chicago,

IL, USA).
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5 Summary of results

Study 1: Simulation results demonstrated that the Dopptevgy estimate of the reference
beam was increasingly overestimated with an inamgasumber of beams within the orifice
and thus the orifice size. With less than 10 bewittsin an orifice, the reference beam will be
overestimated by up to 20%, resulting in underesiin of the vena contracta aréa.vitro,
the estimated vena contracta area and true aresesvefal orifices were investigated using
both stationary and pulsatile flow in the flow pt@n, and the results followed the same
trend as the simulated results. There was a shgbtestimation of the small areas and
underestimation of the larger areas. These sinamatndin vitro results are shown in Figure
8 of this paper. The results from the pilot clini¢asting of 5 patients with MR were
presented at Euro Echo 2008 with PISA for compar{see Appendix)®

Study 2: In 3 of the 35 patrticipants, MULDO was not feagsibhd another 5 participants were
excluded for other reasons described in the Mdsesaction. This study showed that this
method was feasible in MR. The 95% limits of agreembetween MRI and MULDO
regurgitant volume (N = 27) were —3.0 £ 26.2 mL. Wiere not able to measure PISA in 5 of
the 27 participants. Omitting the 5 participantsvinom we were not able to measure PISA,
the 95% limits of agreement between MRI and PlSgurgitant volume (N = 22) were 4.7
30.6 mL. The agreement between echocardiographic gviRle and regurgitant volume
measured by MRI and MULDO is demonstrated in FigB%e Inter-observer analysis of
MULDO VCA in 18 participants demonstrated a coefitt of repeatability of 8.7 mfrand a

corresponding coefficient of repeatability for MUCDregurgitant volume of 9.8 mL.
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MULDO and MRI vs. 2D Echo

140 w ‘ :
O MRI Reg. Vol.
°
120| MULDO Reg. Vol.
=
§ 100}
E
g sof
>
2 e
€ 60F=—=—=—=—=-=- = — — ¥ —
8
©
> 40| Q;' ]
(9}
e L_m--_ __SX_____
201 ? @\. 1

1 2 3 4
Grading by 2D echo

Figure 25: Kappa agreement between echocardiog@piiR grade and MULDO regurgitant volume and betweenocardiographic MR
grade and MRI regurgitant volume were 0.44 and Qré8pectively. There were four echocardiographiR erades based on severity
(1=mild, 2=mild to moderate, 3=moderate to sevetesevere) and four categories of regurgitant volu@&0 mL, 30 to 44 mL, 45 to 59

mL and> 60 mL) used to assess agreement. Figure from 28%€ reprinted with permission.

Study 3: In 7 of the 36 participants, MULDO data were ngpnesentative. In the remaining
29 participants, MULDO was feasible. The 95% limits agreement between regurgitant
volume by MRI and MULDO and between MRI and 3D cdimppler were -14.4 + 29.1 mL

and -47.8 £ 60.9 mL, respectively. The agreemetwdsen echocardiographic AR grade and
VCA by MULDO and 3D color Doppler, respectively, d@monstrated in Figure 26. The
analysis of MULDO VCA was made fully automaticalggnsequently, there was no inter- or
intra-observer variability. In a separate recordimgn the same participant, the coefficient of

repeatability for MULDO VCA estimates was 9.4 fam
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Figure 26: Kappa agreement between echocardiog@pgtR grade and MULDO VCA and between AR grade &n€Bl VCA was 0.50

and 0.64, respectively. Figure from EHJ-CI 2014neted with permission.

Fully automatic vs. semiautomatic analyses (Unpuldhed data): The 95% limits of
agreement between fully automatic VCA vs. semi-anatiic VCA by observer 1 and observer
2, respectively, in 20 participants with AR weres G 3.0 mni and 0.5 + 4.2 mf)
respectively (Figure 27 a and b). The 95% limitegfeement between semi-automatic VCA

by observer 2 and observer 1 in 20 participants R were -0.1 + 3.4 mf(Figure 27 c).
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Figure 27: a) and b) 95% limits of agreement betwkély automatic and semiautomatic VCA estimatevben two observers, c) and 95%

limits of agreement between semiautomatic VCA feetiweo observers. Unpublished data.
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6 Discussion

6.1 Main findings/feasibility

A 3D echo Doppler method, multibeam HPRF color DeppMULDO), was developed for
the quantification of valvular regurgitation, andswalidatedn vitro andin vivo. In study 1,
simulation andn vitro results were presented, and it was demonstragédtb vena contracta
area (VCA) could be quantified for various orifisizes from less than 10 to 40 fmm
corresponding to mild to severe regurgitation. imuation andin vitro the VCA was
overestimated when the orifices were small andréfierence beam was not entirely within
the orifice. For larger orifices with several pdiehreference beams within the orifice the
power of the reference beam was overestimated awwtothastic variation of the Doppler
signals in simulation, and thus the estimate ofMG&A was to some degree underestimated.
However, the in vitro results were closer to theetwvalues for larger orifices than the
simulation results. In study 2, it was demonstrabed MULDO was feasible in both primary
and secondary MR as well as in central and eceejets, except in 3 out of 35 participants.
The severity of MR could be quantified using thisthod, and there was good agreement
between MRI and multibeam HPRF color Doppler in grate and severe MR, which was
lower in mild MR. In study 3, it was demonstratbatt MULDO was feasible in both central
and eccentric AR jets regardless of etiology, ekaef@ out of 36 participants. The severity of
AR could be quantified by this method, and theres\gaod agreement between MRI and
multibeam HPRF color Doppler in moderate and seddétebut relatively poor agreement in
mild AR. VCA by MULDO was found semi-automaticallyp studies 1 and 2 and fully

automatically in study 3, and VTI was found sepelyaby CW Doppler.
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6.2 Choice of reference methods

In study 1, MULDO was validated against the truse sdf the orifices of porcine valves in a
pulsatile flow phantom. In a clinical setting irudies 2 and 3, there was no similar gold
standard to assess valvular regurgitation. In neases Doppler echocardiography provides
the data needed for clinical decision-making irvuldr regurgitation based on the mechanism
of regurgitation, an integrated echo grading ofesigy and evaluation of its hemodynamic
consequences and ventricular function together \aitilinical evaluation of symptoms.
However, it may sometimes be difficult to assessdverity of a valvular regurgitation with
a need for supplemental investigation by TEE or MRI

By MRI phase contrast imaging, the regurgitantcigt be visualized and measured
using long-axis and short axis cines. Theoreticalhe vena contracta could be measured,
which would be an ideal comparison for MULDO. Howewvthis method is not widely used
and is subject to significant variability dependiog acquisition parameters such as image
slice thickness and frame rate, post-processingeapdrience of the user. It is therefore not
recommended to measure the vena contracta by MR1° On the other hand, flow
measurements have been validaitedsitro andin vivo using invasive measurements and
Doppler measurements as a referéfic@ Left ventricular volumes can be calculated
accurately using steady-state free precession segsie but the accuracy of the left
ventricular volumes is dependent on correct platiyngf short-axis ventricular image slices
in both end-diastole and end-systole during postgssing to measure the left ventricular
stroke volumé>®’

There are different MRI techniques for MR quanéfion which have been validated
in clinical trials by comparison with echocardioging and angiography, showing good
correlation; however, a true gold standard is lagRkt®® ° In study 2, we used MRI to

guantify mitral regurgitant volume, while MULDO ésiated the VCA. By multiplying the
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VCA with the VTl measured separately by CW Dopplére regurgitant volume was
calculated, making it comparable to MRI. Quantifica of the mitral regurgitant volume by
MRI is commonly performed indirectly by subtractiagrtic systolic flow measured by phase
contrast from the left ventricular stroke volumeumjumetry® We tested the accuracy of this
method (the difference between the left ventricstaoke volume and aortic systolic flow) in
anin vivo validation in 9 subjects without valvular reguagion, and the estimated error was
3 £ 5 mL/stroke. Patients with concomitant AR h&wée excluded to make this method valid
for the quantification of mitral regurgitant volumdlternatively, the mitral regurgitant
volume could be calculated indirectly by comparithg difference in ventricular stroke
volumes assuming the absence of intra-cardiac shamd another valvular regurgitation. It
also assumes correct planimetry for both ventrighesystole and diastole, which can be
particularly difficult for the right ventricle.

Further, we used 2D TTE to quantify regurgitantuwoé from PISA, and MR echo
grading was divided into mild, moderate, moderatedvere and severe MR, corresponding
to grades 1, 2, 3 and 4, according to the recomatir of an integrated approd@Some
of the limitations of PISA were discussed in thetism 1.2.3; this made the assumption that
the geometry of the regurgitant orifice area wasutar, but this method has demonstrated
prognostic value in both primary and secondary MR** The severity of valvular
regurgitation is based on echo grading. PISA isahwtys feasible or valid for quantification,
or the calculations may be erroneous, while eclagligg is based on an integrated approach
of quantitative, semi-quantitative and qualitatperameters, each of which has its strengths
and limitations?

By using aortic phase-contrast imaging both théi@oegurgitant volume and fraction
can be measured directly, and it has been validatbdthin vitro and clinical studies. There

is no true gold standard for the comparison of empof aortic phase-contrast measurements
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in vivo. However, the aortic regurgitant quantifica using aortic phase-contrast imaging
correlates well with angiographic grading and Depplechocardiography, and has
demonstrated excellent repeatability of measuresf&nt® *°* *n study 3, MRI aortic
phase contrast was used as a reference methochturagegurgitant volume.

3D color Doppler has been validated in previouslissf*®* and we measured the
VCA by direct planimetry and compared it to VCA BJLDO in study 3. By multiplying
VTl measured separately from CW Doppler and VCA sneed by either MULDO or 3D
color Doppler, we calculated the regurgitant volumyeboth methods to make it comparable
to MRI regurgitant volume. We similarly used 2D THS another reference method, but
PISA is less well validated and technically mor#idlilt for AR than for MR. We measured
the VCW from 2D Doppler, and AR echo grading wasdid into mild, moderate and severe
AR according to the latest recommendati6has there are no established cut-off values for
MULDO, we used recommended ERO areas by 2D qutwstenethods as cut off values to
establish agreement between AR grade and MULDQCasEess agreement between AR echo
grade and 3D color Doppler VCA, we used cut-offueal of 30 and 50 nfirfor mild and
severe AR, respectively, as proposed by Chin &t al.

Further, agreement between MRI regurgitant fracteoond MULDO could be of
interest, but there are no consensus cut-off valfiesgurgitant fraction to define AR severity
categories such as mild, moderate and severe. fecent study, qualitative and semi-
quantitative echo Doppler parameters were usedrafeeence method to establish MRI cut-
off values with which to assess AR severity. Theliagphase-contrast regurgitant fraction
cut-off value that best defined severe AR wa80 % at the Sino-tubular junction or mid-
ascending aorta, which should be noted as beiffigrelift from the Doppler-based regurgitant
fraction range criteria. They demonstrated that ghsitioning of the image slice of phase

contrast flow measurements influences the measuntsnoé regurgitant volume and fraction,
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and that the regurgitant volume and fraction wégaiicantly higher when measured at the
Sino-tubular junction than at the distal ascendinga®® In another recent study, qualitative
and semi-quantitative echo grading was as well asea reference method to establish aortic
phase-contrast cut-off values measured at the teible pulmonary artery bifurcation, and a
regurgitant fraction > 46% best defined severe ARere are several possible explanations
for these difference¥. About 40% of the patients in the study by Gabgelal. had a
congenitally deformed valve, which was associatétl eccentric and turbulent flow through
the ascending aorta, and may be one possible etfarfor the differences in studies, since
phase-contrast measurements rely on laminar flover&'is also a lack of data evaluating the
accuracy of flow measurements in large aortic diense

Outcome studies are sparse, except for a prospestiidy by Myerson et al. of 113
asymptomatic patients which demonstrated that argitgnt fraction > 33% was the optimal
threshold for identifying patients with the devealognt of symptoms and the need for valve
replacement within a few years (sensitivity of 85%d specificity of 92%3** Due to
differences in various studies and no consensugjigdv@ot categorize AR severity as mild,
moderate and severe according to aortic phaseasimirgurgitant fraction values to establish
agreement with MULDO or 3D color Doppler, even tgbuthe study by Myerson was

interesting and defined a cut-off value with outeodata.

6.3 Agreement

6.3.1 Agreement between MRI and MULDO compared with  other 2D and
3D Doppler methods
In study 2, there was good correlation between iRl MULDO. There was a significant

difference between these methods in those with MIRJ defined as MRI regurgitant volume
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< 30 mL, but no significant difference in thosewihoderate to severe MR, defined as MRI
regurgitant volume 30 mL. The 95% limits of agreement between thesthaus were quite
wide (-3.0 £ 26.2 mL), which can be explained by thverestimation of mild MR by
MULDO. Buck et al. demonstrated excellent agreentsttveen the Broad-beam spectral
Doppler method and MRI in patients with MR, repogtia mean difference of 0.4 mL and 1
SD of 3.2 mL corresponding to 95% limits of agreatm 0.4 + 6.4 mL'> There are some
differences to note. Our population was charaaterizy a wider range of regurgitant volume
measured by MRI (4 — 129 mL) than in the populafiorestigated by Buck et al. (6 — 46
mL). We measured VCA from 12.0 to 59 mmegurgitant volume from 14.2 to 99.0 mL by
MULDO. Buck et al. reported mean VCA from 11 to B’ and regurgitant volume from
11.5 to 36.9 mL by the Broad-beam spectral Dopplethod. Interestingly, the results from
the individual participants are listed in Tablenltle paper by Buck et al., which give some
idea of the relationship between the mean VCA &edrégurgitant volume by their method.
In one of the participants with degenerative MR thean VCA and regurgitant volume was
0.61 cnf and 35.8 mL and in another participant 0.4F and 27.6 mL, respectively. In one
of the participants with ischemic cardiomyopating thean VCA and regurgitant volume was
0.11 cnf and 15.7 mL and in another they were 0.3% amd 18.8 mL, respectively. It is
worth noticing lower regurgitant volumes relativee WCA in the study by Buck et al. The
regurgitant volume and the mean VCA were calculatiedctly from the same acquisition.
We measured VCA by MULDO and VTI separately by C\appler, from 74 to 213 cm, to
calculate the regurgitant volume. The VTI is depsridon the pressure difference between
the left ventricle and left atrium, as well the atimn of the regurgitant flow, which can
explain discrepancies in VCA and regurgitant volunk@rther, there can be dynamic
variation of flow and ERO area. In the study by Bt al., 63% of the participants had

secondary MR, while 41% of the participants in study had secondary MR; the remaining
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37% and 59%, respectively, had primary MR. Theuat@on of MRI regurgitant volume was
somewhat different, as we measured the left vaertnicstroke volume by volumetric
measurements of the left ventricle, while Buckletised phase-contrast measurements of the
mitral inflow. We both used phase contrast to measiortic stroke volume. The regurgitant
volume was calculated as the difference betwedrerethe mitral inflow or left ventricular
stroke volume and the aortic stroke volume.

Marsan et al. used 3D color Doppler to measur&/tbd and CW Doppler to measure
the VTI to calculate the regurgitant volume in swtary (functional) MR, with MRI as a
reference method. The 95% limits of agreement bew&D color Doppler and MRI were
-0.08 + 7.6 mL°® They used the systolic frame with the most relevesion size to measure
the VCA, and the phase-contrast measurement aetled of the mitral valve to calculate
regurgitant volume directly. This was in contrastour study using the indirect method (see
Eq. 14), using volumetry of the left ventricle amattic phase contrast. It is difficult to assess
in what way these different MRI methods affect #ggeement between the various methods,
as the different MRI methods have their strengthd Amitations. Mitral phase-contrast
imaging can, however, be difficult in cases of esbee mitral annular movements which is
not uncommon in primary MR in contradiction to sedary MR.

More recently, Shanks et al. used 3D TEE color Dapi measure the VCA and CW
Doppler to measure the VTI to calculate regurgitaalume in patients with secondary
(53.3%) and primary (46.7%) MR, with MRI as a refeze method. The 95% limits of
agreement between 3D TEE color Doppler and MRl w&@& + 16.3 mL%* They used the
systolic frame with the most relevant lesion sizeneasure the VCA, and used the difference
between volumetric measurements of the left vamaicstroke volume and aortic stroke
volume by phase contrast to the measure regurgitduime, similar to the method we used.

One advantage of TEE is a shorter scan depth witheh volume rate, as well as better
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visualization of the valve and improved resolutierich should improve the accuracy of
measurements. In our study, PISA was feasible ino@R of 27 participants, and we
demonstrated wider 95% limits of agreement betwd&i and PISA (4.7 £ 30.6 mL) than
between MRI and MULDO (-5.1 + 23.9 mL). We used RI8/ 2D Doppler using the frame
corresponding to the peak regurgitant jet veloaityl a hemispheric approach. Shanks et al
similarly demonstrated that 95% limits of agreemmetiveen PISA by 2D TEE and MRI was
-12.4 + 33.2 mL% The limits of agreement between MRI and PISA im study by Shanks et
al. and the current one were similarly wide, withtthstudies making an assumption of the
PISA geometry by 2D color Doppler.

In study 3, there was moderately good correlatievben MRI and MULDO, but the
regurgitant volume calculated from MULDO and CW Ptgy overestimated the severity of
AR compared with MRI; however, agreement was befberthose with MRI regurgitant
volume> 30 mL compared with those with MRI regurgitantwole < 30 mL. The 95% limits
of agreement between these methods were quite (x4 + 29.1 mL). The regurgitant
volume calculated from 3D color Doppler and CW Diepgsignificantly overestimated the
severity compared with MRI, and the 95% limits gfeement between MRI and 3D color
Doppler were wider (-47.8 £ 60.9 mL). In a recetudy by Ewe et al., there was excellent
agreement between MRI and 3D color Dopffefhey similarly used aortic phase-contrast
imaging as a reference method. There are someaiiffes to note. We measured VTI from
the apical window in central jets and from the ptemal window in eccentric jets, while Ewe
et al. measured VTI from the apical window in bo#mtral and eccentric jets. If we were to
measure VTI from the apical window in eccentricsjetve would underestimate the VTI
compared with measurements from the parasternadomin This would result in a lower
regurgitant volume by both MULDO and 3D color Dogapand less overestimation by these

methods compared with MRI, and probably better egent. We performed 3D color
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Doppler acquisition from the parasternal window,leiticwe et al. used both the apical and
parasternal window. With 3D color Doppler, we usieel frame with the largest VCA, while
Ewe et al. used the frame with “the most relevaston size”. If we used “a more relevant
lesion size”, VCA by 3D color Doppler could possilde lower than using the largest VCA,
and the regurgitant volume would be lower with leserestimation compared with MRI.
Finally, there were different scanners and prolzes] there might be some differences

regarding the spatial and temporal resolution.

6.3.2 Agreement between 2D/3D Doppler echocardiogra phy and MULDO

In study 2, we demonstrated that PISA by the heln@sp approach was significantly lower
than MULDO, both ERO area and regurgitant volumlee B5% limits of agreement were
-0.08 + 0.28 crhand —9.8 + 37.0 mL. In 3D studies, it has beenatestrated that the PISA
is hemielliptic rather than hemispheric becausesfmmetric geometry of the regurgitant
orifice area, especially in secondary MR. This Hssim significant underestimation of ERO
area by a hemispheric PISA approach as compared &ither a hemiellliptic PISA
approactt> **or VCA by 3D color Dopple?® ®* **3Kahlert et al. demonstrated that the 95%
limits of agreement between ERO area measuredhgyraspheric and hemielliptic approach
were —0.2 + 0.4 cfy and the 95% limits of agreement between a heraispPISA approach
and VCA was -0.09 + 0.28 émComparing all methods, they used the mid-sysfadime in
secondary and some of the primary MR, while thegdughe late-systolic frame in mitral
valve prolapse where the ERO area is usually tlye®

There was moderately good agreement between echogMBe and regurgitant
volume assessed by MULD@ € 0.44). As MULDO overestimates mild regurgitatidnRI
regurgitant volume < 30 mL), this can contributestome of the overlap, especially between
MR grade 1 and 2, as illustrated in Figure 25. &grent was better for primary than
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secondary MR between the various methods. Thisgiglstems from the same source as the
overestimation of mild MR. The regurgitant orifice often asymmetric and noncircular in
secondary MR, meaning that the cross-sectional arag be large, but still not able to
encompass the full reference beam. Besides, thdkepwmary MR were part of a higher
regurgitant volume population than those with seleoy MR.

In study 3, we demonstrated reasonably good ctioeldetween VCA measured by
3D color Doppler and MULDO, but 3D color Doppler aserements were significantly
higher than MULDO, which explains the differencerggurgitant volume by the two 3D
methods in our study. There are several differebetween these methods, which are further
discussed under “Methodological differences”.

We did not calculate the ERO area from 2D Dopplethods in study 3. In a recent
study by Sato et al., they demonstrated good aiioel and agreement between 2D VCA and
3D VCA (r = 0.97 and 95% limits of agreement -08®.1 mnf). There was also good
correlation and agreement between 2D VCA and ERQ by PISA (r = 0.89 and 95% limits
of agreement 4 + 14.2 nfja** PISA is challenging in AR, and it also makes agsimns of
the geometry of the ERO area. We did not meas@&/@A from 2D parasternal short axis
views, as it is difficult to assure that the imagjimiane is through the vena contracta and that
the imaging plane is perpendicularly aligned to jétedirection, especially in eccentric jets,
both of which result in overestimation of the VCA.

Correlation and agreement between AR grade and WZMULDO were moderately
good (£ = 0.76 andk = 0.50). Chin et al. demonstrated good correlabietween 3D color
Doppler VCA and AR severity assessed by Doppler howst®* and we similarly
demonstrated moderately good correlation and agreebetween AR grade and VCA by 3D

color Doppler (¢=0.76 anck = 0.64).
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6.4 Methodological differences

In both studies 2 and 3, MRI was a reference mettabclilating the regurgitant volume. In
study 2, the mitral regurgitant volume was caladatas the difference between LV
volumetric stroke volume and aortic phase contsigike volume. In study 3, the aortic
regurgitant volume was calculated directly from #ugtic phase contrast retrograde flow, and
thus somewhat different from the mitral regurgitaoume in study 2.

The VCA by MULDO was found semi-automatically inudy 2 and fully
automatically in study 3 from the calibrated Dopgdewer of the vena contracta, requiring no
manual calculations, and we used the median vafu¢gGA from frames/volumes over
several heart beats. The VCA is a measure of th® Bfa, and calculation of regurgitant
volume requires the VTI measured separately by G\dker.

In study 2, we used PISA, based on 2D color Doppieaking assumptions of a
hemispheric geometry of the PISA and a circulaurgigant orifice, to calculate flow rate.
We measured the flow rate by PISA at the time okimal regurgitant jet velocity. An
additional step was required to calculate the ERg &rom this method, dividing PISA flow
rate by the maximal velocity of the regurgitant lpgt CW Doppler. Regurgitant volume was
similarly calculated from the ERO area and VTI bw®oppler. As discussed in section
6.3.2, calculations of ERO area and regurgitantima by the hemispheric PISA approach
was significantly lower than VCA and regurgitanfwoe by MULDO.

In study 3, we used VCA measured by 3D color Dopptea reference method, and it
was significantly higher than VCA by MULDO, whiclx@ains the differences in regurgitant
volume, calculated as the product of VCA by bothhmds and VTI measured separately by
CW Doppler.

3D color Doppler and MULDO differ in several waydost importantly, the HPRF and

clutter filter in the proposed method enabled Hwdation of the high-velocity core of the vena
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contracta, in contrast to regular color Dopplerjohalso measured low-velocity entrained
blood. The clutter filter cut-off frequency corresyled to 1.5 m/s for multibeam HPRF color
Doppler and 0.2 m/s for 3D color Doppler.

Secondly, in 3D color Doppler, it was common to uesl the lateral resolution
somewhat to gain some extra frame rate. The MULROrdahm automatically compensated
for the overestimation due to limited lateral regioin as long as the reference beam was
within the vena contracta jet.

Thirdly, altering the display parameters such a# gand tissue priority during
acquisition did not affect the MULDO data. On ththey hand, the 3D color Doppler was
gain-dependent, and the width and area of a retgqutgorifice could be overestimated with
approximately one beam width in each directionrtagh and elevation).

Furthermore, each recording of MULDO consisted @ftd 15 heartbeats of real-time
full-volume datasets, while 3D color Doppler dataseere reconstructed from several
heartbeats of subvolumes to make a full volumegchvitian predispose to stitching artefacts
and overestimation of the VCA.

The measurements of the Doppler power in all thestdlic frames in a MULDO
recording were fully automatic, and the median gadfi these measurements was chosen as
the VCA. The 3D color Doppler dataset post-processin the other hand consisted of
sequential cropping of the regurgitant jet, martuating, and the volume (frame) with the
largest area of the vena contracta was choserlasiyto VCW.”

Dynamic variation of the regurgitant orifice areaultl be another contributing factor
for the differences in VCA measurements. Usingubleme (frame) with the largest VCA in
3D color Doppler, with a volume (frame) rate of 5 @olumes per second, and the median
VCA of several measurements in MULDO, with a volurate of 7 — 10 volumes per second,

could enhance this confounding effect.
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6.5 Semi- and fully automatic analysis and repeatability

In both studies 1 and 2, the MULDO datasets wemdyand semi-automatically, and the
observer had to investigate all of the frames feorecording and identify which frames to be
measured. Inter-observer analysis in study 2, bpating the same recordings in 18
participants, demonstrated a coefficient of replity of 8.7 mnf for the semiautomatic
analysis, corresponding to 9.8 mL. The criteriaifimtusion and exclusion were well defined,
but there were still some frames of uncertain ratuvhich explained the inter-observer
variability. The measurement of the Doppler powed ahus calculation of VCA was,
however, performed automatically. In study 3, safsvidentified all of the diastolic frames
(volumes) during a recording of aortic regurgitatimmaking no manual interaction necessary,
and thus making this a fully automatic method. Veédated this fully automatic method in
the first twenty participants in this study, ancerdh was good agreement between semi-
automatic and fully automatic measurements of VCA ttvo independent observers.
Additionally, in all patients, the recordings weralidated by an observer to ensure that the
Doppler power images displayed a jet above theenleigel and that the vena contracta was
within ROI, but no manual interaction or selectafrframes were necessary. All data in study
3 were based on fully automatic measurements ofM@A. In a separate and repeated
recording from the same subject, we demonstrategeéicient of repeatability for VCA of
9.4 mnf. This is in agreement with the findings in stugyriwhich the standard deviation of
the in vitro VCA estimates was quite large. This can partlyeyplained by stochastic

variations of the Doppler signal, which is demoat&td in paper 1.
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7 Limitations

The Nyquist limit of about 3 m/s for MULDO is usbalower than the maximum mitral and
aortic regurgitant jet velocities. However, as laagythe maximal velocity is less than two
times the Nyquist velocity and the direction of fbeis known, the velocity of the jet can be
determined unambiguously. To achieve HPRF, the R@dt be small in the radial direction.
An ROI of 2 mm was challenging to apply in patiewnith mitral regurgitation. The size of
ROI in the radial direction was extended as muclpassible and up to 8 mm without any
significant loss of velocity resolution. It canlistie challenging to position the ROI correctly
in vivo, especially with large displacements of the valvehyperdynamic ventricles. As
demonstrated in the simulation and to some degmeeitro in study 1, MULDO will
overestimate the regurgitant orifice area in mikkkdse when the orifice is narrow relative to
the size of the reference beam. This also correspurithin vivo results. This limitation is
inherent to similar techniques requiring referemeasurement®* For larger orifices,
MULDO can underestimate the orifice size due talsastic variations of the Doppler signals.
Typically, the reference beam can be overestimayedp to 20% when up to 10 beams are
candidates as the reference beam with most poweinTvitro results were however closer to
the true values for larger orifices than the sirtiata predicted. The variability of repeated
measurements is demonstrated in studies 1 andd3gampartly be explained by stochastic
variations of the Doppler signals.

MULDO was validated for circular defedts vitro, butin vitro studies of non-circular
defect are lacking. In study 2, we investigatedhbptimary and secondary MR. Previous
studies have demonstrated that the regurgitaritesiih vivo are frequently asymmetric and
non-circular in the majority of patients with MRutbespecially in secondary MR with a
greater degree of asymmetry®" ©*We demonstrated better agreement between MULDO and

MRI for primary (organic) than for secondary (functal) MR. This probably stems from the
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same source as the overestimation of small orifesed thus mild MR. In addition, the
regurgitant orifice may be large, but still notebd encompass the full reference beam due to
asymmetry.

The area estimation by MULDO is angle-dependend, misalignment will lead to
overestimation of the VCA. This overestimation oktVCA may be cancelled out by
underestimation of the VTI by CW Doppler. The regtant volume relies on both correct
measurement of the VCA and VTI. Consequently, diffé acquisitions by different probes
raise the possibility of differences in beam aligmihand thus errors in calculating the
regurgitant volume.

& %4 and the current

The vena contracta and ERO area can vary durintplsy
volume rate of 7 — 10 Hz is probably too low fooskduration regurgitation and dynamic
variations. However, by MULDO, we used the media@A/from multiple frames, but this
choice was somewhat arbitrary. If we had used dterwe (frame) with the largest VCA, the
comparison with 3D color Doppler in study 3 woulavh been more relevant. On the other
hand, as the ERO area is dynamic and displayshititsjawe assumed that the median value
of VCA would be an appropriate measure to repartbdth the semi-automatic and fully
automatic analyses, the median VCA were reported.dimilar way as in a number of the 3D
color Doppler studies, we could have chosen “thetmalevant lesion sizes”. As previously
discussed, there is typically an early and latdodigspeak and mid-systolic decrease or an
early peak followed by a gradual decrease in flate in secondary (functional) MR, while in
rheumatic disease, flow is relatively constant luatdecrease in end-systolic and in mitral
valve prolapse, there is a late-systolic increastné flow*> “® We could have chosen these

frames for MULDO in a semiautomatic approach, bot in a fully automatic approach as

chosen in study 3.
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In 3 out of 35 participants in study 2 and 7 ouB6fin study 3, we were not able to
acquire representative Doppler data, because dfieutty in identifying the vena contracta,
or misalignment or incorrect positioning of the #nfROI outside the vena contracta. Other
clinical limitations may include an inability to libthe breath for 10 to 15 s, causing
respiratory movements, and displacement of the B@ing acquisition. Poor acoustic
windows or heavy valvular calcification can caugeeraiation of the Doppler signals.

Tachyarrhythmia can also be a limitation due toenirvolume (frame) rate.
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8 Further perspectives

Future generation of 3D probes are expected to impeoved resolution, which will make it
possible to obtain better estimates for the caiitinabeam and will enable MULDO to
measure smaller orifices with less bias. By usifgaad unfocused beam on transmit (plane
wave transmission) and parallel receive beam fagmitris possible to increase the frame rate
compared with conventional focused beam on tranamidtreceive, but with some reduction
in spatial resolution. With an increased volumar(fe) rate, regurgitant volume could be
derived directly from the MULDO dataset. A PW Dogpltechnique measures radial
velocities from a fixed spatial position and is&ible to spectral broadening and aliasing.
Similar to other Doppler techniques, MULDO is deghemnt on alignment of the direction of a
regurgitant flow and the ultrasound beams, meaguadial velocities. 2D tracking Doppler
is a new technique using plane wave transmissindsparallel receive beamforming, which
can overcome some of the limitations of PW-Doppldre blood scatterers can be followed
along the direction of flow in the axial and lafedaections, giving less spectral broadening
and higher spectral velocity resolution than PW-plep This has been demonstraieditro
and in carotid artery stenosis: 1*¢

There are, however, some challenges using tracRimgpler in a cardiac application
compared to velocity estimation in the carotid @rteising a linear probe. In cardiac
applications, a phased-array probe is used witHlsmaperture, and the region of interest is
deeper. This leads to decreased spatial resolFiamher, the smaller width of plane waves
transmitted from a phased array probe potentiathytd the size of the tracking region for
high velocities. In a recent study, tracking Doppileas investigated using a cardiac
application in simulation anich vitro, and we performed an vivo testing in a volunteer with
mild to moderate AR (See Thesis of Jargen Avd&NBNU, 2015). Implementation for this

technique on a 3D probe is a possible future imgmoent.
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9 Conclusion

In the present work with MULDO, we have demonsttatet:

In vitro: The cross sectional area of the vena contracteena contracta area (VCA)
can be measured when the reference beam is entisidie the regurgitant orifice. For
small orifices, the estimate of the VCA can be esémated.

In mitral regurgitation: The regurgitant volume|atdated from the VCA by MULDO
and VTI by CW Doppler, significantly overestimatedld regurgitation, while there
was no significant bias for moderate and severeviti@n compared with regurgitant
volume by MRI.

In aortic regurgitation: In this study, VCA by MUID was calculated fully
automatically, while VCA was calculated semi-autticaly in the two previous
studies. There was good agreement between regurgdhume measured by MRI and
regurgitant volume calculated from VCA by MULDO aMd| by CW Doppler in
moderate and severe AR, while agreement for thagemild AR was modest with
significant overestimation by MULDO. VCA measuregl BD color Doppler was
significantly higher than VCA by MULDO. Agreemengtiveen VCA and AR grade

by 2D echo was moderately good.
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11 Appendix

Forespgrsel om deltagelse i en vitenskapelig undereelse:
"Kvantitering av mitralinsuffisiens med en ny tredimensjonal (3D) hjerteultralyd sammenliknet med MR-undersgkelse av hjertet.

Ultralydundersgkelser for & kartlegge hjertets peewpe og eventuelle sykelige forandringer er iiddgluk pa sykehus verden over.

Undersgkelsesmetoden er blitt sveert populaer fenalies :
1. Ufarlig

2. Uten ubehag for pasienten.

3. Gir verdifull informasjon om hjertets pumpeevne.

Vi er stadig p& jakt etter ny informasjon og vifena forbedre metoden og tolke maleresultatertegrik

Beregning av starrelsen pa lekkasjer giennom Hjffen mellom venstre forkammer og hovedkammeragrskelig. Dagens metoder
basert pa todimensjonal ultralyd og hjertekategeirig har klare begrensninger.

Det aktuelle forskningsprosjektet gar ut p& & breikey metode for & kvantitere lekkasjen. Metoderasert pa tredimensjonal ultralyd of
vil bli sammenlignet med etablerte metoder somdaglig bruk ved Klinikk for Hjertemedisin ved ®lavs Hospital.

Rent praktisk vil undersgkelsen utfgres med forgetsonen liggende pa en benk i venstre sideletaeragaksimalt en time.
Undersgkelsen utfares ved Klinikk for Hjertemedisin

MR-undersgkelse av hjertet ved MR-senteret er éawdstudien. Dette planlegges utfgrt samme dagudoalydundersgkelsen. Dette
regnes ogsa som en trygg undersgkelse og gir gédrtaror stor lekkasjen er. Du ma kunne liggeesti#n trommel i ca 30 min. mens
undersgkelsen pagér. Det er ingen smerte forbuneetundersgkelsen. Du kan ikke delta dersom dogreaert inn pacemaker,
metallklips, metallproteser osv. Dersom du er piaged klaustrofobi, kan det ogsa veere vanskel@ygiennomfert undersgkelsen. Her
gjelder vanlige retningslinjer for & gjennomf#t&-undersgkelse.

De nevnte undersgkelser i forbindelse med forsleprasjektet kommer i tillegg til en ordineer ult@diyndersakelse utfart ved Klinikk for
Hjertemedisin. Det er frivillig & delta, og du kaér som helst trekke deg fra videre deltagelse ateiette gar ut over ordineer utredning
eller behandling.

Ved deltagelse i prosjektet vil det bli innhentgtimendige opplysninger vedr. din hjertesykdom fkebusets pasientjournal. Deltagelse|
vil ikke anfgres i din pasientjournal, og det Wke bli lagret opplysninger der.

Prosjektmedarbeiderne har taushetsplikt i henhidftvaltningslovens § 13 og Helsepersonellove24 8Undersgkelsene utfares av leg
og samarbeidspartnere i prosjektet. All informasjgrdatabehandling behandles konfidensielt og sagtter vanlige retningslinjer.
Prosjektet planlegges avsluttet ila mars 2009 lledagrede data vil da bli anonymisert.

NTNU / Institutt for Sirkulasjon og Bildediagnoskiler ansvarlig for prosjektet. Prosjektet er titt&\ personvernombudet for forskning,
Norsk samfunnsvitenskapelig datatjeneste AS dgenional komité for medisinsk og helsefaglig foiisigsetikk ( REK i Midt-Norge ).

Ordningen for pasientskadeerstatning omfatter égsé&kspersoner som deltar i medisinsk forskning.

Ved spgrsmal kan du ta kontakt med prosjektmedigbtlege Thomas R. Skaug, som organiserer dsitipke gjennomfaringen (tif
72470000- medisinsk avd., St. Olavs Hospital, &tdal eller 40607557 ) eller evt med prosjektle@é73868000- Klinikk for
hjertemedisin, St. Olavs Hospital og 73598888-NTM&B ) for mer informasjon.

Returneres til :

Prosjektleder Bjgrn Olav Haugen

Institutt for Sirkulasjon og Bildediagnostikk (9B
Det medisinske fakultet, NTNU

Medisinsk teknisk forskningssenter

7489 Trondheim

Samtykkeskiema for deltagelse i klaffelekkasje-stuign som er beskrevet over

Jeg har mottatt skriftlig og muntlig informasjon egvillig til & delta i studien.

Trondheim / 2008.
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Forespgrsel om deltagelse i en vitenskapelig unders  gkelse:
"Kvantitering av aortainsuffisiens med en ny tredimensjonal (3D) hjerteultralyd sammenliknet med MR-undersgkelse a
hjertet. "

Ultralydundersgakelser for & kartlegge hjertets pumpeevne og eventuelle sykelige forandringer er i daglig bruk pa sykehus|
verden over.

Undersgkelsesmetoden er blitt sveert populeer fordi den er:
1. Ufarlig

2. Uten ubehag for pasienten.

3. Gir verdifull informasjon om hjertets pumpeevne.
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Purpose: A new three-dimensional (3D) high pulse repetition frequency (hprf) Doppler method called
MULDO (MULtibeam hprf Doppler) has been developed to calculate the cross sectional area of the vena
contracta (VCA) and quantify the severity of mitral regurgitation (MR).

Methods: The power of the received Doppler signal is proportional to the amount of blood flowing
through the sample volume. We have isolated the Doppler signal from mitral jet flow by using MULDO. It
uses a very high pulse repetition frequency, giving a Nyquist limit near the peak velocity of the jet. The
VCA is found by summing the power of the Doppler signal from multiple beams distributed over the
laminar vena contracta region and compensating for the attenuation and beam geometry by using a
reference beam within the jet.

Materials: In a preliminary study five patients with moderate to moderate-severe MR (grade 2 and 3)
were investigated by two-dimensional (2D) echocardiography and MULDO.

Results: The results are presented in the table.

Conclusion: As expected there are some discrepancy between the various methods to determine the
severity of MR.The MULDO method does not make assumptions about the geometry and is not gain
dependent. We believe that it will become a valuable tool in quantification of MR but warrants further
investigations.

Table

Case | 2D grade(a) | 2D grade(b) | PISA-EROA | MULDO-VCA | PISA-RV | MULDO-RV

1 |2 |3 | 0,60 | 0,68 | 53 | 61

|
|
2 |2 [2-3 | 0,44 | 0,24 | 44 | 24
|3 |23 I3 | 0,30 | 0,26 | 76 | 51
la |3 E | 0,36 | 0,33 | 34 | 31
5 |23 [2-3 | 0,36 | 0,40 | 51 | 57

2D echocardiographic qualitative grading (grade 1-4; mild-moderate-moderate severe-severe) by two
investigators (a and b), effective regurgitant orifice area (EROA=cm2) and regurgitant volume
(RV=ml/beat) calculated by the 2D PISA method, VCA (cm2) by MULDO and MULDO-RV (ml/beat)
calculated as the product of MULDO-VCA and 2D CW Doppler Velocity Time Integral of the regurgitant
jet.
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CLINICAL INVESTIGATIONS
VALVULAR HEART DISEASE

Quantification of Mitral Regurgitation Using High Pulse
Repetition Frequency Three-Dimensional Color
Doppler

Thomas R. Skaug, MD, Torbjorn Hergum, MSc, Brage H. Amundsen, MD, PhD, Terje Skjerpe, MD, PhD,
Hans Torp, MSc, Dr Techn, and Bjern Olav Haugen, MD, PhD, Trondheim, Norway

Background: The aim of this study was to validate a novel method of determining vena contracta area (VCA)
and quantifying mitral regurgitation using multibeam high—pulse repetition frequency (HPRF) color Doppler.

Methods: The Doppler signal was isolated from the regurgitant jet, and VCA was found by summing the Dopp-
ler power from multiple beams within the vena contracta region, where calibration was done with a reference
beam. In 27 patients, regurgitant volume was calculated as the product of VCA and the velocity-time integral of
the regurgitant jet, measured by continuous-wave Doppler, and compared with regurgitant volume measured
by magnetic resonance imaging (MRI).

Results: Spearman’s rank correlation and the 95% limits of agreement between regurgitant volume measured
by MRI and by multibeam HPRF color Doppler were rg = 0.82 and —3.0 = 26.2 mL, respectively.

Conclusion: For moderate to severe mitral regurgitation, there was good agreement between MRI and multi-
beam HPRF color Doppler. Agreement was lower in mild regurgitation. (J Am Soc Echocardiogr 2010;
23:1-8))

Keywords: Mitral regurgitation, Multibeam HPRF color Doppler, PISA, Vena contracta area, Regurgitant

volume

The echocardiographic assessment of the severity of mitral regurgita-
tion (MR) is challenging, because it requires the integration of differ-
ent 2-dimensional (2D) Doppler parameters with inherent strengths
and weaknesses.! The proximal isovelocity surface area (PISA)
method provides measures of mitral regurgitant flow rate, effective re-
gurgitant orifice area (EROA) and regurgitant volume.>* However,
the PISA method has limitations because the regurgitation is dynamic
throughout systole and because it assumes a hemispheric flow
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convergence and a circular regurgitant orifice.”® A different approach
to quantify MR is to look at the vena contracta, which is slightly
smaller than the anatomic orifice and thus a measure of EROA.!
According to guidelines, a vena contracta width = 7 mm and an
EROA and regurgitant volume as measured by PISA = 0.4 cm?
and = 60 mL, respectively, are regarded as specific signs of severe
MR."® Three-dimensional (3D) color flow imaging (CF) can be
used to quantify the vena contracta area (VCA)'%!? and PISA.!>!*
Measuring the VCA by planimetry of 3D CFI has shown better cor-
relation with angiographic grading than measuring the vena contracta
width by 2D CFI.'® The shape of the VCA was investigated using 3D
CFl and demonstrated to be noncircular in functional MR, resulting in
poor estimation of EROA by measuring the vena contracta width.'?

In laminar blood flow such as in the vena contracta, the backscat-
tered Doppler power is proportional to the volume of blood in the
sample volume of an ultrasound beam.'® This can be calibrated to
give an absolute measurement of volume flow, as was shown for mea-
surements in arteries by Hottinger and Meind!'® in 1979. This princi-
ple can be used in the quantification of MR, as shown by Buck et al,'”
who estimated volume flow through the vena contracta from the
power-velocity integral by means of a single wide measurement
beam and a narrow beam for calibration.

We have recently extended this principle!” to using multiple beams
covering the vena contracta. Summing these beams provides a more
homogeneous measurement compared with using a single beam. The
proposed method has recently been validated in vitro as well as in
computer simulations.'® In this study, the proposed method was
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used in vivo to quantify VCA semiautomatically, which was multi-
plied by the velocity-time integral (VTD, found independently using
continuous-wave (CW) Doppler, to obtain the regurgitant volume.
We used magnetic resonance imaging (MRI) as one of the reference
methods for flow quantification of MR, which has previously been
validated for this purpose.'*?°

METHODS

Multibeam High-Pulse Repetition Frequency (HPRF) Color
Doppler

The maximum velocity (the Nyquist limit) that can be resolved with
CFl is typically 1 m/s for cardiac applications, which is much lower
than the typical velocity of 4 to 6 m/s in a MR jet. We increased
the Nyquist limit using a custom 3D HPRF color Doppler mode.
With HPREF, several pulses are fired before the deep echoes from
the first pulse have returned to the probe, such that exact range infor-
mation is lost in exchange for an increased velocity span. However,
this is not a problem, because the spurious sample volumes are out-
side the jet, and these signals are removed by a high-pass filter. Several
ultrasound beams are spread out across the valve, as shown in the left
part of Figure 1, and 3D Doppler data are recorded from a wide but
short region of interest (ROI) covering the vena contracta. (The ROI
must be short radially to enable HPRE) A composite measurement
beam is made by summing the contribution from all the beams.
The right part of Figure 1 shows these individual beams (black) to
scale, together with the composite measurement beam (blue). A
wide single measurement beam (green), as used by Buck et al,'” is in-
cluded for comparison. The composite beam has a more homoge-
neous sensitivity and a higher signal-to-noise ratio than the single
wide beam. Additional beams can be included to make the composite
beam arbitrarily large without decreases in signal-to-noise ratio.
Blood flow through the vena contracta is known to be laminar, and
for laminar blood flow, the power of the Doppler signal, Preas, is pro-
portional to the blood volume within the sample volume. The factor
of proportionality, the ratio of the Doppler power P to the beam
area Ay, is determined from the beam with the most Doppler power,
because this beam is most likely to be within the regurgitant jet or or-
ifice, as demonstrated in the left part of Figure 1. A computer model
provides the cross-sectional area, Ay, as well as a constant, k, relating
the power of the composite beam to the reference beam. Because the
power-to-area ratio is constant, the VCA is found by solving

Press _ ;P
VCA Aret

Being a numerical method, it is independent of display parameters
such as gain and tissue priority. The reason “color” is included in “3D
HPREF color Doppler” is because the acquisition uses just a few beams
in each direction, just like CFl, compared with pulsed wave Doppler,
which typically uses 50 to 100 pulses to make one spectrum. A few
samples are sufficient to separate the Doppler power from the high-
velocity jet from the surroundings, enabling a reasonable frame
rate. However, it is dependent on the transmit frequency and trans-
ducer size for lateral resolution, which ultimately limits minimum
beam width and thus valid calibration measurements. Additionally,
the grid of beams makes it possible to obtain cross-sectional images
of the vena contracta, but this was not investigated in this study.
Further details can be found in Hergum et al.'®
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Data Acquisition and Processing

Equipment. A Vivid 7 Dimension (GE Vingmed Ultrasound AS,
Horten, Norway) with a 3V matrix-array probe and an M4S 2D
cardiac probe was used to acquire HPRF 3D color Doppler and stan-
dard 2D images. Custom software was used for postprocessing of the
raw 3D Doppler data to calculate VCA. EchoPAC (GE Vingmed
Ultrasound AS) was used to analyze the 2D images.

Subjects. The study was performed at the Department of Cardiol-
ogy of St Olav's Hospital (Trondheim, Norway). The primary
exclusion criteria were aortic regurgitation, cardiac arrhythmias, and
contraindications to MRI. Of 35 subjects with mild to severe MR
who consented to participate, 3 were excluded because of poor mul-
tibeam HPRF color Doppler quality, 4 because of poor MRI quality
caused by arrhythmias, and 1 because of a requirement for hemodi-
alysis between investigations. Consequently, the study included 27
subjects, 11 women and 16 men, with a median age of 51 years
(range, 28-81 years). Sixteen subjects had organic mitral valve disease
or unidentified etiology, and 11 had functional regurgitation. Eccen-
tric jets were present in 10 of 16 patients with organic MR and in 4
of 11 subjects with functional MR. All were in sinus rhythm, and
the median ejection fraction measured by echocardiography was
50% (range, 23%-65%). The interval between the examinations
was within 1 day in 22 of the subjects and within 1 to 5 days in 5 sub-
jects, and there were no changes in medications. The median heart
rate was 63 beats/min (range, 43-104 beats/min) during Doppler
echocardiography and 64 beats/min (range, 48-110 beats/min) dur-
ing MRI. The study was approved by the Regional Committee for
Medical and Health Research Ethics, Norwegian Social Science
Data Service, and conducted according to the Declaration of Helsinki.

Two-Dimensional Doppler Echocardiography. A standard 2D
Doppler echocardiographic examination was performed, including
an assessment of jet area by CFl compared with left atrial size and mi-
tral and pulmonary vein flow. We measured the mitral regurgitant
flow rate by PISA at the time of peak regurgitant jet velocity. The
Nyquist limit was lowered, such that a flow convergence as close as
possible to a hemisphere was shown in an apical view. The VTI and
peak regurgitant jet velocity were measured using CW Doppler,
and the PISA EROA and regurgitant volume were calculated using
a hemispheric approach.'* We were unable to assess the PISA flow
rate in 5 subjects. A highly qualified echocardiography observer,
blinded to the MRI and multibeam HPRF color Doppler results, ana-
lyzed PISA and MR grade as follows: 1 = mild, 2 = mild to moderate,
3 = moderate to severe, and 4 = severe.

Multibeam HPRF Color Doppler. Multibeam HPRF color Dopp-
ler recordings were made in the apical view in two steps, as illustrated
in Figure 2. With the scanner in triplex mode (B mode, CFl, and
pulsed-wave Doppler), the vena contracta was located by moving
the pulsed-wave sample volume into the jet flow shown by CFl and
adjusted to include the highest velocities. The scanner was then
switched to the custom multibeam HPRF color Doppler mode,
with the position of the 3D ROI centered around the pulsed-wave
sample volume. Depending on the depth of the RO, the transmit fre-
quency and the pulse repetition frequency were set to obtain
a Nyquist velocity of about 3 m/s, so that a jet flow of nearly 6 m/s
could be resolved. Typically, the transmit frequency was 2.1 MHz
and the pulse repetition frequency 20 kHz. In a typical subject, the
depth of the ROl was at about 9 - 10 cm. Altering display parameters
such as gain and tissue priority during acquisition to visualize the
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Figure 1 (A) Sketch of a leaking valve, with multiple beams shown. The reference beam (red), the beam with the most Doppler power,
is selected automatically as the beam that is most likely to be within the orifice. A composite measurement beam is made by adding
multiple narrow beams together. (B) In this 2D sketch, 9 narrow beams have been added to make a wide, flat beam. The green line
shows the beam profile of a single wide beam from a smaller transducer. The peak sensitivity of this beam is about 8 dB lower than for

the blue composite beam, and the sensitivity varies significantly.

regurgitant jet optimally did not affect the raw 3D Doppler data we
used for analysis. Each recording consisted of several cycles of real-
time data, and the procedure was repeated to make sure that the
vena contracta was within the ROI despite patient movement. The
size of the ROl was 7 x 20 x 21 mm (radial x azimuth X elevation).
Currently, the frame rate is limited to about 10 volumes/s because of
the large number of transmitted ultrasound beams necessary for each
acquired volume. The raw 3D Doppler data were analyzed semiauto-
matically to find the VCA using custom software. Radial smoothing
was applied to reduce the variance of the estimates. Frames corre-
sponding to the systolic jet were selected, and the estimate of the
VCA was the median value of these measurements. Some frames
were excluded according to the following criteria:

e there was no visible jet above the noise level,
e the ROI did not cover the jet area, or
e the vena contracta was not within the ROL

Multibeam HPRF color Doppler was analyzed by an observer
blinded to the MRI data, MR grade, and the PISA results. To assess in-
terobserver variability, another blinded observer randomly analyzed
18 of the subjects. The multibeam HPRF color Doppler regurgitant
volume was calculated as the product of the VCA and the VTI of
the regurgitant jet, measured separately by CW Doppler. Because
the direction of flow was known, the velocity could also be found
from the color flow data by maximum baseline shift. However, we
chose to use separate VTI measurement because of the current low
temporal resolution of 3D color flow data.

MRI Study. All patients were examined during supine rest using
a Siemens Avanto 1.5-T system with a body matrix coil (Siemens
Medical Systems, Erlangen, Germany). True fast imaging with
steady-state precession cine images were acquired during end-ex-
piratory breath holds in the 4-chamber and 2-chamber views and
in the short axis from the base to the apex of the left ventricle
with the following settings: retrospective electrocardiographic gat-
ing; in-plane resolution, 0.9 x 0.9 mm; echo time, 1.12 ms;
repetition time, 58 ms; flip angle, 80°; slice thickness, 6 mm; slice
gap, 4 mm; and 25 to 30 frames/beat. Flow in the ascending
aorta was quantified using a steady-state free precession phase-
contrast sequence with the following settings: retrospective

electrocardiographic gating; in-plane resolution, 1.3 x 1.3 mm;
minimal repetition time (61.05 ms) and echo time (3.09 ms); slice
thickness, 6 mm; encoding velocity adjusted to just above
maximal systolic velocities; and 25 to 30 frames/beat. All images
were analyzed using Segment®' by an observer unaware of the
echocardiographic results. The left ventricular stroke volume was
calculated by semiautomatically drawing endocardial contours in
the short-axis images in end-diastole and end-systole (aortic valve
closure). Systolic long-axis excursion was quantified by measuring
the descent of the septal, lateral, inferior, and anterior points of
the mitral annulus in the 4-chamber and 2-chamber views. The
average value was incorporated into the stroke volume estimate
in the software. Systolic flow in the ascending aorta was quanti-
fied from the phase-contrast images by drawing an ROI in the as-
cending aorta. The MRI regurgitant volume was quantified as the
difference between the left ventricular stroke volume and the aor-
tic stroke volume.'” The accuracy of the method was tested in an
in vivo validation study in which the same measurements as de-
scribed above were done in 9 subjects (4 healthy subjects, 5
with recent myocardial infarctions) in whom the absence of MR
was confirmed by echocardiography. The estimated error was 3
+ 5 mlL/stroke.

Statistical Analysis. The null hypothesis corresponded to no dif-
ference between the multibeam HPRF color Doppler, MR, and 2D
echocardiography in the quantification of MR. Including 27 patients
resulted in power > 90% at the 5% significance level for detecting
a difference in regurgitation volume of 5 mL, assuming 1 standard de-
viation (SD) of 3.2 mL. Spearman’s rank correlation (r;) was used be-
cause the continuous variables were not normally distributed. The
agreement between the continuous variables (multibeam HPRF color
Doppler, MR], and PISA) was assessed by calculating the 95% limits
of agreement (mean difference + 2 SDs).>? Because the differences
were normally distributed, we used paired-samples ¢ tests to compare
the regurgitant volume measured by the different methods as well as
the heart rate. To assess the agreement between MR grade (1-4), MRI
regurgitant volume (milliliters per beat), multibeam HPRF color
Doppler regurgitant volume (milliliters per beat), and VCA (square
millimeters), we used « statistics. In accordance with current guide-
lines for EROA, we divided the VCA results into 4 categories:



4 Skaug et al

"

/2008 15:15:24
PW

2/2008 15:16:00

Figure 2 Two-step multibeam HPRF color Doppler data acqui-
sition. (Top) Triplex scan. (Bottom) Three-dimensional HPRF
color flow of the vena contracta. Note the Nyquist limit and the
ROI. The VCA was calculated from the Doppler power; not the
color flow images.

1=0to 19mm? 2=20t029 mm? 3=30to39 mm? and 4 ==40
mm?. We divided regurgitant volume into 4 categories: 1 = 0 to 29
mL, 2 =30 to 44 mL, 3 =45 to 59 mL, and 4 = =60 mL."

We assessed the interobserver variability of the multibeam HPRF
color Doppler VCA and regurgitant volume in 18 subjects as the
coefficient of repeatability, defined as 2 SDs of the differences.

Descriptive values are reported as medians and ranges, and 95%
limits of agreement are reported as mean * 2 SDs. Results of paired
t tests are reported as mean (95% confidence interval [CID). The sta-
tistical analyses were performed using SPSS (SPSS, Inc, Chicago, IL).

RESULTS

The descriptive results are presented in Table 1. The mean difference
in heart rate between MRI and Doppler echocardiography was 2.4
beats/min (95% CI, —1.4 to 6.2 beats/min).

Spearman’s rank correlation (n=27) was better between regurgitant
volume measured by MRI and multibeam HPRF color Doppler (r, =
0.82, P<.001) than between MRI regurgitant volume and multibeam
HPREF color Doppler VCA (r, = 0.64, P<.001). Similarly, Spearman’s
rank correlation was better between MR grade and multibeam HPRF
color Doppler regurgitant volume (7, = 0.66, P<.001) than between
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Table 1 Study results
Variable Median Range
MULDO VCA (mm?) (n = 27) 25.7 12.0-59.0
VTI by CW Doppler (cm) (n = 27) 150 74-213
Peak jet velocity by CW Doppler (m/s) (n = 27) 5.3 4.3-6.3
MULDO regurgitant volume (mL) (n = 27) 35.6 14.2-99.0
In functional MR (n = 11) 32.3 14.5-54.2
In organic MR (n = 16) 39.8 14.2-99.0
In central MR (n = 13) 32.3 14.2-99.0
In eccentric MR (n = 14) 37.7 20.0-61.3
MRI regurgitant volume (mL) (n = 27) 35.1 4.2-129.0
In functional MR (n = 11) 14.3 7.8-46.3
In organic MR (n = 16) 471 4.2-129.0
In central MR (n = 13) 23.9 8.3-129.0
In eccentric MR (n = 14) 45.2 4.2-68.7
PISA regurgitant volume (mL) (n = 22) 22.2 2.2-80.0

MULDO, Multibeam HPRF color Doppler.

MR grade and multibeam HPRF color Doppler VCA (r, =041, P=
.036). The 95% limits of agreement between regurgitant volume mea-
sured by MRI and multibeam HPRF color Doppler (n=27) were —3.0
+ 26.2 mL. Omitting the 5 subjects (n=22) in whom we were unable
to measure PISA, Spearman’s rank correlation and the 95% limits of
agreement between regurgitant volume measured by MRI and multi-
beam HPRF color Doppler were r; = 0.79 (P <.001) and —5.1 =
23.9 mL, respectively (Figure 3a). Similarly, Spearman’s rank correla-
tion and the 95% limits of agreement between MRI and PISA were
r,=0.78 (P<.001) and 4.7 £ 30.6 mL, respectively (Figure 3b), and
between PISA and multibeam HPRF color Doppler were r, = 0.63
(P=.002) and —9.8 * 37.0 mL, respectively (Figure 3¢). Spearman’s
rank correlation between PISA EROA and multibeam HPRF color
Doppler VCA was r;=0.40 (P=.065), and the 95% limits of agree-
ment were —0.08 = 0.28 cm?. There was no significant difference be-
tween regurgitant volume measured by MRI and multibeam HPRF
color Doppler or between MRI and PISA. Both PISA regurgitant vol-
ume and PISA EROA were significantly lower than multibeam HPRF
color Doppler regurgitant volume and VCA.

There was a significant difference between regurgitant volume
measured by MRI and multibeam HPRF color Doppler in patients
with mild MR, defined as MRI regurgitant volume < 30 mL (n =
13), with a mean difference of —11.8 mL (95% CI, —17.9 to —5.6
mL). In patients with moderate and severe MR, defined as MRI regur-
gitant volume = 30 mL (n = 14), the mean difference between regur-
gitant volume measured by MRI and multibeam HPRF color Doppler
was 5.2 mL (95% CI, —0.6 to 11.0 mL). The mean difference be-
tween regurgitant volume measured by MRI and multibeam HPRF
color Doppler was 1.I mL (95% CI, —5.7 to 79 mL) in organic
MR, while the mean difference was —8.8 mL (95% CI, —16.8 to
—0.8 mL) in functional MR. There were no significant differences be-
tween regurgitant volume measured by MRI and multibeam HPRF
color Doppler in central and eccentric mitral regurgitant jets. The
mean differences were —2.0 mL (95% CI, —10.9 to 70 mL) and
—3.8 mL (95% CI, —10.7 to 3.1 mL), respectively.

The « agreement between the various methods is presented in
Table 2 and Figure 4. Agreement between the methods was better
for organic than functional MR, as seen in Table 2.

Interobserver analysis of the multibeam HPRF color Doppler VCA
in 18 subjects demonstrated that the coefficient of repeatability was
8.7 mm?. Because of the interobserver variability with VCA, the co-
efficient of repeatability for multibeam HPRF color Doppler regurgi-
tant volume was 9.8 mL.
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Figure 3 Spearman’s rank correlation and 95% limits of agreement between regurgitant volume (Reg. Vol.) (n = 27) measured by (A)
MRI and multibeam HPRF color Doppler (MULDO) were rs = 0.82 and —3.0 * 26.2 mL, respectively. Omitting the 5 subjects (open
dots) in whom we were unable to measure PISA, Spearman’s rank correlation and the 95% limits of agreement between regurgitant
volume (n = 22) measured by MRI and multibeam HPRF color Doppler were rg = 0.79 and —5.1 = 23.9 mL, respectively. (B)
Spearman’s rank correlation and 95% limits of agreement between MRI and PISA were rg = 0.78 and 4.7 = 30.6 mL, respectively.
(C) Spearman’s rank correlation and 95% limits of agreement between PISA and multibeam HPRF color Doppler were rs = 0.63
and —9.8 = 37.0 mL, respectively.

DISCUSSION the regurgitant volume to discriminate between moderate and severe
MR.! The present study shows that the severity of MR can be quanti-
In patients with more than mild mitral regurgitant jets evaluated by fied with a new 3D echocardiographic method based on multibeam
standard 2D Doppler echocardiography, it is necessary to quantify HPRF color Doppler. The method is an extension of a previous
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Table 2 Agreement

Agreement K P
MRI regurgitant volume vs MULDO VCA (n = 27) 0.32 .005
MRI vs MULDO regurgitant volume (n = 27) 0.49 < .001
MR grade vs MULDO VCA (n = 27) 0.12 .30
MR grade vs MULDO regurgitant volume (n = 27) 0.44 < .001
MR grade vs MRI regurgitant volume (n = 27) 0.48 <.001
MRI vs MULDO regurgitant volume in functional MR 0.11 .60
(n=11)
MR grade vs MULDO regurgitant volume in 0.19 .36
functional MR (n = 11)
MR grade vs MRI regurgitant volume in functional 0.30 12

MR (n = 11)

MRI vs MULDO regurgitant volume in organic MR 0.67 < .001
(n=16)

MR grade vs MULDO regurgitant volume in organic 0.58 <.001
MR (n = 16)

MR grade vs MRI regurgitant volume in organic MR 0.57 <.001
(n=16)

MULDO, Multibeam HPRF color Doppler.

Multibeam HPRF color Doppler and MRI regurgitant volume categories:
1=0t0o29mL, 2 =30t044 mL, 3 =45t0 59 mL, and 4 = =60 mL. Multi-
beam HPRF color Doppler VCA categories: 1=0to 19 mm?, 2 =20t0 29
mm?, 3 = 30 to 39 mm?, 4 = =40 mm?. MR grades assessed by 2D echo:
1 =mild, 2 = mild to moderate, 3 = moderate to severe, 4 = severe.

method described by Buck et al.'” VCA was measured from the back-
scattered Doppler power, while the regurgitant volume was calculated
as the product of VCA and the VTI of the regurgitant jet, found sepa-
rately from CW Doppler. The agreement between regurgitant volume
measured by MRI and multibeam HPRF color Doppler and between
MR grade and multibeam HPRF color Doppler regurgitant volume
was moderately good. In organic MR, the agreement between the
methods was even better, and there was no significant difference be-
tween regurgitant volume measured by MRI and multibeam HPRF
color Doppler. The agreement was poor in functional MR, with the
multibeam HPRF color Doppler regurgitant volume being signifi-
cantly higher. Similarly, in patients with MRI regurgitant volumes <
30 mL, there was significant overestimation by multibeam HPRF color
Doppler regurgitant volume, but there was no bias in those with MRI
regurgitant volumes = 30 mL. The 95% limits of agreement between
regurgitant volume measured by MRI and multibeam HPRF color
Doppler were relatively wide, which is explained by the significant
overestimation of mild regurgitation by multibeam HPRF color Dopp-
ler. Unlike direct measurement with planimetry of VCA by 3D CF,'°
multibeam HPRF color Doppler estimates VCA on the basis of a
calibrated measurement of the backscattered Doppler power and
requires no manual tracing; the calculations can be done semiauto-
matically, are not affected by display settings such as gain and tissue pri-
ority, and are not limited by a Nyquist limit of <1 m/s. The major
advantage of extending the method from one measurement beam
and one reference beam'” to multiple beams is more homogeneous
sensitivity of the measurement beam, which ensures that a slight lateral
shift of the ROI will not result in a different measurement. The signal-
to-noise ratio is also improved. Because the reference beam is
automatically selected within a grid of beams, it is easier for the sonog-
rapher to obtain a valid reference measurement, compared with the
use of only a single beam.

In the present study, we found better correlation and agreement
between regurgitant volume measured by MRI and multibeam
HPRE color Doppler than between MRI regurgitant volume and mul-
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Figure 4 The k agreement (n = 27) between MR grade and multi-
beam HPRF color Doppler (MULDO) regurgitant volume (Reg.
Vol.), between MR grade and MRI regurgitant volume, and be-
tween regurgitant volume measured by MRI and multibeam
HPRF color Doppler was 0.44, 0.48, and 0.49, respectively.
MR grades assessed by 2D echo: 1 = mild, 2 = mild to moderate,
3 = moderate to severe, 4 = severe. Multibeam HPRF color
Doppler and MRI regurgitant volume categories: 1 = 0 to 29
mL, 2 =30to 44 mL, 3 =45to0 59 mL, and 4 = =60 mL.

tibeam HPRF color Doppler VCA. This is not surprising, because the
regurgitant volume is given not only by the EROA but also by the du-
ration of regurgitation and the pressure gradient across the mitral
valve, expressed as the VTI. As demonstrated in Figure 3a, the 95%
limits of agreement between regurgitant volume measured by MRI
and multibeam HPRF color Doppler were wide in our study, whereas
Buck et al®> demonstrated excellent agreement. They reported
amean difference of 0.4 mL and 1 standard deviation of 3.2 mL, cor-
responding to 95% limits of agreement of 0.4 * 6.4 mL, between
broad-beam spectral Doppler and MRI measurements in MR. There
are some differences to note. Our population was characterized by
a wider range of regurgitant volume measured by MRI (4-129 mL)
than in the population investigated by Buck et al>> (6-46 mL). Sec-
ond, we measured VCA by multibeam HPRF color Doppler, but
the VTI of the regurgitant jet was measured separately by CW Dopp-
ler. In the power-velocity integral method used by Buck et al, 2> both
the area and the velocity integral across the flow cross-sectional area
were measured. Further, the calculation of MRI regurgitant volume
was somewhat different, as we calculated the left ventricular stroke
volume by volumetric measurements in short-axis and long-axis im-
ages, whereas Buck et al*> measured mitral inflow using phase con-
trast imaging. Another recently described 3D CFI method based on
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dealiasing of mitral vena contracta flow to calculate mitral regurgitant
volume was validated by Plicht et al,>* and the 95% limits of agree-
ment between this 3D CFl method and MRI in vivo were —1.8 =
14.2 mL. In our study, in vivo validation results showed that the
MRI measurements contributed only to a modest part of the total dif-
ference between the methods, and the error was in the same range as
previously reported for the approach used by Buck et al and Plicht
et al.2%%32* We demonstrated significant overestimation by multi-
beam HPRF color Doppler regurgitant volume for mild regurgitation,
defined as MRI regurgitant volume < 30 mL, but no significant bias
for MRI regurgitant volume = 30 mL. Similarly, in vitro, there was
an overestimation of the VCA in the small valvular defects.'®

We found a significant correlation (r; = 0.66) and moderately good
agreement (k = 0.44) between MR grade and multibeam HPRF color
Doppler regurgitant volume. The fact that multibeam HPRF color
Doppler overestimates mild regurgitation (regurgitant volume < 30
mL) is clearly illustrated in Figure 4. This contributes to some overlap
between MR grades 1 and 2. Agreement was better for organic than
for functional MR between the various methods, as demonstrated in
Table 2. This probably stems from the same source as the overestima-
tion of mild regurgitation: the reference beams are too large for some
orifices. The regurgitant orifice is usually asymmetric and noncircular
in functional as opposed to organic MR,'*!3 meaning that the cross-
sectional area may be large but still not able to encompass the full ref-
erence beam. Additionally, those with an organic etiology in our study
were part of a higher regurgitant volume population than those with
a functional etiology.

In our study, a standard hemispheric PISA was feasible in 22 out of
27 patients. The 95% limits of agreement between regurgitant volume
measured by MRI and PISA were wider than between MRI and multi-
beam HPRF color Doppler (Figure 3). One of the limitations of this
PISA method is the dynamic variation of the mitral regurgitant flow
rate and the EROA during systole.®” This was demonstrated in a valida-
tion study using 4 different hemispheric PISA methods. There was sig-
nificant underestimation of mitral regurgitant volume by two single-
point PISA methods, measuring instantaneous flow rate, compared
with MRI (95% limits of agreement, —13.3 = 20.4 and —13.5 =
20.6 mL) and to a lesser degree by two time-integral PISA methods
compared with MRI (95% limits of agreement, —8.0 * 12.8 and
—87 + 14.8 mL).2 In 3D CF studies, it has been demonstrated that
the proximal flow convergence area is hemielliptic rather than hemi-
spheric, especially in functional MR, because of the asymmetric geom-
etry of the regurgitant orifice area. This results in significant
underestimation of PISA EROA measured by a hemispheric approach
by 2D CFL.""* Similarly, VCA measured by 3D CFI has been demon-
strated to be significantly larger than PISA EROA measured by a hemi-
spheric approach, especially in patients with elliptical orifice shapes.'>?°
Kahlert et al'> demonstrated that the 95% limits of agreement between
PISA EROA measured by a hemispheric and a hemielliptic approach,
respectively, and VCA measured by 3D CFl were —0.2 = 0.4 and
—0.09 * 0.28 cm?, respectively. We demonstrated that the 95% limits
of agreement between regurgitant volume measured by a hemispheric
approach to PISA and multibeam HPRF color Doppler were wide
(Figure 3¢). Multibeam HPRF color Doppler regurgitant volume was
significantly larger than PISA regurgitant volume, and multibeam
HPREF color Doppler VCA was significantly larger than PISA EROA.

Limitations

The Nyquist limit should ideally be equal to the mitral regurgitant jet
velocity. However, the velocity of the mitral regurgitant jet can be
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determined unambiguously as long as the direction of the jet is
known and the peak velocity is <2 times the Nyquist limit of about
3 m/s. To achieve such an HPRF, and thus a high Nyquist limit, the
ROI must be small in the radial direction. It can be challenging to
position the ROI correctly, especially with large displacements of
the mitral valve in hyperdynamic ventricles. As shown in the exper-
imental study, multibeam HPRF color Doppler VCA will overesti-
mate the regurgitant orifice area in mild disease when the orifice is
narrow relative to the size of the reference beam.'® This limitation
is inherent to all similar techniques requiring reference measure-
ments.'” Accordingly, agreement was better for the moderate and
severe regurgitations in the present study. The regurgitant volume re-
lies on measuring both the multibeam HPRF color Doppler VCA
and VTI of the regurgitant jet by CW Doppler accurately. Area esti-
mation by multibeam HPRF color Doppler is angle dependent, like
other Doppler methods, and misalignment will overestimate VCA.
The regurgitant volume will not be angle dependent, because the
overestimation of VCA will be canceled out by the underestimation
of the VTI from CW Doppler. The vena contracta and the EROA
can vary during systole,"*2¢ and the current frame rate of 10 vol-
umes/s is probably too low for short-duration regurgitation or dy-
namic variations during systole. However, multibeam HPRF color
Doppler acquires real-time data over several cardiac cycles to
make sure that the vena contracta is within the 3D ROL The criteria
for the inclusion and exclusion of frames were well defined, but
there were still some frames that were of uncertain nature, which
explains the interobserver variability of the VCA.

Further Perspectives

We expect the next generation of 3D probes to increase the aperture
size to match the currently available 2D probes. This will enable nar-
rower reference beams, enabling multibeam HPRF color Doppler to
measure smaller orifices and narrower and asymmetric functional MR
with less bias. The current low frame rate of about 10 volumes/s is also
expected to increase significantly with the use of parallel received
beams.

CONCLUSION

For the quantification of MR, calculation of VCA by multibeam HPRF
color Doppler overcomes several of the limitations of CFI, as well as
the assumptions made by PISA that lead to the underestimation of
noncircular defects. However, multibeam HPRF color Doppler regur-
gitant volume significantly overestimated mild regurgitation, but this
condition can easily be identified as such by standard 2D Doppler ex-
aminations, making further quantitative efforts unnecessary. There
was no significant bias for moderate and severe MR when regurgitant
volume measured by multibeam HPRF color Doppler was compared
with MRI. We believe that multibeam HPRF color Doppler regurgi-
tant volume calculated as the product of VCA and VTI by CW Dopp-
ler can supplement 2D Doppler for the quantification of moderate
and severe MR.
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Theaim of this study was to validate and assess the feasibility of a previously described method using multibeam high-pulse
repetition frequency (HPRF) colour Doppler to quantify the vena contracta area (VCA) in aortic regurgitation (AR).

Methods Twenty-nine patients with mild to severe AR were studied. Regurgitant volume and fraction measured by magnetic
resonance imaging (MRI) were used as the standard of reference. The VCA was measured automatically by combining
the Doppler power from multiple beams with a priori knowledge of the individual beam profiles, to give an absolute meas-
urement of the VCA. The regurgitant volume was calculated as the product of the VCA and the velocity time integral,
measured separately by continuous wave Doppler.

The Spearman’s rank correlation between regurgitant volume by MRland multibeam HPRF colour Dopplerwasr, = 0.73
(P < 0.01), with 95% limits of agreement of —14.4 + 29.1 mL. The mean difference between the methods in those with
MRI regurgitant volume of >30 mL (n = 14) was —7.6 (95% confidence interval —13.9 to —1.2) mL.

There was good agreement between MRI and multibeam HPRF colour Doppler in patients with moderate to severe AR,
while agreement for those with mild AR was modest.

Keywords Aortic regurgitation e Multibeam HPRF colour Doppler e 3D colour Doppler e Venacontractaarea e Regurgitant
volume

The attenuation compensated volume flowmeter to measure
volume flow in arteries was introduced by Hottinger and Meindl.’”
In laminar flow, the backscattered Doppler power is proportional

Introduction

The evaluation of aortic regurgitation (AR) with echocardiography

requires an integrated approach of semi-quantitative and quantitative
two-dimensional (2D) Doppler parameters." Quantitative para-
meters such as the proximal isovelocity surface area to calculate
the effective regurgitant orifice area (ERO area) and regurgitant
volume are recommended when feasible.'~* One of the limitations
is the hemispheric assumption of the flow convergence. The vena
contracta is a direct measure of the ERO and correlates to the sever-
ity of AR*® From 3D colour Doppler imaging, we can measure the
vena contracta area (VCA) making no assumptions of the geom-
etry,®~® but these measurements are gain-dependent.

to the volume of blood in the sample volume of an ultrasound
beam."® This principle has been used in the quantification of mitral
regurgitation using one measurement beam and one reference
beam."" We have extended this principle by using multiple narrow
beams (multibeam) to provide a homogenous measurement and
additionally by high-pulse repetition frequency (HPRF) to increase
the Nyquist limit. This method, multibeam HPRF colour Doppler,
has been described and validated in vitro,'* and in patients with
mitral regurgitation to quantify the VCA semi-automatically.’ In
the present study, we have extended the method to perform a fully

* Corresponding author. Tel: +47 728 28 140; Fax: +47 728 28 372, Email: thomas.r.skaug@ntnu.no
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automatic quantification of the VCA, and applied this in patients with
AR. To obtain the regurgitant volume, the VCA was multiplied with
the velocity time integral (VTI), found separately using continuous
wave (CW) Doppler. Our primary aim was to assess agreement
between multibeam HPRF colour Doppler and phase-contrast mag-
netic resonance imaging (MRI)."*~"" Our secondary aim was to
compare the new method with 3D colour Doppler,"® and AR
echo grade by 2D Doppler echocardiography.’

Methods

Equipment

AVivid 7 Dimension or E9 (GE Vingmed Ultrasound, Horten, Norway)
was used with an M4S or M5S cardiac probe to acquire 2D Doppler echo-
cardiography images, and we used a 3 V matrix array probe to acquire
multibeam HPRF colour Doppler and 3D colour Doppler images.
EchoPac BT 11 (GE Vingmed Ultrasound) was used to analyse 2D and
3D colour Doppler images. The custom software was used for post-
processing of the raw multibeam HPRF colour Doppler data to calculate
the VCA (MATLAB 7.8.0, Math Works).

Subjects

This study was performed at the Department of Cardiology, St. Olav’s
Hospital, Trondheim University Hospital, Norway, and the Department
of Cardiology, Oslo University Hospital, Rikshospitalet, Norway. The in-
clusion criteria were adult patients with mild to severe chronic AR in sinus
rhythm. The exclusion criteria were cardiac arrhythmias or any contra-
indication for MRI. Thirty-six subjects with mild to severe chronic AR
consented to participate and successfully underwent the echo and MRI
exams. Due to difficulty in identifying the vena contracta, misalignment
of the Doppler beam and jet direction or incorrect positioning of the
region of interest (ROI) in four subjects with eccentric jets and three sub-
jects with central jets we were not able to measure the VCA by multi-
beam HPRF colour Doppler in 7 of 36 subjects, and these subjects
were excluded from the analyses. There were 7 women and 22 men
with a median age of 58 (range 18—83) years. The aetiology of the AR
were degenerative disease in nine, bicuspid aortic valve in seven, cusp
prolapse in three, aortic root disease in six, and other uncertain mechan-
isms in four subjects. In 16 subjects, there were eccentric jets, and in the
remaining 13, there were central jets. The median ejection fraction mea-
sured by 2D echocardiography was 60 (range 30—71)%. The median left
ventricular end-diastolic and end-systolic dimensions were 61 (range
45-72) mm and 39 (range 25-52) mm, respectively. All echocardio-
graphic recordings were performed immediately before the MRI study.
Median heart rate during Doppler echocardiography was 60 (range
40-92) bpm and that during MRI was 65 (range 43—96) bpm. The
study was approved by the Regional Committee for Medical
and Health Research Ethics and conducted according to the Helsinki
Declaration.

Multibeam HPRF colour Doppler

We used HPRF and a clutter filter to be able to separate the Doppler
signals in the vena contracta from the entrained blood with lower veloci-
ties surrounding the jet. In this study, the Nyquist limit was about 3 m/s,
and we used a clutter filter with a cut-off frequency corresponding to
1.5 m/s. There were several narrow ultrasound beams (multibeam)
spread across the vena contracta region to measure the power of the
vena contracta Doppler signal (Pmeas). To get a calibrated Doppler
power measurement, a reference beam was chosen as the beam with
the most Doppler power (P.f) because this beam was most likely

within the regurgitant jet. A computer model provided the cross-
sectional area (A.e) of the reference beam and a constant (k). The
VCA was proportional to the calibrated Doppler power, and therefore
independent of attenuation, gain or tissue priority, and found by solving:

Prneas Prer

VCA ™ “A

Multibeam HPRF colour Doppler acquisition
and processing

Multibeam HPRF colour Doppler recordings were made from the apical
five-chamber view for the central jets (Figure 1) and from the parasternal
long-axis view for the eccentric jets (Figure 2) to get the best possible
alignment of the ultrasound beams and the regurgitant jet. The vena con-
tracta was located using a triplex-mode, in which the pulsed-wave (PW)
sample volume was moved into the regurgitant jet shown by colour
Doppler imaging, and we used approximately a few minutes to locate
the vena contracta. The scanner was then switched to the multibeam
HPRF colour Doppler mode, with the position of the 3D ROI centred
on the PW sample volume. The transmit frequency was 2.1 MHz. The
ROl was typically at a depth of 5—12 cm during acquisition, and the size
of the ROl'was 7 mm x 20 mm x 21 mm. The frame rate was ~7—-10
HPRF colour volumes per second. A recording consisted of 10—15 heart-
beats of real-time 3D data acquired in less than half a minute. More details
can be found in previous publications.'"?

The multibeam HPRF colour Doppler recordings were analysed using
the custom software to measure the VCA. The output was cross-
sectional Doppler power images of the vena contracta and estimates of
the VCA for each frame. In Figure 3, six diastolic frames of multibeam
HPRF colour Doppler data during a single heartbeat are demonstrated.
The Doppler measurements from all the diastolic frames duringa record-
ing of 10—15 heartbeats were calculated fully automatically, and we used
the median value as the estimate of the VCA. The recordings were vali-
dated by a blinded observer to assure that they were representative con-
sisting of: (i) a Doppler signal above the noise level and (ii) a Doppler signal
within the ROI. However, there were no manual interactions in order to
calculate the VCA. To assess repeatability, a separate recording from the
same subject was similarly analysed. Regurgitant volume was calculated
as: VCA x VTI measured separately by CW Doppler.

3D colour Doppler

A 3D colour Doppler examination was performed from the parasternal
long-axis view. The Nyquist limit was ~60 cm/s. Full-volume of the flow
data was acquired from six consecutive cardiac cycles, and the frame rate
was ~15 volumes per second. We used a default clutter filter with a
cut-off frequency corresponding to 20 cm/s. The dataset was cropped
just downstream from the aortic valve in a plane perpendicular to the
aortic regurgitant jet to find the VCA. The frame with the largest area
of the vena contracta was chosen and measured by planimetry. Regurgi-
tant volume was calculated as: VCA x VTl measured separately by CW
Doppler.

2D colour Doppler

We measured the VTl and pressure half time of the regurgitant aortic jet
with CW Doppler from the parasternal long-axis view in eccentric jets
and also from the apical five-chamber view in central jets to get the
best possible alignment of the ultrasound beam and the regurgitant jet.
The colour Doppler sector size was optimized, and the frame with the
largest diameter of the vena contracta was selected to measure the
vena contracta width (VCW). The Nyquist limit was ~60 cm/s.
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Figure I: Two-step multibeam HPRF colour Doppler data
acquisition with triplex scan (upper panel) and multibeam HPRF
colour flow of the vena contracta (lower panel) from the apical five-
chamber view in central AR.

Assessment of diastolic flow reversal in the descending aorta by PW
Doppler was performed. Further, assessment of the left ventricular func-
tion and dimensions were performed. A cardiologist blinded for the MRI,
multibeam HPRF, and 3D colour Doppler results analysed these data.
Based on qualitative and semi-quantitative parameters, AR severity was
graded as: 1 = mild, 2 = moderate, and 3 = severe.'

MRI study

All patients were examined during supine rest using a Siemens Avanto
1.5-T system with a body matrix coil (Siemens, Erlangen, Germany).
Balanced steady-state free precession cine images were acquired
during end-expiratory breath holds in the long- and short-axis views of
the left ventricle. Flow in the ascending aorta, at the level of the right

Figure 2: Two-step multibeam HPRF colour Doppler data
acquisition with triplex scan (upper panel) and multibeam HPRF
colour flow of the vena contracta (lower panel) from the paraster-
nal long-axis view in eccentric AR.

pulmonary artery,15 was quantified using a steady-state free precession
phase-contrast sequence. The image was aligned perpendicular to the
vessel walls guided by two previously acquired perpendicular cine
images positioned along the centre of the ascending aorta. The following
settings were used: end-expiratory breath hold, retrospective ECG-
gating, in-plane resolution 1.3 x 1.3 mm, minimal TR (61.05 ms) and
TE (3.09 ms), slice thickness 6 mm, Ve, adjusted to just above maximal
systolic velocities, and 30 frames/beat. All images were analysed in
Segment18 by one observer unaware of the echocardiographic results.
Systolic and diastolic flow in the ascending aorta was quantified from
the phase-contrast images by drawing an ROl in the reconstructed mag-
nitude images. The aortic regurgitant volume during diastole was quanti-
fied, and the regurgitant fraction was calculated by dividing the regurgitant
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Figure 3: Multibeam HPRF colour Doppler flow from the vena contracta during one heartbeat, and six diastolic frames are depicted. This

recording was obtained from the parasternal long-axis, as shown in Figure 2.

volume with the forward volume during systole. This approach will over-
estimate the regurgitant volume slightly as coronary flow during diastole
will be included. We sought to reduce phase-offset errors in the velocity
measurements by positioning the phase-contrast image in isocentre, and
using as low Ve, as possible.19

Statistics

Descriptive values are reported as median and range, and Spearman’s
rank correlation (r;) was used because the continuous variables were
not normally distributed.

Because the differences were normally distributed, we used paired
sample t-test to compare the VCA and regurgitant volume, respectively,
by the different methods. The level of significance was chosenat P < 0.05.
The agreement between the continuous variables was assessed by
calculating the 95% limits of agreement (mean difference + 2 SD). The
mean difference between two methods was reported as 95% confidence
interval (Cl).

To assess the agreement between AR echo grade and VCA, we
used kappa statistics. According to current recommendations for the
ERO area by 2D echo Doppler, we divided multibeam HPRF colour
Doppler VCA into: 1 = <10 mm? 2 = 10-29 mm? and 3 = >30 mm?"
In accordance with proposed cut-offs by Chin et al,” we divided 3D
colour Doppler VCA into: 1 = <30 mm, 2 = 30-49 mm? and 3 = >
50 mm?

Repeatability of the multibeam HPRF colour Doppler VCA in separate
recordings was assessed as the coefficient of repeatability, definedas 2 SD
of the differences.

The statistical analyses were performed using SPSS Statistics 19 (SPSS,
Inc., Chicago, IL, USA).

Results

The descriptive results are presented in Table 1, and the Spearman’s
rank correlation between the different methods is presented in
Table 2. The mean difference between the heart rate during the
MRl and Doppler echocardiography was 3.6 (95% Cl 1.0-6.1) bpm.

There was a better correlation between VCA measured by multi-
beam HPRF colour Doppler or 3D colour Doppler and MRl regurgi-
tant fraction than between VCW and MRI regurgitant fraction

(Table 2 and Figure 4). The Spearman’s rank correlation and the
95% limits of agreement between MRI regurgitant volume and multi-
beam HPRF colour Doppler VCA x VTl were r, = 0.73 (P < 0.01)
and —14.4 + 29.1 mL, respectively (Figure 5A). The mean differences
between the methods in groups based on direction of the jetand AR
severity are presented in Table 3. The Spearman’s rank correlation
and the 95% limits of agreement between MRI regurgitant volume
and 3D colour Doppler VCA x VTl were r; = 0.75 (P < 0.01) and
—47.8 + 60.9 mL, respectively (Figure 5B), while between 3D
colour Doppler and multibeam HPRF colour Doppler VCA there
were r; = 0.74 and 13.3 + 20.3 mm? (Figure 5C).

Based on AR echo grading, there was mild AR in 9, moderate AR in
8, and severe AR in 12 subjects. There was a good correlation
between AR echo grade and VCA by both multibeam HPRF colour
Doppler and 3D colour Doppler, and agreement was K = 0.50
(P < 0.01) and K = 0.64 (P < 0.01), respectively (Figure 6).

The analysis of the VCA estimate was made fully automatically, and
consequently, there was no inter- or intraobserver variability. In a
separate recording from the same subject, the coefficient of repeat-
ability for multibeam HPRF colour Doppler VCA estimates was
9.4 mm?,

Discussion

The present study showed that fully automatic calculation of the VCA
in AR was feasible using multibeam HPRF colour Doppler, and that
the correlation with MRI regurgitant volume and fraction was
good. Similar to other echocardiographic methods, the major clinical
advantages of multibeam HPRF colour Doppler vs. MRl are availabil-
ity and no contraindications. According to the ESC guidelines, in
patients with inadequate echocardiographic quality or discrepant
results, MRI should be used to assess the severity of valvular
lesions, particularly regurgitant lesion.” Interestingly, both 3D
methods, multibeam HPRF colour Doppler and 3D colour
Doppler VCA, were more closely correlated to MRI regurgitant
volume and fraction than VCW, measured in 2D. This is in line with
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Table I Descriptive results

Parameter Median Range
MULDO VCA (mm?) (N = 29) 17.0 6.0-43.0
In central AR (n = 13) 16.0 9.0-32.0
In eccentric AR (n = 16) 19.5 6.0-43.0
3D colour Doppler VCA (mm?) (N = 29) 35 12-60
In central AR (n = 13) 20 12-50
In eccentric AR (n = 16) 40 12-60
VCW (mm) (N = 29) 5 2-12
In central AR (n = 13) 4 3-7
In eccentric AR (n = 16) 6 2-12
VTl (ecm) (N = 29) 250 109-430
In central AR (n = 13) 250 135-430
In eccentric AR (n = 16) 248 109-387
MULDO VCA x VTI (mL) (N = 29) 41.7 12.0-837
In central AR (n = 13) 398 17.8-75.6
In eccentric AR (n = 16) 451 12.0-83.7
3D colour Doppler VCA x VTl (mL) (N=29) 65.0 23.8-168.0
In central AR (n = 13) 528 23.8-150.5
In eccentric AR (n = 16) 97.8 24.0-168.0
MRI regurgitant volume (mL) (N = 29) 25.0 23-87.8
In central AR (n = 13) 19.0 2.3-58.1
In eccentric AR (n = 16) 38.0 3.0-87.8
MRI regurgitant fraction (%) (N = 29) 231 44-77.0
In central AR (n = 13) 19.1 44-77.0
In eccentric AR (n = 16) 339 4.4-50.2

MULDO VCA x VTl calculates regurgitant volume.

3D colour Doppler VCA x VTl calculates regurgitant volume.

MULDO, multibeam HPRF colour Doppler; VCA, vena contracta area; AR, aortic
regurgitation; VCW, vena contracta width by 2D colour Doppler; VTI, velocity time
integral of the aortic regurgitant jet by CW Doppler.

Perez de Isla et al® who demonstrated better accuracy with 3D
colour Doppler VCA than 2D Doppler to assess AR severity,
defined by MRI parameters. The regurgitant volume calculated
from multibeam HPRF colour Doppler and CW Doppler overesti-
mated the severity of AR compared with MRI, but the agreement
between the methods was better for those with MRI regurgitant
volume of >30mL compared with those with MRI regurgitant
volume of <30 mL. The regurgitant volume calculated from 3D
colour Dopplerand CW Doppler significantly overestimated the se-
verity compared with MRI, and the limits of agreement between MRI
and 3D colour Doppler was wider than between MRl and multibeam
HPRF colour Doppler. In a recent study, Ewe et al.*° found excellent
agreement between 3D colour Doppler and MRI. These results dif-
fered from ours, for both 3D methods. There may be several
reasons for this. In our study, the heart rate during MRI was slightly
higher than during Doppler, which could contribute to some over-
estimation by both 3D methods. We measured VTl by CW
Doppler from the apical view in central AR and the parasternal
view in eccentric AR, as recommended.’ Ewe et al. measured VTI
from the apical view in eccentric and central AR. Ultrasound beam

Table2 Correlation

Spearman’s rank correlation rs P-value
MULDO VCA (mm?)

vs. MRI regurgitant fraction (%) 0.77 <0.01

vs. MRI regurgitant volume (mL) 0.81 <0.01

vs. 3D colour Doppler VCA (mm?) 0.74 <0.01

vs. echo grade (mild, moderate, and severe) 0.76 <0.01
MULDO VCA x VTI (mL)

vs. MRI regurgitant fraction (%) 0.67 <0.01

vs. MRI regurgitant volume (mL) 0.73 <0.01

vs. echo grade (mild, moderate, and severe) 0.67 <0.01
3D colour Doppler VCA (mm?)

vs. MRI regurgitant fraction (%) 0.83 <0.01

vs. MRI regurgitant volume (mL) 0.87 <0.01

vs. echo grade (mild, moderate, and severe) 0.76 <0.01
Echo grade (mild, moderate, and severe)

vs. MRI regurgitant fraction (%) 0.71 <0.01

vs. MRI regurgitant volume (mL) 0.78 <0.01
VCW (mm)

vs. MRI regurgitant fraction (%) 0.68 <0.01

vs. MRl regurgitant volume (mL) 0.75 <0.01

MULDO VCA x VTl calculates regurgitant volume.

Echo grade, severity of aortic regurgitation by 2D Doppler parameters.

MULDO, multibeam HPRF colour Doppler; VCA, vena contracta area; VCW, vena
contracta width by 2D colour Doppler; VTI, velocity time integral of the aortic
regurgitant jet by CW Doppler.

VCA (mm?)
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40 - L] '_ M
301 .
20 W WA W
Il. - -
1o0F" 15 = MULDO
: = 3D color Doppler
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0 10 20 30 40 50 60 70 80
MRI regurgitant fraction (%)

Figure 4: Comparison of the VCA by multibeam HPRF colour
Doppler (MULDO) and 3D colour Doppler vs. MRI regurgitant
fraction. The Spearman’s rank correlation was r, = 0.77 and 0.83,
respectively.
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Figure 5: The correlation and Bland—Altman plots of (A) the regurgitant volume (Reg.Vol.) measured by MRI and multibeam HPRF colour
Doppler (MULDO) VCA x VTI, (B) the regurgitant volume (Reg.Vol.) measured by MRI and 3D colour Doppler VCA x VTI, and (C) VCA by

3D colour Doppler and multibeam HPRF colour Doppler.

misalignment can underestimate the VTl and the regurgitant volume.
We performed the 3D colour Doppleracquisition from the paraster-
nalview, and Ewe et al. used both the apical and parasternal views. We
used the frame with the largest VCA, while Ewe et al. used the frame
‘with the most relevant lesion size’. Furthermore, scanners and
probes were different.

The VCA measured by 3D colour Doppler was significantly higher
than by multibeam HPRF colour Doppler, and this explains the

differences in regurgitant volume by the two 3D methods in our
study. There were several differences between these methods.
Most importantly, the HPRF and clutter filter in the proposed
method enabled the isolation of the high-velocity core of the vena
contracta, in contrast to regular low-PRF colour Doppler, which
also measured low-velocity entrained blood. The clutter filter
cut-off frequency corresponded to 1.5 m/s for multibeam HPRF
colour Doppler and 0.2 m/s for 3D colour Doppler. Secondly, in
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Table3 The mean differences between regurgitant
volume by MRI and multibeam HPRF colour Doppler
(MULDO) in subgroups

MRI vs. MULDO Mean 95% ClI
Reg.Vol. (mL) difference
In central jets (n = 13) —312to0 —94
In eccentric jets (n = 16) —-9.6 —144t0 —47
In those with MRI Reg.Vol. —20.7 —29.0to —125
of <30 mL (n = 15)
In those with MRI Reg.Vol. -7.6 —139to —1.2
of >30 mL (n = 14)
VCA (mm?)
60 -
= MULDO
* 3D color Doppler
B == == == ru == = r =
40 -
W — == e e e — —
20
10 — - - - - — -
0 | 1 |
Mild Moderate Severe
Echo grade

Figure 6: Comparison between echo grade and VCA by
multibeam HPRF colour Doppler and 3D colour Doppler.

3D colour Doppler, it was common to reduce the lateral resolution
somewhat to gain some extra frame rate. The multibeam HPRF
colour Doppler algorithm automatically compensated for the over-
estimation due to limited lateral resolution as long as the reference
beam was within the vena contracta jet. Altering the display para-
meters such as gain and tissue priority during acquisition did not
affect the multibeam HPRF colour Doppler data. The 3D colour
Doppler was gain-dependent, and the width and area of a regurgitant
orifice could be overestimated with approximately one beam width
in each direction (azimuth and elevation). Furthermore, each record-
ing of multibeam HPRF colour Doppler consisted of 10—15 heart-
beats of real-time full-volume datasets, while the 3D colour
Doppler dataset was reconstructed from several heartbeats of sub-
volumes to make a full volume, which can predispose to stitching

artefacts and overestimation of the VCA. The measurements of the
Doppler power in all the diastolic frames in a multibeam HPRF
colour Doppler recording were fully automatic, and the median
value of these measurements was chosen as the VCA. The 3D
colour Doppler dataset post-processing on the other hand consisted
of sequential cropping of the regurgitant jet, manual tracing, and the
frame with the largest area of the vena contracta was chosen, similarly
to VCW." Dynamic variations of the regurgitant orifice area could be
another contributing factor for the differences in the VCA measure-
ments. Using the frame with the largest VCA in 3D colour Doppler,
with aframe rate of ~15 volumes per second, and the median VCA of
several measurements in multibeam HPRF colour Doppler, with a
frame rate of ~7—10 volumes per second, could enhance this con-
founding effect.

Semi-quantitative echo Doppler methods are part of an integrated
approach to grade AR." Chin et al.” demonstrated good correlation
between 3D colour Doppler VCA and AR severity assessed by
Doppler methods. They proposed cut-off values for 3D colour
Doppler VCA of 30 and 50 mm? for mild and severe AR, respectively,
and we used these cut-offs to assess agreement between AR echo
grade and 3D colour Doppler VCA. To assess agreement between
multibeam HPRF colour Doppler VCA and AR echo grade, we
chose the reference values for the ERO area by quantitative
Doppler. Agreement between AR echo grade and VCA by both 3D
colour Doppler and multibeam HPRF colour Doppler, however,
based on different reference values, was moderately good.

Limitations

From MRI aortic phase contrast, we calculated regurgitant volume
and fraction, but there are different reference values for regurgitant
fraction to assess severity."*'® The Nyquist limit of ~3 m/s for multi-
beam HPRF colour Doppler is usually lower than the maximum
aortic regurgitant jet velocity. However, as long as the peak velocity
is less than two times the Nyquist velocity and the direction of the
jetis known, the velocity of the regurgitant jet can be determined un-
ambiguously. The size of the ROl is small to achieve this Nyquist limit.
Unlike 3D colour Doppler with a large colour Doppler sector where
you can do the analysis and cropping of the vena contracta online,
correct positioning of the small ROl of multibeam HPRF colour
Doppler in the vena contracta region is essential during acquisition.
In 7 of the 36 subjects in this study, we were not able to acquire
representative Doppler data, because of difficulty in identifying the
vena contracta, misalignment or incorrect positioning of the small
ROI outside the vena contracta, or possibly if the valve was at a
depth which made one of the transmitted HPRF pulses too close
(in time) to the receiver, such that it was saturated. Other clinical
limitations are inability to hold the breath for ~10-15s causing
respiratory movements and displacement of the ROI during acquisi-
tion, poor acoustic windows, or heavy valvular calcification causing
attenuation of the Doppler signals. Owing to the current frame
rate, tachyarrhythmia can as well be a limitation.

Previous studies have demonstrated that multibeam HPRF colour
Doppler using the semi-automatic approach overestimates mild re-
gurgitation.'"® This is also in correspondence with current findings
in AR for this fully automatic approach. Acquisition parameters such
as transmit frequency and pulse repetition frequency will affect the
lateral resolution and the Nyquist limit. Multibeam HPRF colour
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Doppler will overestimate the VCA when the regurgitant orifice is
small relative to the reference beam and when the reference beam
is not entirely within the regurgitant orifice.

The frame rate of ~7-10 volumes per second is too low to
acquire accurate VT from the multibeam HPRF colour Doppler
data. To quantify aortic regurgitant volume, we measured VT| separ-
ately by CW Doppler and VCA by multibeam HPRF colour Doppler.
Using different probes and separate acquisitions raise the possibility
for differences in beam alignment and thus error in calculating the
regurgitant volume. However, we used the parasternal window in
eccentric jets and the apical window in central jets, respectively, for
both acquisitions to try to minimize such errors.

Further perspectives

Future generations of 3D probes are expected to have improved
resolution, which will make it possible to obtain better estimates
for the calibration beam necessary for multibeam HPRF colour
Doppler. The trend of plane wave imaging promises ‘ultrafast’
frame rates, but with some reduction in spatial resolution. With an
increased frame rate, regurgitant volume could be derived directly
from the multibeam HPRF colour Doppler dataset. Large transdu-
cers with numerous parallel beam formers will probably lead the
way to creative combinations of the raw HPRF Doppler data that
might solve some of the current limitations. With 3D TEE probes,
there will be in closer approximation to the valvular defect, thus
increased resolution, less reverberation, and better estimate of the
VCA. Studies are needed to assess clinical outcome.

Conclusion

Quantification of AR with multibeam HPRF colour Doppler was
feasible. Multibeam HPRF colour Doppler with automatic calculation
of the VCA overcomes many of the limitations of 3D colour Doppler.
There was good agreement between regurgitant volume measured
by MRI and multibeam HPRF colour Doppler in patients with
moderate to severe AR, while agreement for those with mild AR
was modest. Agreement between VCA and AR echo grade was
moderately good.
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