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Abstract

Background—~Pulmonary regurgitation (PR) is a common residual lesion and major determinant
of outcome following surgical repair for tetralogy of Fallot (TOF). We sought to longitudinally
study a previously described echocardiographic index as a correlate of PR measured by cardiac
magnetic resonance imaging (CMR).

Methods and Results—We conducted a retrospective longitudinal study of patients with
baseline and follow up echocardiogram and CMR. The baseline studies were obtained as part of a
research protocol, while the follow up studies were performed for clinical purposes. On
echocardiogram, the ratio of diastolic and systolic time-velocity integrals (DSTVI) in the main
pulmonary artery was calculated. The Wilcoxon matched-pairs signed-rank test was used to test
for individual changes in PR on Echocardiogram and CMR. A linear regression of pulmonary
valve regurgitant fraction (RF) was fit on DSTVI to identify clinically meaningful cut points of
DSTVI.

Thirty-five subjects were included, age at follow up 18.3+3.5 years. The follow-up between
consecutive CMRs was a median time of 60 months (interquartile range 46—73). There was a
moderate correlation between DSTVI and PR measured as RF by CMR (r=0.62, p=0.0001). A
CMR RF of 20% and 40% (the boundaries between mild/moderate and moderate/severe PR)
corresponded with DSTVI of 0.52 and 0.79 (95% CI: 0.39; 0.66, and 0.69; 89), respectively. There
was no significant change in either DSTVI (p=0.61) or PR (p=0.89) from baseline to follow up.

Conclusions—This study lends further credence to the DSTVI as an accurate reflection of PR.
This index might become helpful in the routine echocardiographic assessment of PR. Further
studies are needed to determine whether changes in RF by CMR result in changes in DSTVI.

Introduction

Repaired tetralogy of Fallot (TOF) carries excellent results with a significant portion of
patients surviving into adulthood 4. However, surgical repair often requires disruption of
the pulmonary valve for adequate relief of obstruction, such that patients are usually left
with significant residual pulmonary regurgitation (PR). Long standing PR carries long-term
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implications, including progressive right ventricular (RV) dilation and dysfunction. In
addition, patients with TOF experience a high rate of re-intervention, arrhythmias and a
discrete but constant risk of sudden death in adulthood*~’. Objective assessment of PR and
RV function by echocardiogram remains challenging. Cardiac magnetic resonance (CMR) is
currently the gold standard for evaluating PR and RV performance parameters, and is used to
determine the need for re-intervention, such as pulmonary valve replacement to halt disease
progression associated with PR8-10, However, echocardiography is more frequently used in
the routine outpatient follow up, and therefore attempts have been made to describe
objective measures of PR and RV function by this imaging modality. A novel Doppler
derived echocardiographic measure, the ratio of the diastolic to systolic time-velocity
integral (DSTVI), showed correlation with PR as measured by CMR11. We sought to
examine this correlation longitudinally and to determine whether changes in PR by CMR
corresponded to changes in DSTVI.

We conducted a retrospective longitudinal study of subjects enrolled as part of a cross
sectional study that subsequently underwent standard of care echocardiograms and CMR
performed at most six months apart. Results from the original study are published
elsewhere.11:12 This study was approved by The Children’s Hospital of Philadelphia
Institutional Review Board for the Protection of Human Subjects.

Study Cohort

We identified subjects with surgically repaired TOF who had previously participated in a
cross sectional study protocol and for whom the DSTVI was calculated on the research
echocardiogram and the pulmonary regurgitant fraction on the research CMR1L. Subjects
from the study cohort who subsequently had clinically indicated echocardiogram and CMR
between May 05, 2009 and June 7, 2013 were included in this study, resulting in 65 eligible
subjects. All types of TOF surgical repair were included (transannular patch, RV-PA conduit,
VSD closure and valve-sparing repairs). Exclusion criteria included echocardiogram and
CMR performed more than six months apart from each other and patients who underwent
interim pulmonary valve replacement, interventions in the RV outflow tract (RVOT) or
absence of continuous wave Doppler (CW) interrogation in the main pulmonary artery,
resulting in 35 subjects for analysis. Demographic, anatomic and surgical information were
available from the original cross sectional study database.

Echocardiogram

For follow up DSTVI, we reviewed available images from subsequent echocardiograms,
performed as part of standard of care according to our institution’s laboratory protocol,
using the Phillips IE33 machine (Phillips, Andover, MA, USA). The Doppler-derived time
velocity integral has been used as a measure of flow3. From the short axis view, the
continuous-wave Doppler tracings from the proximal to mid main pulmonary artery were
used to obtain offline measurements of the time velocity integrals of diastolic and systolic
flows performed using Syngo Dynamics software (Siemens, Ann Arbor, M1, USA), as
previously described.1! Three sets of tracings were obtained and averaged (Figure 1). The
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ratio between the regurgitant (diastolic) time—velocity integral to the antegrade (systolic)
time-velocity integral was called DSTVI. RVOT obstruction was present if the peak velocity
was = 3 m/sec on echocardiogram. Those where only pulsed-wave tracings were available
were excluded form this analysis.

We reviewed results from standard of care CMR studies performed according to our
institution’s protocol. CMR variables assessed included pulmonary artery regurgitant
fraction (RF), RV end diastolic volume (RVEDVi), RV end systolic volume (RVESVi) and
RV ejection fraction (RVEF). Phase contrast velocity mapping with a flow-sensitive
gradient-echo sequence was performed in the main pulmonary artery to assess the
regurgitant fraction. PR was graded as mild if the RF on CMR was <=20%, moderate if it
was between 20% and 40%, and severe if it was >=40%. Published norms for age and sex
were used to derive Z scores to grade right ventricular dilation141. Follow up CMRs were
performed without sedation. This study did not assess the antegrade end-diastolic flow in the
main pulmonary artery (so-called “restrictive physiology™) because of its controversial
association with pulmonary regurgitation.

Statistical Analysis

Results

Continuous variables were described using mean and SD or median with interquartile ranges
when appropriate. Categorical variables were described using count and percentages.
Pearson correlation was calculated between DSTVI on echocardiogram and RF on CMR,
when these variables were normally distributed. Paired t-test was used to detect any
differences in pulmonary valve regurgitation and DSTVI at baseline and follow up. The
Wilcoxon matched-pairs signed-ranks test was used to test whether individual changes in
baseline to follow up PR (i.e. increase, decrease or unchanged) corresponded to similar
changes in baseline to follow up DSTVI. This was used to ensure that any changes
pulmonary regurgitation from baseline to follow up were not falsely identified due to wide
confidence intervals. A linear regression of RF was fit on DSTVI to identify clinically
meaningful cut points of DSTVI. Multivariable regression was used to adjust for potential
confounders of the association between RF and DSTVI, such as right ventricular outflow
tract obstruction. Statistical significance was reached if Pvalues were <0.05 (2-sided tests).
All analyses were performed using STATA statistical software version 11.2, College Station,
TX.

Patient characteristics

A total of 38 patients had follow up echocardiogram and CMR and met inclusion criteria, of
which three were excluded due to pulsed wave Doppler tracings only, therefore 35 subjects
contributed to this analysis. The median follow up time from initial to last CMR was 60
months (interquartile range 46; 73). The average time between follow up echocardiogram
and CMR was 18+89 days. Most subjects were male (69%) and white (89%). On
echocardiogram, most patients had an unobstructed right ventricular outflow tract (Table 1).
The follow up group included subjects that had CMR for clinical purposes. Those that
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underwent VVSD closure only or valve-sparing outflow patch were not represented in this
cohort, possibly because this group does not require surveillance CMR.

On CMR, there was moderate right ventricular dilation. Both right and left ventricular
function was preserved as measured by ejection fraction (Table 1).

Correlation between DSTVI and CMR pulmonary valve regurgitant fraction

The DSTVI showed moderate correlation with RF by CMR (r=0.62, p= 0.0001, Figure 2).
Using the predicted values for DSTVI from linear regression, a CMR RF of 20% and 40%
(the boundaries between mild/moderate and moderate/severe PR) corresponded with a
DSTVI of 0.52 (95% CI: 0.39-0.66) and 0.79 (95% CI: 0.69-0.89), respectively. Using the
median DSTVI of 0.68 as a cutoff, DSTVI of <= 0.68 corresponded to a RF of 28% (20;
37), whereas DSTVI1 > 0.68 corresponded to a RF of 44% (38; 49), p=0.0001 (Figure 3).
Eight patients had a DSTVI greater than 1, all of whom had RF >= 30% (30-56%). The
association between DSTVI and RF remained significant after adjusting for the velocity in
the RVOT. The velocity in the RVOT was not associated with RF. Mean values for DSVTI
and RF are detailed in Table 2.

Changes in pulmonary valve regurgitant fraction

In this cohort, there was no significant progression in PR over time, measured as DSTVI
(p=0.61) or as RF by CMR (p=0.89). Signed rank test showed that individual changes in RF
corresponded with changes in the same direction in DSTVI (p=0.75). Moreover, the
confidence intervals for baseline and follow up DSTVI and regurgitant fraction were similar,
indicating that the lack of interval change was not due to wide and variable confidence
intervals (Table 2).

Association with right ventricular outflow tract obstruction

Subjects with RVOT obstruction had lower DSTVI ratios as compared to those without
RVOT obstruction (0.46+0.25 vs.0.87+0.34, p= 0.0011). This difference was driven by the
higher systolic TVI in those with RVOT obstruction as compared to those without
(0.90£0.14 vs. 0.53+0.13, p>0.0001), while the diastolic TVI was comparable (0.41+0.21
vs. 0.44+0.17, p=0.62, respectively). There was no difference in regurgitant fraction between
the groups (32+£20% vs. 34.5+14%, respectively, p=0.51). On multivariable analysis, DSTVI
was independently associated with regurgitant fraction when adjusted for RVOT peak
velocity, or peak RVOT gradient. Moreover, the peak velocity across the RVOT was not a
confounder of this association (multivariable analysis p values for DSTVI ratio 0.03, peak
RVOT velocity 0.91, respectively. R2=0.22).

Discussion

Residual PR following repair of TOF is central to the pathogenesis of RV dilation and
dysfunction and thereby late morbidity in TOF. Continued attempts are made to identify
echocardiographic-derived quantitative measures of RV function and pulmonary valve
regurgitation. In this study, we sought to examine the DSTVI longitudinally as a quantitative
measure of PR in TOF. We found that there was no significant change in PR over time by
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either imaging modality. Finally, the DSTVI is moderately correlated with PR on CMR at
follow up, similarly to our previous results.

Other studies have attempted to identify measures of pulmonary valve regurgitation by
echocardiography. These include: 1) presence of diastolic flow reversal in the branch
pulmonary arteries, which lacks a quantitative capacity; 2) width of vena contracta, which
may not be present in the most severe cases of PR and has no standards for the pulmonary
valve; 3) the PR index by M-mode echocardiography (PRIME), which relies on good
imaging of branch pulmonary arteries, and 4) the Pulmonary Regurgitation index, using PR
duration divided by diastolic time, which has not yet been validated.16-18 OQur group
previously described a moderate correlation of the ratio of the diastolic to systolic time
velocity integral of the main pulmonary artery (DSTVI) with pulmonary regurgitant fraction
by CMR.1! In this study we demonstrated this correlation longitudinally. We showed that
lower values of DSTVI correlated with mild PR and higher values of DSTVI corresponded
with more severe PR. The lack of overlap between confidence intervals supports the ability
of the DSTVI to discriminate between mild and moderate PR, thereby potentially making
this index of clinical utility. We found similar results in our previous studyl?.

Subjects that had DSTVI >1 had at least moderate PR by CMR. Most patients who have
undergone TOF repair, in particular those with a trans-annular patch, experience disruption
of the pulmonary valve with a similar area of the regurgitant jet as the effective orifice of the
pulmonary valve. In some, there may be some retained competency of the valve, or there
may be dynamic changes in the size of the main pulmonary artery, causing the DSTVI ratio
to be >1.

While we acknowledge that we have not answered whether DSTV I will progress should RF
increase, we were reassured by the fact that the DSTVI tracked with the RF. Nonetheless,
there was no significant change in PR as measured by RF or DSTVI over the relatively short
time period of our study. Similar to our findings, other investigators have not found a
progression in pulmonary RF over an average follow-up time of four years.1920 However,
individual changes in RF tracked with changes in DSTVI, demonstrating the internal
consistency of the DSTVI. In this age group, and with a median follow up of 5 years, there
was no progression of pulmonary valve regurgitation.

Finally, DSTVI was lower in patients with RVOT obstruction by echocardiogram, a finding
driven by the higher systolic TVI in those with RVOT obstruction. However, RVOT
obstruction was not a confounder of the association between DSTVI and regurgitant
fraction. Similarly to our findings, a previous study in patients with repaired TOF found no
differences in regurgitant fraction between those with and without RVOT obstruction.?!

Limitations

This was a retrospective study, which may introduce a selection bias as patients with more
severe disease may be more likely to undergo repeat testing as part of standard of care.
However, the initial study cohort was ascertained as part of a cross sectional study, and the
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purpose of this investigation was not to evaluate outcomes, but rather to evaluate the utility
of a measure that strives to quantify disease severity.

We did not find a progression in pulmonary regurgitation by CMR or ECHO within the
follow-up time and therefore we do not know whether pulmonary regurgitation does not
progress after a certain degree or time from surgery, or whether the follow-up time did not
allow us to identify changes if such occur. Nonetheless, there was no progression detected
on both imaging modalities. Other investigators have also demonstrated a lack of pulmonary
regurgitation progression at similar follow up time.19:20.22,23

There was a time lag between echocardiogram and CMR, and therefore there could be
changes in hemodynamic status, however by inclusion criteria, the average time between
echocardiogram and CMR in our study was less than one month, during which time
significant changes in hemodynamic status are unlikely to occur. We did not assess the
presence of restrictive physiology, since this was not the goal of the study. Because both
echocardiographic and CMR measurements of flow did not account for restrictive
physiology, we do not believe that the lack of this assessment affects our study findings.
Moreover, we chose not to compare the DSTVI to other previously published measures of
pulmonary regurgitation by echocardiography because the main goal of our study was to
validate this parameter longitudinally. Finally, RVOT obstruction is not a confounder of the
association between DSTVI and regurgitant fraction in a group of subjects without
significant RVOT obstruction,

Conclusions

We confirmed the association between DSTVI on echocardiogram and PR by CMR in
patients following repair of TOF. This index has potential utility in quantifying pulmonary
regurgitation and perhaps identifying those in need of early screening by CMR. Further
studies are needed to determine whether DSTVI tracks with changes in RF by CMR
particularly when in conjunction with RVOT obstruction. If future studies demonstrated
changes in DSTVI with changes in RF, then this measure would be of clinical utility in
following patients longitudinally.
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1.8MHz I-

Diastolic TVI=0.647 WF 225Hz

Systolic TVI=0.750
DSTVI ratio=0.86

Regurgitant fraction (44%)

--200

--300

100mm/s 56bpm

Figure 1. Diastolic to systolic time-velocity integral ratio obtained from the continuous wave
Doppler tracing of the main pulmonary artery
Pulsed-wave Doppler tracing in the main pulmonary artery. Diastolic flow was divided by

the systolic flow to calculate the DSTVI.
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Pulmonary valve regurgitant fraction (%)
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® Regurgitant Fraction (%) Fitted values

Figure 2. Correlation between pulmonary regurgitant fraction (CMR) and DSTVI
(echocar diogram) at follow up

Scatter plot of diastolic-systolic time-velocity integral (DSTVI) vs. pulmonary regurgitant
fraction (r=0.62, p= 0.0001).

Pediatr Cardjol. Author manuscript; available in PMC 2018 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bhat et al.

Page 11

60
1

50
1
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Figure 3. Regression model using DSTVI of <= 0.68 and > 0.68 as predictor s of pulmonary
regurgitant fraction

DSTVI of <= 0.68 corresponds to a RF of 27.9% (19.9-36.9), whereas DSTVI > 0.68
corresponds to a RF of 43.8% (38.2-49.4, p=0.0001). On adjusted analysis accounting for
the velocity in the RVOT, a DSTVI of <= 0.68 corresponds to a RF of 29.5 % (26-33.3),
whereas DSTVI > 0.68 corresponds to a RF of 41% (36-49), p<0.0001).
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General Patient Characteristics

Ageat follow up CMR, years 18.3 (+3.5)

Time of follow up between CMR, months 60 (46-73)

Sex

Female 11 (31.4)

Male 24 (68.6)

Race

White 31(88.9)

Black 4(111)

Other 0

Original pulmonary valve

Stenosis 21 (60)

Atresia 11 (31.4)

Absent pulmonary valve 3(8.6)

Surgical repair

TAP 32 (91.4)

RV-PA conduit 3(8.6)

VSD closure only 0

Non trans-annular patch 0

Age at surgery, months 6.1 (+6.2)

Time between follow up CMR and echocardiogram, days 18 (+89)

Follow up echocar diogram:

Peak RVOT velocity (m/sec) 2.5(x0.75)

Peak RVOT gradient (mmHgQ) 28 (+16)

RVOT obstruction (>3m/sec), n 9 (26)

Follow up CMR:

RVEDVi (ml/m2) 126 (+39)

RVEDVi Z-score 3.2 (#4.7)

RVESVi (ml/m2) 55 (+24)

RVESVi Z-score 4.3 (+4.7)

RVEF (%) 56 (+9)

LVEF (%) 69 (+6)

Page 12

CMR indicates Cardiac magnetic resonance; TAP, trans-annular patch; RV-PA right ventricle to pulmonary artery; VSD, ventricular septal defect;
RVOT: right ventricular outflow tract; RVEDVi, indexed right ventricular end diastolic volume; RVESVi, indexed right ventricular end systolic

volume; RVEF, right ventricular ejection fraction; LVEF, left ventricular ejection fraction.

Data are expressed as mean (£SD), median (interquartile range), or as number (%).
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Table 2

Change in measures of pulmonary valve regurgitation by CMR and echocardiogram

Variable Baseline Follow up Change p

DSTVI of MPA (echocardiogram) 0.75(+0.36) 0.80 (+0.46) 0.04 (+0.50) 0.61
Pulmonary regurgitant fraction (CMR)  35.7 (¥16.1) 35.5(+17.8) -0.23(¥9.4) 0.89

DSTVI indicates diastolic to systolic time-velocity-integral; MPA, main pulmonary artery; CMR, cardiac magnetic resonant imaging

*

Data are expressed as mean (+SD). Paired t-test was used to detect differences in pulmonary valve regurgitation and DSTVI at baseline and follow
up.
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