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Abstract
Aim: Severe aortic stenosis frequently involves the development of left ventricular hypertrophy
(LVH) creating a dichotomous hemodynamic state within the coronary circulation. Whilst the
increased force of ventricular contraction enhances its resultant relaxation and thus increases the
distal diastolic coronary ‘suction’ force, the presence of LVH has a potentially opposing effect on
ventricular-coronary interplay. The aim of this study was to use non-invasive coronary waveintensity analysis (WIA) to separate and measure the sequential effects of outflow-tract obstruction
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relief and then left ventricular hypertrophy (LVH) regression following intervention for aortic
stenosis.

Methods: 15 patients with unobstructed coronary arteries undergoing aortic valve intervention (11
SAVR, 4 TAVI) were successfully assessed before and after intervention, and at 6- and 12-months
post-procedure. Coronary WIA was constructed from simultaneously acquired coronary flow from
transthoracic echo and pressure from an oscillometric brachial-cuff system.

Results: Immediately following intervention, a decline in the BDW was noted (9.7±5.7 vs 5.1±3.6
x103 Wm-2s-1, p<0.01). Over 12 months, LV mass-index fell from 114±19 to 82±17 kg/m2.
Accompanying this, the BDW fraction increased to 32.8±7.2% (p=0.01 vs post-procedure) and to
34.7±6.7% at 12 months (p<0.001 vs post-procedure).

Conclusion: In aortic stenosis, both the outflow-tract gradient and the presence of LVH impact
significantly on coronary haemodynamics that cannot be appreciated by examining resting coronary
flow rates alone. An immediate change in coronary wave-intensity occurs following intervention
with further effects appreciable with hypertrophy regression. The improvement in prognosis with
treatment is likely to be attributable to both features.

Keywords: Aortic Valve Replacement / Transcatheter Aortic Valve Implantation; Hemodynamics;
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Abbreviations
BDW – Backward Decompression Wave
CFR – Coronary Flow Reserve
LVH – Left Ventricular Hypertrophy
LVM – Left Ventricular Mass
LVMI – Left Ventricular Mass Index
PET – Positron Emission Tomography
SAVR – Surgical Aortic Valve Replacement
TEE – Transesophageal Echo
TAVI – Transcatheter Aortic Valve Implantation
WIA – Wave Intensity Analysis
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Two dominant structural changes occur in aortic stenosis, that of an increasingly stenotic outflow
tract along with the development of left ventricular hypertrophy (LVH). Whilst many investigative
modalities have shown the effect of aortic valve intervention on coronary haemodynamics1–6, the
individual effect of LVH regression is yet to be directly demonstrated using serial post-operative
measurements despite the positive impact this change has in a non-valvular setting7. Whilst some
indirect approaches have suggested that such intervention-driven LVH-regression does not markedly
influence coronary physiology2 recent data has shown that these structural changes result in more
favourable clinical outcomes8 implying at least a moderate impact on the coronary axis.
Furthermore, ventricular remodelling may even confound some studies where a follow-up measure
is performed outside of the immediate peri-operative setting as the most rapid hypertrophy
regression occurs largely within the first 6 months3.
Wave-intensity analysis (WIA) is constructed from simultaneously obtained pressure- and flowsignals and within the coronary system allows quantification of the forces responsible for blood flow
velocity changes. It has proven able to document the potentially opposing influences of LVH9 and
aortic stenosis10 on coronary physiology where abnormalities can be appreciated in the Backward
Decompression Wave (BDW). This wave is formed by the elastic re-expansion of intramyocardial
vessels at the start of diastole11 creating a negative distal-to-proximal pressure gradient. When an
increased systolic force is required to expel blood through a stenotic aortic valve this translates to a
similarly increased force of relaxation which can be quantified as the BDW10,12. Furthermore, in
patients without significant valvular disease, LVH results in a relative reduction in the BDW reflecting
a disruption in ventricular-coronary interaction9.
Whilst initial work demonstrated that the effect of aortic stenosis on the BDW is reversed
immediately after intervention10, recent data has surprisingly suggested that the BDW actually
increases further after TAVI12 – a finding difficult to rationalise with the above hypothetical and
anatomically-substantiated11 constructs of wave intensity and which therefore warrants further
investigation. More importantly, delineation of the impact of LVH reversal on wave intensity clearly
would be insightful and could offer a physiological explanation for the improvement in clinical
outcomes following such LVH-regression. In order to investigate these features we employed our
recently validated technique of non-invasive coronary WIA13 which enabled measurements to be
undertaken conveniently and risk-free in a serial fashion immediately before and then in the 12
months after aortic valve intervention.

Results
Baseline and interventional details
Of the 30 patients recruited adequate pre-operative non-invasive coronary flow and pressure signals
were obtained in 23 who compromised our initial study population. Of these, we excluded a further
eight from follow-up analysis because of either the development of post-operative persistent atrial
fibrillation (n=4), unsatisfactory windows for coronary flow in the peri-surgical period (n=3) or
because of the development of a significant paravalvular leak (n=1). The average length of stay was
6.3 days with no patients discharged before day 3 - thus a minimum of 72 hours passed from TAVI /
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AVR to post-procedure assessment. Baseline characteristics for the completed patients are shown in
Table 1.

Echocardiographic measures
All patients had a tricuspid aortic valve with preserved left ventricular function. LVH was present in
14 (93%) subjects prior to intervention. LVMI declined markedly in the first 6 months by 20.6%
(114±19 kg/m2 pre-procedure vs 86±17 kg/m2 at 6 months, p=0.01) with only a further 2.9%
reduction at 12 months (82±17 kg/m2); only one patient still fulfilled criteria for LVH at this stage
(Figure 2).

Pressure and velocity changes
Immediately following aortic valve intervention there was a decrease in peak coronary flow velocity
(44.2±13.5 cm/s pre-procedure vs 35.0±9.3 cm/s post-procedure, p=0.03) with a further decrease by
12 months (29.3±8.7 cm/s, p<0.01 vs post-operative). Mean and minimum flow velocity fell similarly.
There was no change in pressure following aortic valve intervention with a moderate increase in
systolic (113±14.0 mmHg pre-procedure vs 124±16.0 mmHg at 12 months, p<0.01) and diastolic
(65±9.7mmHg pre-procedure vs 72±10mmHg at 12 months, p=0.03) over time. The full
echocardiographic dataset is displayed in Table 2.

Wave intensity with aortic valve intervention and LVH regression
Pre-procedure a correlation was noted between the backward-decompression wave (BDW) fraction
and peak aortic gradient (r=0.55, p=0.02). A trend was noted with cumulative BDW (r=-0.41, p=0.1)
but no other correlates were found with resting aortic gradient. Immediately following aortic valve
intervention, a correlation was noted between the BDW fraction and LVM (r=-0.53, p=0.04) and
LVMI (r=-0.49, p=0.048). To confirm the dominant influences on the BDW fraction linear regression
confirmed significance for aortic gradient only pre-procedure (β=5.8, p=0.04) and LVMI only postprocedure (β=-0.2, p =0.04).
The effect of aortic valve intervention and regression of LVH on the wave intensity profile is
demonstrated in Table 1. There was an immediate decline in the BDW following relief of the aortic
stenotic burden (cumulative BDW -9.7±5.7 Wm-2s-1 pre-procedure vs -5.1±3.6 x103 Wm-2s-1 postprocedure, p<0.01; BDW fraction 37.3±6.2% pre-procedure vs 27.2±7.0% post-procedure, p<0.01).
At 6 months after aortic valve intervention the BDW fraction increased to 32.8±7.2% (p=0.01 vs post)
and to 34.7±6.7% at 12 months (p<0.001 vs post) with no significant difference from pre-operative
values (Figure 2, Figure 3).
The forward decompression wave was significantly reduced with aortic valve intervention
(cumulative 2.4±1.7 Wm-2s-1 pre-procedure vs 1.1±0.8 Wm-2s-1 post-procedure, p=0.03). No other
significant changes were noted within the wave-intensity profile with intervention or over time.
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Previous work has demonstrated that both LVH9 and the presence of an outflow tract
obstruction10,12 have individual effects on coronary WIA. In this study we have identified and
separated these contrasting effects within individual patients with severe aortic stenosis and as such
have shown that three states exist:
1. Pre-operatively the total wave intensity is greatly increased including the main determinant
of coronary blood flow, the BDW intensity.
2. Immediately post operatively there is a significant reduction in the total wave intensity but
with a relatively larger reduction in the BDW (the BDW fraction) reflecting the negative
effect of the residual LVH.
3. After 6 months post-operatively coronary efficiency is improved with LVH-regression
evidenced by an isolated increase in the BDW size, appreciable as an increase in the size of
the BDW energy fraction.

This study is also the first to determine such detailed haemodynamics effects outside of the perioperative window avoiding the potential confounding influence of anaesthesia, acute myocardial
insults, inotropic support or marked volume changes. We have shown that aortic valve therapy
imparts sub-acute changes in coronary physiology over-and-above that produced by relief of the
mechanical obstruction.

The effect of severe aortic stenosis and its treatment on coronary haemodynamics
An improvement in Coronary Flow Reserve (CFR) after SAVR is well documented5 driven by
improvements in vasodilatory reserve6. The reason for this appears twofold with some studies
suggesting it is due to a fall in the resting coronary flow velocity1,4 and others showing an increase in
hyperaemic flow velocity3,6. Certainly, relative high coronary flow rates are recognised in severe
aortic stenosis14, particularly when symptomatic15 and a reduction in resting coronary flow velocity
has been seen when measured using intracoronary Doppler wires1 or transthoracic
echocardiography4 before and after SAVR. Here we have shown a similar high coronary flow velocity
with severe aortic stenosis and have demonstrated that this is associated with a large BDW.
Following aortic valve intervention, the wave magnitude immediately falls resulting in a reduction in
velocity.
The BDW is generated from the diastolic re-expansion of the intramyocardial vessels that are
compressed in systole11 with the force of re-expansion reflecting the force of compression hence the
increased BDW in aortic stenosis. This work therefore mimics our previous data obtained periprocedurally at the time of TAVI10 but has the advantage of being free from inotropic support,
general anaesthesia and the potentially stunning effect of rapid-sequence pacing. It also fits with the
accepted hypothetical constructs of WIA and our methodology used a reasonable number of cardiac
cycles to avoid ensemble errors. We note recently published data12 demonstrating differing findings
from this and our original work10. This data is difficult explain with reference to current waveintensity theory and we would suggest that these physiological and methodological issues may
account at least in part for this discrepancy (most notably that through a non-objective selection of
low number of cardiac cycle making this data prone to error amplification).
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Interestingly, despite co-existing LVH, in severe aortic stenosis the BDW fraction is preserved
compared to post-operative values. This implies that under these extreme conditions a series of
physiological changes have occurred in order to preserve coronary efficiency (such as a reduction in
basal coronary resistance6) and optimise ventricular-coronary coupling. Recent work by Lumley et al.
has also demonstrated this feature and insightfully gone on to show that this preservation is
affected by exercise as this coupling becomes disrupted16.

The effect of LVH and its regression on coronary haemodynamics
With the treatment of severe aortic stenosis there is a decrease in both the absolute and relative
contributions of the BDW within the coronary wave-intensity profile. With regression of hypertrophy
the absolute values of the BDW increase but with no change in the total wave-intensity per cardiac
cycle, identifiable as a significant increase in the BDW fraction. This reflects an improvement in the
ventricular-coronary coupling and an increased ‘efficiency’ of the cardiac cycle.
Previous studies using PET17 and TEE18 in severe aortic stenosis have suggested that the dominant
effects on haemodynamics are due to the imposed haemodynamic load rather than from the LVH.
We have confirmed this finding using WIA where the major influence on the BDW fraction preintervention is that of the aortic valve gradient with less influence from LV mass index. This ratio is
reversed immediately after intervention where the negative influence of LVH dominates coronary
haemodynamics, allying with previous wave-intensity work in patients with no structural heart
disease9. Novel to this manuscript we have found that this effect is reversible with the resultant
regression of LVH.
LVH is well recognised as having both a negative clinical and physiological effect distinct from other
cardiovascular risk factors. Its regression causes an improvement in coronary physiology in both
animal19,20 and human7 models. However, animal studies are often confounded as the mechanism
used to create an artificial afterload is distal to the coronary arteries (such as aortic banding20) and
human studies are possibly confounded by the direct effects of the pharmacological agent driving
LVH regression21. By using patients undergoing treatment for aortic stenosis as our model to study
LVH regression we have negated these issues.
Coronary physiological dysfunction and its improvement has been identified in aortic stenosis using
a wide variety of investigative modalities over the last 50 years5. However, to our knowledge almost
the entirety of the evidence base in this field has involved 2 measurements only, performed preoperatively and at a variable time post-operatively, the latter of which may therefore be influenced
by both the reduction in outflow-tract gradient and the regression of LVH. For example, CFR
measured through transthoracic echocardiography improves at 6 months compared to pre-operative
values but after a significant amount of hypertrophy regression has also been documented3, a
feature already noted to have an influence on CFR1. This may account for some of the opposing
published data such as that seen with PET scanning that suggests a relatively larger influence on CFR
from the change in aortic valve gradient than LVM2, contrasting with recent invasive data
demonstrating an improvement in CFR that continues over the 12 months after intervention22 and a
marked improvement in clinical outcomes with LVH regression8.
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By employing our novel technique of non-invasive coronary WIA we have managed to circumvent
these issues with the ability to apply convenient, risk-free serial measurements on this cohort of
patients undergoing aortic valve intervention. We have shown that both the outflow tract gradient
and the presence of LVH have a significant impact on coronary haemodynamics in patients with
severe aortic stenosis. Additionally, even though the clinical benefit in aortic stenosis is evident
immediately after valve replacement, further positive haemodynamic effects occur over time with
regression of LVH (Figure 4). We note data from myocardial contrast echocardiography showing that
this influence is likely to be dominantly exerted at an endocardial rather than epicardial level23,24.
Finally, we found no increase in coronary flow rate with this hypertrophy regression, and in fact
velocity rates actually fell further over time. This highlights the sensitivity of wave-intensity to
identify subtle changes in coronary haemodynamics in revealing the delicate pathophysiological
changes behind the previously documented effects on CFR.

Applications and future directions
Previous invasive work involving pacing during TAVI has shown an immediate benefit of intervention
on coronary wave intensity10. Furthermore, other groups have demonstrated the possibility of
identifying changes in the wave-intensity profile in awake patients during physiological exercise
during invasive catheterisation16. It should also now be possible to measure the response of the
BDW to increasing heart rate and thus guide the need for intervention in a sensitive but non-invasive
fashion. We have suggested that whilst the BDW is able to increase in response to exercise,
physiological reserve persists and only when it fails to increase appropriately does replacement
become necessary5. This may prove additionally useful in the assessment of various subsets of aortic
stenosis such as low-flow low-gradient patients where decision can be more complex.
The invasive assessment of coronary stenoses in aortic stenosis is a debated subject. Previous work
has demonstrated the effect of afterload on whole-cycle indices25 but not those from the wave-free
window26. Our work fits with these findings as we have demonstrating changes in the wave-intensity
profile but not wave-free window.
We also note the effect of aortic valve intervention on strain-imaging27. We would suggest that the
incorporation of strain-mapping in future studies would provide further valuable insight into the
coronary-myocardial coupling and its dysfunction in aortic stenosis and would be more sensitive
than the conventional measures of diastolic function we have reported here. We also highlight
previously reported data demonstrating the impact of diastolic function on the BDW in the context
of coronary occlusion28 and would emphasize the importance of incorporating all these features in
futures studies.
The magnitude of the BDW corresponds to the degree of the outflow tract obstruction and as such is
a potentially new measure of aortic stenosis severity. Importantly, unlike physiological or anatomical
measures that focus only on the aortic valve for stenosis quantification (such as velocity through the
valve or valve area), WIA has the advantage of providing a measure of overall cardiac burden which
may be advantageous in some settings29.
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In patients with LVH remodelling resulting from correction of hypertension, medical treatment
improves coronary flow reserve7. An assumption that a similar effect on wave intensity could now be
made and future work exploring this area non-invasively would be insightful, particularly to
document the BDW fraction and the ultimate use of this value for prognostication.

Disadvantages and limitations
Four patients had an alteration in cardiac-acting drugs (addition of beta-blockade x2, increase in
amlodipine x1 and increase in ACE-inhibitor x1) over the course of follow up. As this was only 27% of
the study population, and not all impact directly on haemodynamics30 we would anticipate little
effect of these alterations on the overall results. Furthermore, these drugs may have increased the
rate of regression of hypertrophy, and therefore it is probably their dominant effect would be
synergistic rather than confounding effect on the wave-intensity profile. However, we acknowledge
these points as partly speculative.
After TAVI, a degree of paravalvular leak is possible. However, none of our TAVI patient group
developed anything other than a mild regurgitant leak. One patient who underwent SAVR developed
a moderate-severe paravalvular leak that ultimately necessitated percutaneous closure and this
patient was excluded from the study.
Our pre-determined exclusion criteria meant 7 patients were not included after recruitment because
of difficulties in mapping the entire coronary flow envelope accurately pre-operatively as the
potential for error-amplification with wave-intensity processing is high. Additionally, a further 3 had
poor windows post-operatively because of presumed chest wall edema. We also excluded any
patients who went into atrial fibrillation (n=3) as flow and pressure ensembling becomes inaccurate
in these individuals. However, there is nothing to suggest that these patients otherwise differed
from our cohort, so we feel this aggressive exclusion protocol enhanced our mathematical rigour at
the expense a reduced cohort size. Furthermore, these patients were excluded before long-term
follow-up measures were obtained precluding any potential operator bias. We must acknowledge
that this also reflects some of the technical difficulties in the measurement of non-invasive WIA,
particular when used post-operatively, but for reasons elaborated on above we anticipate that this
tool may find more applicability in the pre-operative state. We also believe that the rate of success
will improve with the continuing echocardiographic advances in coronary flow assessment. Finally
we would comment that our completed cohort size (n=15) is similar in size to all other published
wave-intensity studies (mean 20, range 10-33)31.
We also note the physiological insult of rapid sequence pacing32 and that of cardiopulmonary bypass.
We endeavoured to avoid this by performing the post-procedure measure of coronary WIA at the
point of discharge. The average length of stay was 6.3 days with no patients discharged before day 3
when we anticipate the physiological insult of these effects would have dissipated – however, this
statement carries a degree of assumption that should be recognized.
For the purpose of this study we also excluded any patients with prior evidence of coronary disease.
At present, the effects of coronary artery lesions on wave-intensity are yet to be fully elucidated.
Whilst the BDW is thought to be a direct representation of myocardial function, this needs to be
borne out in investigations of patients with both structural heart disease and coronary lesions. As

This article is protected by copyright. All rights reserved.

Accepted Article

50% of patients with severe aortic stenosis will have evidence of coronary disease, this warrants
clarification before a more widespread application of this technology to this population can be firmly
recommended.
We also highlight the fact that our measure of central aortic pressure was obtained non-directly
from a brachial cuff system. This system has been well validated against invasive33,34 and
tonometric35 measures of central pressure. We recognise that even in the presence of severe aortic
stenosis resting central aortic and coronary pressure waveforms are near-identical6,26 and would
therefore suggest that our measure of central pressure is likely to be robust even in this setting.
However, we acknowledge that this has yet to be directly proven. We provide more detailed support
for this aspect of our methodology (including experimental data) in the supporting information.
Finally, we note that previous work validating this approach to measuring coronary wave-intensity
analysis has shown that waves other than the backward decompression wave may be
underestimated13. Whilst this may confound comparisons between invasive and non-invasively
obtained values, we have avoided this by using only this non-invasive technique.

Conclusion
Aortic stenosis exerts a marked effect on coronary haemodynamics through two opposing effects –
directly through the outflow tract obstruction and indirectly through the presence of left ventricular
hypertrophy. As such, with aortic valve intervention there is a reduction in the absolute size of the
BDW immediately post-operatively followed by a relative increase over the following year.
Therefore, whilst intervention immediately improves coronary haemodynamics, this improvement
continues further with LVH regression and both features may be involved in the prognostic benefit
of therapy.

Materials and Methods
Patient Characteristics
30 consecutive patients with severe aortic stenosis who were scheduled to undergo either TAVI or
Surgical Aortic Valve Replacement (SAVR) were recruited. All patients underwent pre-operative
angiography and standard transthoracic echocardiography. Exclusion criteria included angiographic
coronary artery disease within the LAD or stenoses of >50% in other arteries, previous coronary
intervention, reduced left ventricular systolic function (<50%), the presence of moderate or severe
co-existing valvular lesions, poor coronary flow signals in the pre- or post-operative period or the
presence or development of atrial fibrillation.
The study was approved by the Fulham-Local Research Ethics Committee and all subjects gave
written informed consent (11/LO/1454).
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Non-invasive pressure and flow measurements
Non-invasive wave-intensity was measured according to our previously validated methodology13
(Figure 1). In brief, echocardiography was performed using either a Phillips ie33 (Amsterdam,
Netherlands) or Esaote MyLabTwice (Genova, Italy) with appropriate settings36: high wall filters, low
pulse Doppler filters, colour PRF typically in the range of 15-25cm/s and a wide Doppler sampling
width (7.5-10mm). The LAD was imaged initially in the parasternal long axis view and carefully
manipulated laterally until the LAD was clearly in view with an angulation of less than 20o to the
probe. Multiple coronary flow signals recorded as high-resolution image files. Simultaneously, a
suprasystolic waveform was recorded and calibrated with the brachial blood pressure using a cuffbased device (Pulsecor, Auckland, New Zealand). The unprocessed data was exported as a Matlab
file.

Data Processing
The central pressure waveform was estimated from the Pulsecor raw data using a modification of
the approach described by Lowe et al34 as previous described13. At minimum of two recordings were
made with repeat measurements if data quality was not ‘good’ or more. As before, alignment was
according to the peak negative dP/dt prior to ensembling in order to prevent over smoothing of the
early diastolic portion. Although this a relatively indirect way of assessing coronary pressure, our
previous study has demonstrated a strong cross-correlation coefficient between invasive and noninvasive measures13; further validation is shown in our supporting information.
Each flow image file was processed using bespoke Matlab software. In brief, the file was imported
and a semi-automated tracking programme used to identify the coronary flow envelope. If
inaccurate, the tracking could be manipulated manually. Each flow file was segmented according to
the ECG and once the entire recording was processed, assembled to produce a continuous recording
of flow. We used a relatively high sweep speed for recording flow data which made this process
slightly more laborious but promoted accuracy. Specific computational details are provided in the
supporting information.
Non-invasive pressure was aligned with flow using the “foot” of the pressure waveform and the ECGQRS from echocardiography. The data was then processed using our automated Matlab programme
which involved a Savitsky-Golay filter (polynomial order 3, window size 51).
We have previously demonstrated the validity of this approach in establishing non-invasive coronary
wave-intensity13.
Wave-intensity analysis
Wavespeed (c) was calculated using the single-point method37. Wave-intensity analysis was
calculated as previously described9 using the product of the first-time derivatives of pressure (dP/dt)
and velocity (dU/dt) so the results are independent of sampling frequency . The waves can be
separated into proximally (WI+) and distally (WI-) originating waves as well as net wave intensity
using:
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where ρ is the density of blood (taken as 1050 kg m-3)
To separate coincident waves from proximal and distal coincident origins the change in pressure was
separated into its wave components: dP+/dt(proximal) and dP-/dt(distal).

Separated wave energy was expressed as peak, cumulative (the area under the peak wave intensityversus-time curve) values along with wave energy fraction (the cumulative intensity of each
individual wave expressed as a proportion of the total cumulative wave intensity).

Study Protocol
In addition to wave-intensity, continuous wave (CW) Doppler was used to derive the peak
transvalvular pressure gradient across the aortic valve38. Left ventricular mass (LVM) was calculated
and hypertrophy ascertained according to standard formulae and definitions39. Left ventricular mass
index (LVMI) was defined as mass indexed for body surface area.
Non-invasive coronary flow and pressure were recorded 24 hours prior to the procedure, on the day
of hospital discharge and at 6- and 12-months following intervention. Care was taken to identify and
assess the same part of the proximal LAD in all follow-up measurements and a mean of 11.5 cycles
used per assessment. Data were exported and analysed off-line using a custom-built Matlab
(Mathworks, Natick, MA) programme. WIA was calculated after completion of all data collection by a
researcher blinded to the chronology of data acquisition.

Statistics
Data were analysed by STATA v13.1 for Windows (STATA software, TX, USA). Continuous data is
expressed as mean ± SD. Correlation was assessed using Pearson’s rank correlation coefficient. Serial
measurements were analysed using Kruskal-Wallis tests followed by a Dunn's test for pairwise
difference when an overall difference was recorded. Multivariable linear regression was used to
ascertain the relative influence of LVM and aortic stenosis on the BDW fraction before and after
SAVR/TAVI. A p value of <0.05 was deemed significant.
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Tables
Table 1. Baseline characteristics and operative details
Table 2. Echocardiographic data pre- and immediately post-aortic valve intervention and at 6 and 12
months.
Table 3. Full data-set for cumulative, peak and fractional wave intensity profile measured pre-, postand at 6 and 12 months after aortic valve intervention.
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No (%)
10 (67)
78±9.0
1.95±0.20
5 (33)
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Male (%)
Age (years)
Body surface area (m2)
Diabetic (%)
Medication

Calcium channel antagonist (%)
Beta blocker (%)
ACE-inhibitor (%)
Angiotensin receptor blocker (%)
Statin (%)
Aspirin (%)
Loop diuretic (%)
Bendroflumethiazide (%)

Symptoms

Angina (%)
Syncope (%)
Dyspnoea (%)

Valve Type

Edwards (%)
CoreValve (%)
Bioprosthetic (%)
Table 1. Baseline characteristics and operative details
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6 (40)
6 (40)
5 (33)
3 (20)
13 (87)
8 (53)
7 (46)
2 (13)
5 (33)
0
15 (100)
2 (13)
2 (13)
11 (73)

Pre

Post

6 months

12 months

AV max (m/s)

4.5±0.6

2.6±0.9*

2.3±0.5*

2.1±0.6*

LV dimensions

LVEDD (cm)

4.7±0.6

4.6±0.6

4.3±0.6

4.0±0.8

PWTd (cm)

1.2±0.3

1.1±0.1

1.0±0.14

1.1±0.2

SWTd (cm)

1.3±0.3

1.2±0.1

1.2±0.3

1.2±0.2

LVEDS (cm)

3.0±0.5

2.9±0.5

3.0±0.6

3.0±0.4

LVMI (kg/m2)

114±19

108±17

86±17*

82±17*

E / A ratio

1.1±0.8

1.6±0.6

1.1±0.2

1.1±0.5

E / e’ ratio

14.1±5.2

13.9±5.1

11.1±8.3

10.8±3.6

Peak

44.2±13.5

35.0±9.3

36.0±11.0*

29.3±8.7*

Mean

27.1±6.6

22.5±0.60

22.0±6.5

18.6±5.3*

Min

15.9±4.0

12.8±3.9

12.7±4.1

10.2±3.6*†

Systolic

113±14

106±12

121±17*

124±16*†

Diastolic

65±9.7

63±9.7

70±11

72±10*

Mean

81±11

76±10

88±14*

89±12*

69±13

78±12

70±13

68±12
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Aortic Valve

Tissue Doppler

Coronary flow
(cm/s)

Pressure (mmHg)

Heart rate (bpm)

Table 2. Echocardiographic data pre- and immediately post-aortic valve intervention and at 6 and
12 months.
* p < 0.05 compared to pre-procedure. † p < 0.05 compared to post-procedure. All other values are
non-significant.
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Time
Kruskal-Wallis
Pre
Post
6 months
12 months
χ2(2)
p value
3
-2 -1
FCW
Cumulative x10 (Wm s )
5.9±2.4
5.3±2.5
5.5±2.2
4.8±3.0
2.40
0.49
4
-2 -1
Peak x10 (Wm s )
9.2±4.1
8.9±5.5
8.2±3.9
6.5±4.0
3.43
0.33
Fraction (%)
24.8±4.9 29.1±7.16 28.9±6.8
26.3±5.5
6.39
0.09
3
-2 -1
FDW
Cumulative x10 (Wm s )
2.4±1.7
1.1±0.8
1.5±0.9
1.9±1.6
6.16
0.10
4
-2 -1
Peak x10 (Wm s )
6.2±4.8
3.5±2.9
3.6±1.7
2.2±1.8
11.68
0.009*
Fraction (%)
9.0±4.5
6.4±3.7
7.9±3.2
10.4±5.3
3.71
0.29
3
-2 -1
FCW2
Cumulative x10 (Wm s )
1.1±1.2
0.9±1.1
0.6±0.6
0.4±0.5
4.73
0.19
Peak x104 (Wm-2s-1)
0.4±0.3
0.5±0.6
0.6±1.3
0.6±0.4
7.27
0.06
Fraction (%)
4.7±4.4
4.2±3.5
2.9±1.7
2.4±2.2
3.26
0.35
3
-2 -1
BCW early
Cumulative x10 (Wm s )
1.4±0.9
1.8±1.6
1.6±1.6
1.2±1.1
1.37
0.71
4
-2 -1
Peak x10 (Wm s )
5.0±3.2
6.6±5.2
5.6±4.3
3.5±2.1
3.77
0.29
Fraction (%)
5.7±4.1
10.1±6.5
7.5±6.3
8.1±6.9
4.10
0.25
3
-2 -1
BCW late
Cumulative x10 (Wm s )
4.5±2.8
4.4±3.7
4.0±2.1
2.9±1.7
3.16
0.37
4
-2 -1
Peak x10 (Wm s )
7.4±4.4
9.1±7.3
8.4±5.0
6.1±4.0
1.64
0.65
Fraction (%)
18.5±7.7
22.4±8.6
20.1±6.4
18.0±7.4
3.37
0.34
3
-2 -1
BDW
Cumulative x10 (Wm s )
9.7±5.7
5.1± 3.6
6.8±4.2
6.0±3.1
10.4
0.015*
4
-2 -1
Peak x10 (Wm s )
16.8±10.3 8.5± 5.5 13.6±12.3
12.2±8.6
8.75
0.033*
Fraction (%)
37.3±6.2
27.2±7.0
32.8±7.2
34.7±6.7
14.88
0.002*
-2 -1
Total WI
(Wm s )
25.1±11.5 18.6±10.7 20.0±9.7
17.2±8.7
5.40
0.15
Table 3. Full data-set for cumulative, peak and fractional wave intensity profile measured pre-,
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Wave intensity

post- and at 6 and 12 months after aortic valve intervention.

FCW=Forward Compression Wave, FDW=Forward Decompression Wave, FCW2=second
Forward Compression Wave, BCW=Backward Compression Wave, BDW=Backward
Decompression Wave, WI=Wave Intensity. *=significant. Backward originating waves are
expressed as absolute values. Dunn's test for pairwise difference for those significant values are
reported in the Results section.
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Figure 1. Construction of non-invasive wave-intensity (C) using coronary flow (A, D) and central
pressure (B, E). Coronary flow is obtained from transthoracic echocardiography (A) and digitalized
(D, solid lines) before being ensemble-averaged (D, dashed line). Central pressure is obtained from a
suprasystolic blood pressure cuff system (B) and also ensemble-averaged (E, dashed line). Wave
intensity is constructed from these waveforms (C). The Backward Decompression Wave (BDW) is
labelled. Note: for clarity in this diagram only a limited number of cardiac cycles from the overall
data-set for this patient is shown.
Figure 2. Left ventricular mass index (A), peak aortic valve velocity (B), cumulative BDW (C) and BDW
fraction (D) pre, post and at 6 and 12 months after aortic valve intervention. With intervention,
there is no immediate change in LV mass index (A). There is however an immediate decrease in
aortic valve gradient (B) accompanied by a reduction in the cumulative backward decompression
wave(C). This decrease is proportionately greater than the other coronary waves resulting in a fall in
the backward decompression wave fraction (D). Over the following 12 months, a reduction in left
ventricular mass index occurs accompanied by an increase in the backward decompression wave
fraction (D). Relevant p values are displayed and significant values marked: *p<0.05; †p<0.01;
‡p<0.001.
Figure 3. Serially measured wave intensity profile in severe aortic stenosis and with its treatment;
shaded waves are accelerating waves and unshaded decelerating waves. The Backward
Decompression Wave (BDW) is large pre-operatively (A). After intervention, it decreases in size (B).
Whilst all other coronary waves also decrease the BDW is affected to a relatively greater extent due
to the dominating effect of LVH post-operatively. As this hypertrophy regresses, there are subtle
changes in the absolute wave-intensity profile with an increase in the backward decompression
wave and a decrease in all the other waves within the cardiac cycle. This is recognisable as a
significant increase in the relative magnitude of the backward decompression wave (its fractional
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energy) (C).
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Figure 4. Schematic representation of the effect of aortic stenosis and its treatment of coronary
WIA. The width of the LVH line indicates LV mass index and the width of the AV gradient indicates
the gradient across the aortic valve. With severe aortic stenosis the total wave-intensity profile is
large including a relatively large BDW. Immediately following therapy there is a decline in both the
overall wave-intensity and the BDW. At this point the effect of the residual LVH dominates coronary
haemodynamics causing the BDW to account for a smaller fraction of the total coronary wave
intensity profile. As the LVH regresses the BDW increases with little change in the total coronary
wave intensity resulting in a significant increase in the BDW fraction.
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