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Abstract: Few studies have focused on the ascending arm of the transmitral valve inflow Doppler E wave signal 
(EWAA), measured in standard echocardiographic examinations. After measuring the slopes, frequencies of 1- and 
2-slope EWAA were calculated for 3 study groups, including the healthy controls (HC), subjects with risk factors for 
heart failure with preserved ejection fraction (HFPEF-RF), and patients with HFPEF. Investigators were blinded to the 
association between the study group and echocardiographic examinations. The study groups, HC, HFPEF-RF, and 
HFPEF, included 57, 60, and 66 subjects, respectively. There were 166, 161, and 199 E waves available for analy-
sis in HC, HFPEF-RF, and HFPEF groups, respectively. Prevalence levels of the 2-slope EWAA in HC, HFPEF-RF, and 
HFPEF groups were 38%, 39%, and 46%, respectively (P<0.22). When 2-slope EWAA was detected, the value of the 
early slope was 34-50% greater than that measured when a single slope was detected (P<0.001). Results suggest 
that the 2-slope EWAA phenomenon is common and may be related to forces driving blood from the left atrium to 
left ventricle. Mechanisms underlying the 2-slope EWAA phenomenon, however, have yet to be revealed.
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Introduction

E wave, the first trans-mitral flow velocity sig-
nal, reflects early left ventricle (LV) filling. It was 
recently determined as one of four measured 
variables necessary for evaluation of diastolic 
function in patients with normal LV ejection 
fraction [1]. The E wave is a triangular signal 
with an ascending arm (E wave ascending arm, 
EWAA), culminating at the peak velocity of 
blood flow, and a descending arm, demonstrat-
ing how mitral inflow decelerates.

Each point on the EWAA signal (measured wi- 
th Doppler) is the instantaneous velocity of a 
blood sample crossing the mitral valve orifice  
in units of cm/sec. The slope of the EWAA 
(s-EWAA) reflects blood acceleration in units of 
cm/sec2. If the EWAA is observed as a straight 
line, starting at zero velocity and culminating at 
peak E wave, blood acceleration is constant. If 
blood acceleration is constant, according to 

Newton’s second law of motion, ΣFi=M·a, where 
ΣFi is the sum of all forces acting on blood mass 
M and a is the acceleration of M, then ΣFi must 
be constant as well. A force acting on a surface 
equals pressure. Thus, ΣFi can be replaced with 
ΣPi(t)·MVA(t), where Pi(t) is the i-th pressure con-
tribution affecting blood mass M. MVA(t) is the 
mitral valve area or cross-section, both depend-
ing on t, the time duration interval of EWAA. 
ΣPi(t) is the instantaneous pressure gradient 
between the left atrium (LA) and the LV, (LA-LV) 
PG, during EWAA. Previous studies have pro-
vided knowledge regarding blood propelling 
forces [2, 3], along with the effective MVA dur-
ing early diastole [4]. The physiology underlying 
a 1-slope EWAA (constant acceleration) neces-
sitates a constant product ΣPi(t)·MVA(t) during 
EWAA. For example, when (LA-LV) PG causes 
the mitral valve to open, MVA increases abrupt-
ly. To maintain a constant product, the (LA-LV) 
PG must decrease proportionately to the rapid 
increase of MVA. (LA-LV) PG rapidly decreases 
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due to the transfer of blood volume from the LA 
to the LV, resulting in a decrease in LA pressure 
and an increase in LV pressure. Alternatively, 
when a blood driving force decreases during 
the EWAA (e.g., a decay of the elastic restoring 
force) while MVA is constant or decreasing, 
acceleration must decrease, respectively. This 
scenario imposes a change on s-EWAA. There 
are few studies considering EWAA [5, 6]. To the 
best of our knowledge, the phenomenon of an 
EWAA with two slopes has not been previously 
described, despite the fact that it is not difficult 
to detect by eye-ball examination two slopes in 
E wave signals. For example: Ref. 1, Figure 7, 
middle panel, second E wave from left; Figure 
23, top right, first E wave from left On website: 
http://www.criticalecho.com/see tutorial num-
ber 8: Assessment of LV diastolic function and 
filling pressures. Go to Figure 2 first E wave 
from left.

may explain an observed change in blood accel-
eration, creating a 2-slope EWAA. However, it 
must be emphasized from the onset that this 
preliminary descriptive study aimed to suggest 
the presence of a phenomenon, namely that 
EWAA may attain 2 slopes. The present study 
was not designed, however, to investigate the 
underlying mechanisms.

Materials and methods

Subjects

The present study was approved by the In- 
stitutional Review Board of Emek Medical 
Center, as a retrospective study.

HFPEF patients and subjects with HFPEF-RF 
were included based on clinical criteria. HFPEF 
inclusion criteria: A) Patients were hospitalized 
due to heart failure, according to a list of diag-

Figure 1. Trans-mitral flow velocity signals. Upper panel displays original re-
cordings. Lower panel displays the superimposed measurements of slopes 
of EWAA. All 3 E waves display an ascending arm with 2 slopes.

The present study focused on 
s-EWAA, assuming that it may 
not be constant. Two slopes on 
the EWAA may be visually 
observed. In a blinded fashion, 
slopes of EWAAs were retro-
spectively analyzed for three 
subject groups, including he- 
althy controls (HC), healthy in- 
dividuals with risk factors for 
heart failure with preserved 
ejection fraction (HFPEF-RF), 
and HFPEF patients. For every 
EWAA examined, investigato- 
rs determined whether 1 or 2 
slopes were present and slope 
values were measured. It was 
hypothesized that, in HFPEF 
patients, a 2-slope EWAA wo- 
uld be more prevalent than in 
HFPEF-RF or the HC groups. 
This hypothesis was based on 
a previous hypothesis suggest-
ing a benefit for recruiting elas-
tic recoil to augment early dia-
stolic filling, compensating for 
decreased late LV filling due to 
LV stiffness in HFPEF [6]. Mo- 
reover, Bell et al. showed that 
most of the elastic recoil termi-
nates before mitral valve open-
ing [7]. It was, therefore, hy- 
pothesized that termination of 
elastic recoil during the EWAA 
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noses on electronic medical records; and B) 
Patients had a trans-thoracic echocardiograph-
ic examination demonstrating ejection fraction 
≥50%, within a period of 30 days between hos-

from all study groups. During analyses of sub-
ject s-EWAA results, investigators were blinded 
to the electronic medical records and clinical 
groups.

Figure 2. Area bounded between a 2-slope EWAA and the zero velocity line. 
Areas of triangles a and c are calculated from the height of the triangle mul-
tiplied by the base of the triangle divided by 2. Area of triangle a equals the 
product of the duration of the early slope in msec/1000 (base of triangle a) 
by the height of triangle a given by the product of the early slope in cm/sec2 
and the duration of the early slope (point X in Figure 2), divided by 2. Area 
of rectangle b equals the product of the duration of the late slope by X. Area 
of triangle c equals product of the duration of the late slope in msec/1000 
(base of triangle c) by the height of triangle c, given by the product of the 
late slope in cm/sec2 multiplied by the duration of the late slope, divided 
by 2. In these calculations the unit of all areas was cm, because all values 
of height were measured in cm/sec and all bases were measured in sec.

Figure 3. Number of 1- and 2-slope EWAA in each of the study groups (per 
wave analysis). Below the abscissa, the percent value indicates the percent 
of EWAA having 2-slopes.

pitalization and the echocar-
diographic study. HFPEF-RF in- 
clusion criteria: A) Patients we- 
re never hospitalized for heart 
failure (according to electronic 
medical records); B) Patients 
had an ambulatory trans-tho-
racic echocardiographic exami-
nation, concluded as normal, 
demonstrating ejection frac-
tion ≥50%; and C) Patients had 
at least one of the following 
diagnoses, including hyperten-
sion, diabetes mellitus, or isch-
emic heart disease, or any two 
or more of the following di- 
agnoses, including hyperlipid-
emia, cigarette smoking, chr- 
onic obstructive pulmonary di- 
sease, and obesity.

Healthy control (HC) group in- 
clusion criteria: A) Patients had 
an ambulatory trans-thoracic 
echocardiographic examinati- 
on, concluded as normal, dem-
onstrating ejection fraction ≥ 
50%; and B) Patients had only 
one of the following risk fac-
tors, including hyperlipide-mia, 
obesity, smoking, or chronic 
ob-structive pulmonary disea- 
se.

Exclusion criteria: A) Patients 
were excluded if valvular pa- 
thologies were greater than 
mild;  B) Structural cardiac ab- 
normalities, arrhythmias, or car- 
diac operations were noted on 
their list of diagnoses or echo-
cardiographic examination re- 
ports; and C) Lack of P waves 
existing on the ECG recorded 
during echocardiographic ex- 
aminations.

The Data Mining and Infor- 
mation Unit provided investiga-
tors with a single shuffled list 
of identity numbers of subjects 
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Study protocol 

Two investigators (M.A.E., G.D.) received the 
shuffled list of identity numbers of included 
subjects. For each echocardiographic study, 
images displaying the trans-mitral flow velocity 
were sought and EWAAs were analyzed, as 
described below. All analyzed data were agreed 
upon before disclosing the association between 
subject’s echocardiographic study and clinical 
group. Demographic and clinical data were 
retrieved from electronic medical records. Final 
association and statistical analysis was then 
performed.

Echocardiography

Standard echocardiographic analysis of dia-
stolic measures was performed by an echocar-
diography specialist (M.J.), blinded to the rest of 
the analyses. Measures are reported in Table 
1.

1) Measurements of slope and slope duration: 
For each echocardiographic study, the EWAAs 
(Figure 1) were analyzed. The ascending arms 

contour of the EWAA. When 2 slopes were 
detected, the first slope was measured from 
the peak of the E wave to the point where slope 
deflection was observed. This slope was termed 
late s-EWAA. From the latter point, the second 
slope, termed early s-EWAA, was measured to 
the zero velocity line. Figure 1 (upper panel) dis-
plays a series of original E waves, while the 
lower panel displays the same series with mea-
sured slopes. The “slope” function automati-
cally provided the time duration of each slope 
(in milliseconds). Measurements were stored 
on a spreadsheet for further analysis. After 
analyzing all EWAA data, investigators (M.A.E., 
M.J., G.D.) excluded all echocardiographic stud-
ies which were perceived as technically poor. 
Reported results were agreed on by all in- 
vestigators.

Interobserver variability was tested using both 
the Bland-Altman plot (linear regression re- 
vealed no trend between the mean and the dif-
ference, P=0.9206) and the inter-class correla-
tion coefficient, resulting in excellent agree-
ment between the measurements (0.87 [95% 
CI: 0.75-0.94]) [8].

Table 1. Demographic, clinical, and basic echocardiographic charac-
teristics of study groups

HC (n=57) HFPEF-RF 
(n=60)

HFPEF 
(n=66) P

Age (years) 59.9±15.3 68.0±10.2 65.8±13.1 0.0028
Female-gender (%) 20 (35.1%) 26 (43.3%) 28 (42.4%) 0.6082
Hypertension (%) 0 (0%) 49 (81.67%) 55 (83.3%) <.0001
Diabetes Mellitus (%) 0 (0%) 14 (23.3%) 35 (53.0%) <.0001
Ischemic heart disease (%) 0 (0%) 8 (13.3%) 9 (13.6%) 0.0144
Hyperlipidemia (%) 12 (21%) 36 (60.0%) 39 (59.1%) <.0001
Obesity (%) 6 (10.5%) 12 (20.0%) 20 (30.3%) 0.0260
Cigarette smoking (%) 0 (0%) 3 (5.0%) 10 (15.2%) 0.0023
COPD (%) 0 (0%) 2 (3.3%) 9 (13.6%) 0.0028
E wave (cm) 66.3±20.6 58.6±26.7 77.6±24.8 0.002
A wave (cm) 70.9±24.9 78.2±34.3 87.2±26.5 0.001
E/A 0.97±0.2 0.79±0.2 0.89±0.3 <0.001
EF (%) 63.4±4.1 63.0±4.6 62.3±5.4 0.32
IVS (cm) 9.9±1.2 10.6±1.4 11.9±1.6 <0.001
PW (cm) 9.8±1.0 10.3±1.4 11.4±1.5 <0.001
Cm, centimeters; COPD, chronic obstructive pulmonary disease; IVS, interventricular 
septum; PW, posterior wall; other abbreviations as in text. Pairwise comparisons (Bon-
ferroni’s correction) revealed no significant differences between HFPEF-RF and HFPEF 
(except for diabetes mellitus, P=0.0006). Between HFPEF-RF and HC, significant 
differences were found for age (P=0.0011), ischemic heart disease (P=0.0062), dia-
betes mellitus (P=0.0001), Hyperlipidemia (P<.0001), and Hypertension (P<.0001). 
Between HFPEF and HC, significant differences were found for all factors (P<0.02). 
Echocardiographic characteristics were tested using Kruskal-Wallis, as distribution of 
variables differed from the normal distribution.

of the E waves were mea-
sured by two independe- 
nt observers (M.A.E., G.D.). 
These investigators were 
blinded to the other’s mea-
surements. The number of 
available E waves per pa- 
tient was documented, as 
well as the sequence of the 
waves in the image. Us- 
ing this documentation, the 
“second” investigator could 
relate to the same EWAA 
evaluated by the “first”, 
however, remaining com-
pletely blinded to the mea-
surements of the first. 
Slopes of EWAA were mea-
sured using the “slope” fun- 
ction of the archiving soft-
ware (PICOM PowerConsole 
version 5.24.0.38, ScImage 
Inc., Los Altos, California). 
When 1-slope EWAA was 
detected, the slope was 
measured from the peak of 
the E wave to the zero 
velocity line (in cm/sec2). 
Attention was paid to align 
the measuring line with the 
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2) Area calculations: The area bounded be- 
tween the slope (s) of the EWAA, the zero veloc-
ity line, and the vertical connecting the peak of 
the E wave with the zero velocity line was calcu-
lated for 1- and 2-slope EWAAs. For a 1-slope 
EWAA, the area was calculated as the area of a 
triangle, where the height of the triangle was 
the calculated peak E wave (in cm/sec) and the 
base of the triangle was the duration of the 
slope (in sec) divided by 2. Peak E wave was 
calculated from the product of the measured 
slope (cm/sec2) and the duration of the slope 
(sec). In the case of a 2-slope EWAA, the area 
was calculated from the sum of the areas a, b, 
and c, as shown in Figure 2.

Demographic and clinical data

After summarizing the echocardiographic anal-
ysis, demographic and clinical data (age, gen-
der, and risk factors) were collected from elec-
tronic medical records. 

Final analyses and statistics

Analyses were performed per waves and per 
patients in a study group. For each group of 
subjects, the percentage of EWAAs with 2 
slopes was calculated. Values of the slopes 
and their respective durations were stored and 
compared between the groups. Sample sizes 
and power considerations: Preliminary obser-
vations indicated that the rate of 2-slope EWAA 
among random E waves was approximately 
30%. Aiming to find a 15% difference between 
the HC and HFPEF groups, a sample size of 326 
waves (163 in each group) was required for 
80% power and 5% alpha (two-sided test). The 
final sample size included 199 waves in the 
HFPEF group and 166 in the HC group, increas-
ing the statistical power to 84.5%. Statistical 
analysis: Categorical variables are presented 
with frequencies and percentages, while con-
tinuous variables are presented with mean, 
standard deviation (SD), median, and inter-
quartile ranges. Association levels between the 
3 study groups (HC, HFPEF-RF, and HFPEF) and 
categorical variables were examined using Chi-
square tests (or Fishers’ exact tests). For con-
tinuous variables, ANOVA (or Kruskal-Wallis 
test) was used. Pairwise comparisons (with 
Bonferroni’s correction) were performed using 
Chi-square tests (or Fishers’ exact tests) for 
categorical variables and t-tests (or Wilcoxon 
two sample tests) for continuous variables. 

Statistical analyses were performed using SAS 
9.4 software. P<0.05 indicates statistical si- 
gnificance.

Results 

Study population

A total of 183 subjects and 526 E waves were 
studied. The study groups, HC, HFPEF-RF, and 
HFPEF, included 57, 60, and 66 subjects, 
respectively. There were 166, 161, and 199 E 
waves available for analysis in HC, HFPEF-RF, 
and HFPEF groups, respectively. The HC group 
was younger than HFPEF-RF and HFPEF groups. 
Table 1 presents demographic, clinical, and 
standard echocardiographic characteristics of 
the 3 study groups. Echocardiographic mea-
sures of the interventricular septum, posterior 
wall, and LV mass delineate geometric differ-
ences between the study groups.

Percentage of EWAA with 1- or 2-slopes

HC, HFPEF-RF, and HFPEF groups had on aver-
age 2.91 (SD=0.7; Median=3), 2.68 (SD=0.60; 
Median=3), and 3.02 (SD=0.64; Median=3) E 
wave signals per subject, respectively. The per-
centage of EWAAs having 1- or 2-slopes in each 
of the groups is shown in Figure 3. Chi-square 
tests applied to the percentage of 2-slope 
EWAAs revealed a statistically non-significant 
association between the presence of a 2-slope 
EWAA and the study groups (P=0.22), despite 
the observed trend.

For each subject, percentages of EWAAs having 
2 slopes were calculated. For example, if a sub-
ject had a total of 3 recorded EWAAs and 2 of 
them had 2 slopes, then the percentage was 
66%. In HC, HFPEF-RF, and HFPEF groups, me- 
an and standard deviation percentages of  
subjects having a 2 slope EWAA were 38.0± 
40.9%, 39.7±43.4%, and 50.1±44.2%, respec-
tively (Kruskal-Wallis P=0.223).

Value of EWAA slopes

Table 2 shows the mean values of 1- and 
2-slope EWAAs, according to study groups. 
Analysis was performed per wave. In the case 
of 1-slope EWAA, the value of the slope in- 
creased from HC to HFPEF patients. However, 
differences did not reach statistical signifi-
cance. In the case of the 2-slope EWAA, values 
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of the early s-EWAA in all 3 groups were greater 
than the values of the slope in the 1-slope 
EWAA, by approximately 34-50% (differences 
were statistically significant, P<0.001). The 
greatest value of the early s-EWAA was noted in 
the HFPEF group, followed by the HC group. The 
value of the late s-EWAA was greatest in the HC 
and smallest in the HFPEF group. However, dif-
ferences did not reach statistical significance.

Duration of EWAA slope

Durations of the 1- and 2-slope EWAAs were 
measured (Table 3). In the case of 1-slope 
EWAA, the duration of the slope was the small-
est in HFPEF-RF, while the duration in both HC 
and HFPEF groups was similar. Differences 
between average slope duration in the HC and 
HFPEF groups were <1 msec. In the case of 
2-slope EWAA, the early slope was shortest in 
duration in the HFPEF group. Yet, this did not 
reach statistical significance, differentiating 
the HFPEF group from other groups. The 2-slope 
EWAA in HC and HFPEF-RF shared similar dura-
tions, within a range of <3 milliseconds. Dur- 
ations of the late s-EWAA were similar, within a 
range of 5 milliseconds, with no statistically sig-
nificant differences between the groups. A 
trend was observed where the shortest late 
s-EWAA was observed in the HC group, increas-
ing in HFPEF-RF, and further increasing in 

HFPEF. The point of slope deflection, between 
early and late s-EWAA, occurred at 62.1%, 
61.6%, and 66.9%, of the duration of the EWAA 
in the HC, HFPEF-RF, and HFPEF groups, respec-
tively (differences were significant between 
HFPEF and HC, P=0.024, HFPEF and HFPEF-RF, 
P=0.015).

Area bounded by the slope of the EWAA 

Table 4 shows the calculated area under the 
EWAAs in the study groups, according to the 
slopes of EWAA (per wave analysis). In the case 
of a 1-slope EWAA, the area was smallest in 
HFPEF-RF and greatest in the HFPEF group. In 
the case of 2-slope EWAA, the areas were quite 
similar.

Discussion

The present retrospective descriptive study 
focused on the frequency of 2-slope EWAA in 3 
groups, healthy controls, individuals with risk 
factors for HFPEF, and HFPEF patients. Main 
results: A) Prevalence of a 2-slope EWAA in HC, 
HFPEF-RF, and HFPEF groups was approximate-
ly 38%, 39%, and 46%, respectively (between 
group differences were not statistically signifi-
cant, despite a trend); B) Slope measurements 
in all 3 groups showed significant differences 
between the value of the early s-EWAA (when 

Table 2. Values of EWAA slopes (per wave analysis)
HC HFPEF-RF HFPEF p value

1-slope 1072.3±399.8 [981.0] (n=103) 1163.1±469.6 [1057.5] (n=98) 1227.3±509.8 [1091.0] (n=107) 0.089

2-slope Early s-EWAA 1616.1±703.2 [1556.0] (n=63) 1565.1±759.1 [1358.0] (n=63) 1736.1±644.7 [1650.0] (n=92) 0.1176

2-slope Late s-EWAA 517.4±476.1 [421.0] (n=63) 453.5±362.7 [382.0] (n=63) 452.8±228.6 [379.5] (n=92) 0.6011
Mean ± SD [Median]. Unit of slope value: cm/sec2. Abbreviations as in text.

Table 3. Values of EWAA duration
HC HFPEF-RF HFPEF p value

1-slope Duration 74.4±23.0 [74.0] (n=103) 67.7±21.3 [65.5] (n=98) 73.9±20.7 [78.0] (n=107) 0.0365*
2-slope Duration of early s-EWAA 35.0±21.4 [28.0] (n=63) 36.7±23.5 [32.0] (n=63) 28.8±10.8 [28.0] (n=92) 0.120
2-slope Duration of late s-EWAA 53.9±16.7 [53.0] (n=63) 56.0±19.0 [53.0] (n=63) 58.7±15.7 [57.0] (n=92) 0.1318
Mean ± SD [Median]. Unit of slope duration: msec. *Pairwise comparisons revealed significant differences between HFPEF and HFPEF-RF 
(P=0.0165). Abbreviations as in text.

Table 4. Area bounded by the slopes of the EWAA and the zero velocity line (per wave analysis)
HC HFPEF-RF HFPEF p value

1-slope EWAA 2.72±1.01 [2.68] (n=103) 2.46±1.11 [2.33] (n=98) 3.20±1.44 [3.06] (n=107) 0.0005
2-slope EWAA 3.87±1.33 [3.74] (n=63) 4.06±1.23 [3.86] (n=63) 4.00±1.12 [4.14] (n=92) 0.2936
Abbreviations as in text. Unit of area is: cm. Pairwise comparisons for 1-slope EWAA revealed significant differences between HFPEF and HFPEF-
RF (P=0.0002).
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2-slope EWAAs were detected) and the value of 
the 1-slope EWAA; and C) The area bounded by 
the EWAA was always greater when 2 slopes 
were observed.

The prevalence of 2-slope EWAA was common 
(in all study groups). However, this could still be 
a subjective matter of eyeball examination and 
measurement error. Result B supports the 
hypothesis that 2-slope EWAA exists, since the 
values of 1-slope EWAA significantly differed 
from the values of the early s-EWAA when 
2-slope EWAAs were detected. 

Mechanics of transferring blood from LA to LV 
during E wave ascending arm

In the case of a 1-slope EWAA, the sum of all 
pressures operating on blood volume multi-
plied by the area of the mitral valve is constant 
(ΣPi(t)·MVA(t)=constant and t is the time dura-
tion of the EWAA). In the case of a 2-slope 
EWAA, a1 and a2 are defined as the observed 
early and late slopes of the EWAA, where 
a1>a2. Accordingly, a1 obligates ΣPi(t1)·MVA 
(t1) to be constant during time interval t1. 
Similarly, a2 obligates ΣPi(t2)·MVA(t2) to be 
constant during time interval t2, where t1 and 
t2 are the time durations of the early and late 
EWAA slopes, respectively. This formulation 
clarifies that, during the EWAA, the product 
ΣPi(t)·MVA(t) determines the value of s-EWAA.

MVA varies during EWAA, as shown in Figure 6A 
in the study by Bowman et al. [4]. At the onset 
of EWAA, MVA increases rapidly, reaching a 
peak prior to (by MRI measurement) or with (by 
echocardiography) peak E wave [4]. This means 
that, on average, MVA increases from EWAA 
onset to peak E wave. According to the formula-
tion above, ΣPi(t) must decrease (proportion-
ately to the increase in MVA) to maintain a 
1-slope EWAA. Due to the mitral valve struc-
ture, it is accepted that MVA is determined by 
the operating atrio-ventricular pressures, ΣPi(t). 
Also, the faster blood flows between mitral leaf-
lets, the lower the pressure between them. This 
decreases the effective MVA (Bernoulli effect). 
The interplay between MVA(t) and ΣPi(t) deter-
mines blood acceleration and slope.

Physiological pressures operating on blood 
during E wave ascending arm

During EWAA, pressure propelling blood across 
the mitral valve originates in the LA, LV, right 

heart, and chest (respiratory variation of intra-
thoracic pressure and pericardium). The pas-
sive pressure gradient between LA and LV is 
affected by: A) The beat-to-beat variation of 
blood volume flowing from the lungs to the LA 
[9]; B) LA compliance; and C) The pressure with-
in the LV when the mitral valve opens, assum-
ing LV diastolic suction is absent. Passive (LA-
LV) PG determines the initial conditions for 
blood flow. However, it does not predict the 
2-slope EWAA phenomenon. Mitral valve opens 
and MVA increases, ΣPi(t) must decrease in 
response and the bilateral interaction described 
above occurs. Assuming this scenario, a blood 
driving force is neither added nor removed. The 
passive initial (LA-LV) PG decreases because of 
the transfer of blood from LA to LV. Therefore, it 
is predicted that the value of a 1-slope EWAA 
would vary according to a beat-to-beat depen-
dent set of initial pressure conditions [9].

Elastic recoil and diastolic suction added to the 
passive (LA-LV) PG creates a possible blood 
driving force [7], [10-16]. Elastic recoil acts to 
further rapidly decrease LV pressure relative to 
LA pressure, thereby increasing the gradient 
(LA-LV) PG. Bell and colleagues described that 
most of the elastic recoil terminates before 
mitral valve opening [7]. If this force decays 
during EWAA, it will induce a change in ΣPi(t), 
creating a change in the EWAA slope. Thus, the 
presence of elastic recoil and its timely decay 
during the EWAA may explain a 2-slope EWAA. 
Mechanical forces derived from the right heart 
and pericardium may also affect the LA pres-
sure build up just before mitral valve opening, 
as well as  during early diastole (as in the case 
of cardiac tamponade [17, 18]). A “preferred” 
filling of the right ventricle during inspiration 
causes the septum to deviate towards the LV, 
exerting a force opposing trans-mitral flow. 
Theoretically, this can occur during the early 
diastolic filling phase and cause a change in 
EWAA slope. Yet, none of the subjects of this 
study experienced cardiac tamponade. An 
increase in intrathoracic pressure related to 
the breathing cycle (e.g., expiration decreasing 
venous return), accidently occurring during 
EWAA, causes the volume of blood arriving at 
the LA to decrease. This may decrease ΣPi(t) 
during EWAA, potentially creating the 2-slope 
EWAA phenomenon. If this were the mecha-
nism, it would be expected that in approximate-
ly half of the sampled E waves where 2-slope 
EWAA was present, an increase rather than a 
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decrease in the late EWAA slope would be 
observed (due to a decrease in intrathoracic 
pressure during inspiration increasing venous 
return). 

Finally, Doppler wave measurements were 
determined in 2D at the level of mitral leaflets. 
Blood mass flows through this point. However, 
the angle between the direction of blood flow 
and the Doppler signal source varies during 
early diastole due to untwisting motion of the 
LV. Such a change in angle affects measured 
blood velocity. This may explain the prevalence 
of 2-slope EWAA observed in HC and HFPEF-RF 
groups. In conclusion, 2 slope-EWAA may be 
explained by a change in a blood driving force 
occurring during the EWAA or a change in the 
angle between the Doppler source and the 
direction of blood flow or both. A change in the 
MVA during EWAA that produces a change in 
s-EWAA is less likely to explain the 2-slope 
EWAA phenomenon. First, according to mag-
netic resonance imaging [4], MVA increases lin-
early up to the peak of the E wave. Second, it is 
assumed that MVA(t) follows ΣPi(t) at the begin-
ning of diastole, as the mitral valve opens. 
Third, due to Bernoulli effects on mitral leaflets, 
MVA decreases at some time tk during the 
EWAA. Thus, ΣPi(t) will change its rate of 
decrease at time tk as well. This scenario is pre-
dicted based on the mutual effects of MVA(t) 
and ΣPi(t). This scenario preserves a constant 
product ΣPi(t)·MVA(t), leading to constant ac- 
celeration.

HFPEF and the 2-slope EWAA phenomenon

Results demonstrated a trend where 2-slope 
EWAA was more prevalent in the HFPEF group, 
compared to either HFPEF-RF or HC groups. 
The area below a 2-slope EWAA was always 
greater than that below a 1-slope EWAA. As the 
area under the EWAA reflects the amount of 
blood passing from LA to LV during the EWAA, it 
is clear that more blood is transferred with a 
2-slope EWAA (compared to 1-slope EWAA). 
Therefore, it is possible that, to compensate for 
a decreased late diastolic LV filling occurring in 
HFPEF (due to the concentric hypertrophy 
remodeling process rendering the LV non-com-
pliant), a shift occurs from 1-slope to 2-slope 
EWAA. This scenario is concordant with the 
shift in E/A ratio observed as diastolic dysfunc-
tion progresses [19]. A canine model revealed 

that restoring forces (and thus diastolic suc-
tion) increased as a function of the difference 
between end systolic volume and the slack or 
equilibrium volume [7]. The latter is a unique LV 
volume where transmural pressure equals zero. 
Greater differences led to greater restoring 
force [7]. In a meta-analysis, ejection fraction in 
HFPEF patients, a measure of systolic function, 
was shown to be slightly greater than that in HC 
[20]. It is possible (though not proven) that a 
greater systolic contraction leads to a smaller 
end systolic volume and a greater volume dif-
ference from the slack volume. Accordingly, this 
scenario may favor recruitment of elastic recoil 
as a mechanism for maximizing early LV filling. 
If the termination of elastic recoil during EWAA 
underlies the change in s-EWAA, accounting for 
the 2-slope EWAA phenomenon, then why is 
this mechanism recruited intermittently (the 
phenomenon was demonstrated in only half of 
the E waves)? It is possible that elastic recoil is 
recruited in every diastole. However, the time of 
termination of elastic recoil may occur either 
before or after EWAA. In such cases, a change 
in ΣPi(t) will not be visible during EWAA. This 
theoretic explanation may hold for the 2-slope 
EWAA phenomenon observed in HC. 

The present retrospective study analyzed EWAA 
data acquired by several echocardiographic 
technicians that were not part of this study, 
with no special attention to the acquisition  
of diastolic transmitral flow velocity waves. 
Therefore, the data set reflects “real world” 
trans-mitral flow velocity data. However, it 
imposes limitations, such as a limited amount 
of EWAA per patient. The latter precludes study-
ing the pattern of occurrence of 2-slope EWAA 
in a longer series of EWAAs. When observing 3 
EWAAs on a single screen, a bias may occur 
towards detecting a second EWAA with two 
slopes when a first one was observed. If a 
1-slope EWAA was previously detected it could 
discourage investigators from detecting a 
2-slope EWAA. These limitations could account 
for some over- or under-detection of the 2-slope 
EWAA phenomenon, but would not account for 
the between group differences. Study groups 
were classified according to clinical documen-
tation and the presence of ejection fraction 
≥50%. This classification is less rigorous than 
prospectively required [1], potentially including 
other medical conditions in the HFPEF gro- 
up. Investigators acknowledge that they were 
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biased towards detecting 2-slope EWAA, as this 
phenomenon was the subject of the study. This 
bias probably led to a higher rate of detection 
of the 2-slope EWAA in all three study groups. 
However, the different trend in the rate of the 
phenomenon is accepted as true, as investiga-
tors were blinded to the association between 
clinical groups and echocardiographic signals.

Conclusion

In the present study, slopes of EWAA were stud-
ied, indicating that a 2-slope EWAA was preva-
lent in all study groups (HC, HFPEF-RF, and 
HFPEF). The underlying mechanisms were not 
clear. However, they may be related to an intrin-
sic cardiac effort to shift from late to early LV 
filling. If this is true, medications that induce 
negative inotropic and lusitropic effects, such 
as beta-blockers, may actually inhibit compen-
sating physiological mechanisms.
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