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Simple Summary: Cardiotoxicity is a serious side effect of doxorubicin in cancer patients due to the
risk of development of heart failure. Early detection of doxorubicin-induced cardiomyopa-thy
(DXR-ICM) has become a major objective to reduce heart failure in cancer patients. Echocar-diography is the gold standard method to diagnose cardiac diseases when cardiac dysfunction is prominent; however, it still cannot predict or early diagnose heart failure before functional de-cline. The
intraventricular blood flow is characterized by intraventricular pressure gradients (IVPG) that created due to the suction of blood by the ventricles. Currently, advanced imaging techniques allow
non-invasive assessment of IVPG from color M-mode echocardiography (CMME) after image processing for the clinical setting. Studies revealed that IVPG indices are promising for the early diagnosis of cardiac dysfunction. In this study, we aimed to investigate the usefulness of IVPG to detect
cardiac function changes after DXR administration in dogs.
Abstract: Early detection of doxorubicin (DXR)-induced cardiomyopathy (DXR-ICM) is crucial to
improve cancer patient outcomes and survival. In recent years, the intraventricular pressure gradient (IVPG) has been a breakthrough as a sensitive index to assess cardiac function. This study aimed
to evaluate the usefulness of IVPG for the early detection of chemotherapy-related cardiac dysfunction. For this purpose, six dogs underwent conventional, speckle tracking, and color M-mode echocardiography concomitantly with pressure-and-volume analysis by conductance catheter. The cardiac function measurements were assessed before DXR administration (baseline, Pre), at the end of
treatment protocol (Post), and at 1.5 years follow-up (Post2). The result showed a significant reduction in the left ventricular end-systolic pressure-volume (Emax: 4.4 ± 0.7, 6.1 ± 1.6 vs. 8.4 ± 0.8
mmHg/mL), total-IVPG (0.59 ± 0.12, 0.62 ± 0.15 vs. 0.86 ± 0.12 mmHg), and mid-IVPG (0.28 ± 0.12,
0.31 ± 0.11 vs. 0.48 ± 0.08 mmHg), respectively in Post2 and Post compared with the baseline (p <
0.05). Mid-to-apical IVPG was also reduced in Post2 compared with the baseline (0.29 ± 0.13 vs. 0.51
± 0.11). Meanwhile, the fraction shortening, ejection fraction, and longitudinal strain revealed no
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change between groups. Total and mid-IVPG were significantly correlated with Emax (R = 0.49; p <
0.05, both) but only mid-IVPG was a predictor for Emax (R2 = 0.238, p = 0.040). In conclusion, this
study revealed that impairment of contractility was the initial changes observed with DXR-ICM in
dogs and only IVPG could noninvasively detect subclinical alterations in cardiac function. Color Mmode echocardiography-derived IVPG could be a potential marker for the early detection of doxorubicin cardiomyopathy.
Keywords: cardiomyopathy; dogs; doxorubicin; echocardiography; heart failure; intraventricular
pressure gradient; pressure-volume

1. Introduction
The extended life expectancy of cancer patients who have received treatment is
clearly a positive development; however, the drawbacks of development of heart failure
(HF) due to the cardiotoxic activity of the chemotherapy, for instance, doxorubicin (DXR)induced cardiomyopathy (DXR-ICM), has become a serious problem for patients who
have survived the neoplastic disease. Despite the effectiveness of DXR in chemotherapy,
the increased likelihood of cardiotoxic activity of the drug, which determines the patient’s
survival, becomes a management challenge for oncologists. Studies have revealed that
DXR affects cardiac function in a cumulative and dose-dependent manner in humans and
dogs [1,2]. After 10 years of follow-up, cumulative doses of anthracycline (more than 500
mg/m2) resulted in left ventricular dysfunction in 63% of patients compared with 18%
prevalence in patients who received less than 500 mg/m2 [3]. Additionally, dogs receiving
DXR at a cumulative dose rate of 144.8 mg/m2 showed clinical cardiotoxicity[2]. The mortality rate in patients with DXR-ICM is significantly higher compared to other cardiomyopathy patients. Indeed, only 40% of patients who underwent DXR therapy survived up
to two years following the onset of HF [4]. Regardless of the usefulness of DXR in patients
with malignant tumors associated with poor survival rates, its adverse effects limit its use
as aggressive therapeutic options. Therefore, the early and accurate detection and/or prediction of the onset of the expected HF become crucial for improving the clinical implication purposes of DXR in cancer patients.
The ejection fraction (EF) in human medicine and fractional shortening (FS) in veterinary practice are widely used indices in echocardiographic examination to evaluate cardiac function [5]. However, these indices are not sensitive enough to detect the early deterioration in contractility resulting from DXR-ICM. In this regard, a reduction in EF in
cancer patients, which is more likely to appear in the advanced stage, indicates the development of cardiac dysfunction that would interrupt the continuity of the chemotherapy
protocol and subsequently impacting the survival outcome [6]. Therefore, there is an urgent need to discover a novel and sensitive index to enable earlier detection of chemotherapy-related cardiac dysfunction.
Although most attention has been paid to systolic function in the diagnosis of DXRICM, several reports have suggested that diastolic dysfunction precedes systolic failure in
both human and canine patients [7–9]. Recently, the measurement of diastolic function
has therefore begun to attract more attention in hopes for the early detection of cardiac
events. The intraventricular pressure difference (IVPD) during early diastole is an index
that focuses on intraventricular blood flow, and is considered a sensitive indicator of diastolic function. IVPD is obtained from color M-mode echocardiographic (CMME) images
using Euler’s equation [10]. The intraventricular pressure gradient (IVPG) can be calculated by dividing the IVPD by the length of the left ventricle (LV); consequently, unlike
the IVPD, IVPG is not affected by the size of the heart [11–13]. Generally, the length of the
LV, from the mitral valve to the apex, is divided into basal, mid, and apical parts, and each
has its corresponding IVPG index. The mid to apical-IVPG, which is the pressure difference between mid and apical parts, represents a suction force that is reported to reflect the
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active relaxation of the LV during diastole. Besides, Tau, which is the most established
index to describe left ventricular diastolic function that obtained invasively by catheterization, showed a negative correlation with total-, basal-, and mid-IVPD values in an experimental canine model under different loading conditions [14].
Recently, the evaluation of diastolic and systolic IVPG has shown promising results
in the evaluation of heart functions and showed agreeable feasibility and reproducibility
in humans [15]. The clinical applicability of the IVPG in both healthy and in patients with
diastolic HF indicated the inability of the heart to produce an effective ventricular suction
power under stress conditions [16,17]. These studies have used the same approach to noninvasively evaluate the IVPG through CMME. Currently, conventional imaging techniques and biomarkers cannot accurately detect DXR-cardiotoxicity before functional decline [18–21]. Therefore, this approach is expected to provide a useful new index to overcome the shortcoming of the conventional echocardiographic indices, particularly in early
diastole interpretation, and the incorporation of this technology in clinical oncology may
reflect its usefulness for early diagnosis of HF which is necessary to allow quick medical
interference. Therefore, in the present study, we aimed to measure sequential changes in
the flow indices and evaluate the utility of the IVPG for the early detection of subclinical
cardiac dysfunction in dogs after DXR administration.
2. Materials and Methods
2.1. Animals and Study Protocol
Six adult female beagle dogs (Kitayama Labes, Nagano, Japan) weighing between 8–
10 kg (9.3 ± 0.8 kg, mean ± SD), 2 to 3 years old, were used in this study. All dogs were
physically fit based on the medical examination and routine hemato-biochemical profile.
Special attention was paid to the cardiac function, and the dogs were free from any cardiac
abnormalities upon auscultation of the heart, electrocardiography, and echocardiography.
All dogs were administered six consecutive doses of DXR (30 mg/m2) via the cephalic vein
at three weeks intervals [2], and the cumulative dose was restricted to 180 mg/m2. Echocardiography and catheter measurements were performed at three-time intervals: before
DXR administration (Pre), after completing the treatment at 4.5 months (Post), and 1.5
years post-treatment (Post2). This study was conducted under strict anesthetic doses and
stable hemodynamic conditions for all dogs across the study to exclude the effect of anesthesia on the obtained measurements.
2.2. Anesthesia and Preparatory Procedure
The dogs were pre-medicated with atropine (0.05 mg/kg, SC, Tanabe Seiyaku Co.
Ltd., Hackensack, NJ, USA), meloxicam (0.2 mg kg1; Metacam 0.5% injectable; Boehringer
Ingelheim Vetmedica Japan, Japan), and ampicillin-sodium (20 mg/kg, Ampicillin Na, Fujita-Pharm, Tokyo, Japan) in addition to buprenorphine (0.01 mg/kg, Lepetan Injection,
Otsuka Pharmaceutical Co. Ltd., Tokyo, Japan) to provide an analgesic effect. Anesthesia
was induced by propofol (4 mg/kg IV, Propofol 1% Injection, Pfizer Japan Inc) and then
maintained by isoflurane (end-tidal concentration of 1.5 ± 0.1 %, Fujifilm Wako Pure
Chemical Corporation, Japan) after tracheal intubation. All dogs were administered lactated Ringer’s solution (5 mL/kg, CIV, Lactec Injection, Otsuka Pharmaceutical Co. Ltd.).
The respiratory rate was controlled by an anesthesia machine (positive pressure ventilation). Expiratory CO2 was controlled at 35–45 mmHg.
2.3. Catheter Examination
All dogs were placed in left lateral recumbency, and the right common carotid artery
was exposed from the adjacent tissue, and a 6-Fr sheath was introduced into the lumen.
A conductance catheter (Ventri-Cath-507, Millar Instruments, Houston, TX, USA) was inserted into the LV through the sheath being guided by fluoroscopy. The analysis of real-
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time pressure-and-volume loop data was conducted using the Micro-Tip Pressure-Volume Ultra Foundation System (MPVS-Ultra-S, AD Instruments, Dunedin, New Zealand),
PowerLab hardware (ML880 PowerLab 16/30, AD Instruments), and LabChart Pro software (LabChart v7, AD Instruments). LV end-diastolic pressure and Tau were calculated
from 10 consecutive pressure-and-volume loops. Tau was measured according to the
method of Weiss et al. [22]. The values of Emax and stiffness constant β were determined
using the previously described method [23]. Emax was measured by linear regression of
the end-systolic pressure-volume relation (EDPVR) during transient caval occlusions
from six successive pressure-volume loops [24]. Stiffness constant β was obtained using
the exponential equation of the EDPVR during the same procedure as Emax [25] as follows:
EDP = Ae β·EDV
where EDP is the end-diastolic pressure, EDV is end-diastolic volume, and A is the curvefitting constant.
2.4. Conventional and Speckle Tracking Echocardiography
The echocardiographic assessment was performed using a Prosound F75 with a sector probe of 5 MHz (Hitachi-Aloka Medial, Tokyo, Japan). All dogs were placed in lateral
recumbency, and the echocardiography was performed after confirming stable hemodynamics and equable conditions for 10 min after catheterization. Three heartbeats were recorded at the end of the expiratory phase. The LV inner diameter at end-diastole (LVIDd),
EF, and FS were calculated in the short-axis view at the papillary muscle level through Mmode [26]. The LV inflow wave pattern was measured in the left apical long-axis fourchamber view, and the early (E) and late (A) velocities, E/A ratio, and deceleration time
(DecT) were recorded. The tissue Doppler imaging (TDI) indices (é, á, é/á, E/é ratio) were
also acquired after the cursor overlapping the base of the mitral valve.
For two-dimensional speckle tracking echocardiography (2DSTE), motion images
from the left parasternal long-axis view were obtained with the frame rates of 70–110
frames/s and saved for further off-line analysis using the special software (DAS-RS1 software 1.1v, Hitachi Aloka Medical, Tokyo, Japan) to measure the global longitudinal strain
(GLS) and the early diastolic strain rate (EDSR). Both basal- and apical-level images of the
right parasternal short-axis view were used to obtain the LV twist.
2.5. Color M-Mode Echocardiography for Assessment of IVPG
The intraventricular pressure gradient (IVPG) was calculated from the image obtained from the CMME of the left parasternal longitudinal apical four-chamber view. The
machine was set to sweep speed of 300 mm/s and color baseline-shift of ̶64 to increase the
Nyquist limit for proper tracing of the CMME. The IVPG was calculated using in-house
code written in MATLAB (The MathWorks, Natick, MA, USA), as showed in Figure 1.
Previously, IVPD derived from CMME was validated against the temporal IVPD obtained
by the catheterized method using a micromanometer in animal experiments [16]. The
IVPG values were derived from the IVPD according to the following formula: IVPG
(mmHg/cm) = IVPD / LV length.
The LV was divided into three equal parts. The basal part was defined as the region
comprising one-third from the mitral valve to the apex. The middle part was defined as
the mid part, and the remaining part was defined as the apical part. Besides, a two-thirds
segment of LV length on the apex side was adopted as mid to apical-IVPG [27]. IVPG
analysis was conducted for three heartbeats at the end of the expiratory phase, and the
mean value was used for the statistical analysis.
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2.6. Statistical Analysis
All statistical analyses were performed using R software (version 3.6.0, The R Foundation). Data were reported as mean ± SD. For all statistics, p values < 0.05 were considered
statistically significant. After an assessment of the differences in the Pre, Post, and Post2
results using one-way repeated-measures ANOVA, Tukey’s honestly significant difference post hoc test was used to compare variables between the Pre, Post, and Post2 results.
Pearson’s correlation coefficients were used to assess the relationship between Emax and
conventional, 2DSTE, and the IVPG variables. Multivariate linear regression analysis was
performed to determine the independent variables that correlated with Emax. The stepwise method was used for the selection of variables.

Figure 1. Schematic representation of the used procedures to evaluate cardiac function during doxorubicin-induced cardiomyopathy in dogs. Catheterization and different echocardiographic approaches (conventional, two-dimensional
speckle tracking (2DSTE), color M-mode echocardiography (CMME)) were carried out at three time-points; Pre, Post, and
Post2-doxorubicin (DXR) administration (A). After optimizing the mitral inflow from the left apical view (B), CMME was
switched on to trace the inflow tract from the left atrium (LA) to the apex of the left ventricle (LV). CMME images (C) were
used for IVPG assessment after determination of the area of interest (mitral inflow, rectangular green box) using MATLAB
software, by which the 3D temporal and spatial profile of IVPG (D), and IVPG time distribution (E,F) were calculated
using Euler’s equation.

3. Results
3.1. Pressure-Volume Analysis by Catheterization
Table 1 shows the pressure-volume analysis indices for the Pre-, Post- and Post2-DXR
administration. Stiffness constant β, Tau, and LV end-diastolic pressure values revealed
no significant difference throughout the experimental intervals. Meanwhile, Emax was
significantly lower in the Post and Post2-stages compared with Pre-stage (6.1 ± 1.6 and 4.4
± 0.7 vs. 8.4 ± 0.8 mmHg/mL; p < 0.01, 0.001), respectively. The Emax was reduced with
time course after medication and also found to be significantly lower in Post2-stage than
Post (4.4 ± 0.7 vs. 6.1 ± 1.6 mmHg/mL; p < 0.05).
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Table 1. Pressure-volume analysis measurement by invasive catheterization in dog model of DXRICM.

Indices
Stiffness constant β
Tau
LV end-diastolic pressure
Emax

Unit
Pre
Post
Post2
p-Value
mmHg/mL 0.09 ± 0.03 0.13 ± 0.04 0.15 ± 0.05
0.07
ms
32 ± 9
36 ± 8
37 ± 6
0.57
mmHg/mL
11 ± 7
13 ± 5
10 ± 3
0.67
mmHg/mL 8.4 ± 0.8
6.1 ± 1.6 * 4.4 ± 0.7 †‡ <0.001

Mean ± SD of the cardiac function parameters obtained by invasive catheterization. * p < 0.01 vs. Pre.
p < 0.001 vs. Pre. ‡ p < 0.05 vs. Post. Emax: left ventricular end-systolic pressure-volume, Tau: Left
ventricular diastolic time constant.

†

3.2. Conventional and Two-Dimensional Speckle Tracking Echocardiographic Indices
The conventional and two-dimensional speckle tracking echocardiographic indices
are summarized in Table 2. There were no significant differences in LVIDd, EF, FS, diastolic LV velocity indices (Peak E, Peak A, E/A, and E-wave deceleration time), as well as
the TDI velocity indices (ś, é, á, E/é) across the defined experimental intervals (p > 0.05).
There was no significant change in 2DSTE indices either.
Table 2. Conventional and two-dimensional speckle tracking echocardiographic indices throughout the experimental time intervals during DXR-ICM in dogs.

Indices
Unit
Pre
Post
Conventional indices
HR
pbm
112 ± 12
111 ± 10
LVIDd
mm
30 ± 1
32 ± 1
EF
%
78 ± 5
72 ± 9
FS
%
40 ± 5
36 ± 7
E velocity
cm/s
76 ± 10
67 ± 9
A velocity
cm/s
48 ± 16
43 ± 15
E/A
1.8 ± 0.8
1.7 ± 0.6
E DecT
ms
86 ± 9
86 ± 14
ś
cm/s
8.6 ± 1.3
8.0 ± 1.6
é
cm/s
9.5 ± 1.3
8.0 ± 1.7
á
cm/s
8.0 ± 2.4
7.2 ± 2.2
E/é
8.0 ± 1.0
8.7 ± 1.2
Two- dimensional speckle tracking echocardiography indices
GLS
%
17 ± 3
15 ± 2
EDSR
1/s
2.1 ± 0.6
1.6 ± 0.4
LV twist
°
8.1 ± 3.5
5.8 ± 2.8

Post2

p-Value

105 ± 14
33 ± 4
70 ± 11
34 ± 8
69 ± 10
50 ± 12
1.4 ± 0.3
91 ± 30
7.5 ± 0.5
8.2 ± 1.7
7.1 ± 1.1
8.9 ± 1.4

0.52
0.28
0.13
0.15
0.29
0.61
0.31
0.88
0.18
0.23
0.66
0.26

16 ± 3
2.0 ± 0.4
5.4 ± 1. 2

0.57
0.22
0.07

The echocardiographic parameters were obtained from conventional and speckle tracking imaging
techniques in dogs. Data expressed as mean ± SD. HR, heart rate; LVIDd, LV inner diameter at diastole; EF, ejection fraction; FS, fraction shortening; E velocity, early diastolic velocity mitralis; A,
late diastolic velocity mitralis; E/A, early to late mitral inflow velocity ratio; E DecT, deceleration
time; ś,systolic velocity of the LV wall; é, early diastolic velocity of the LV wall; á, late diastolic
velocity of the LV wall; E/é, early diastolic velocity mitralis to the early diastolic velocity of the LV
wall ratio; GLS, Global longitudinal strain; EDSR, Early diastolic strain rate.

3.3. Intraventricular pressure gradients (IVPG) analysis
Figure 2 shows the results of changes in the IVPG indices before and after DXR administration. The total-IVPG “from left atrium to the LV apex” was significantly decreased
in the Post and Post2-stages compared with the Pre-stage (0.62 ± 0.15 and 0.59 ± 0.12 vs.
0.86 ± 0.12 mmHg; p < 0.05, 0.01; respectively). Similarly, mid-IVPG was significantly decreased in the Post and Post2-stages compared with Pre-stage (0.31 ± 0.11 and 0.28 ± 0.12
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vs. 0.48 ± 0.08 mmHg; p < 0.05). Besides, there was a significant reduction in mid to apicalIVPG in the Post2-stage compared with Pre-stage (0.29 ± 0.13 vs. 0.51 ± 0.11; p < 0.05). In
contrast, basal- and apical-IVPGs were relatively constant throughout the experimental
time intervals.

Figure 2. Box plots of the distribution of the IVPG indices. Data presented as mean ± SD. Pre is before administration of
DXR administration. Post is after the end of DXR administration. Post2 is 1.5 years after complete medication. The totalIVPG was decreased significantly in the Post and Post2-measurements than Pre-measurement (A). Basal-IVPG was not
significantly changed (B). The mid-IVPG was decreased significantly in the Post and Post2-measurements than Pre-measurement (C). The mid to apical-IVPG was impaired significantly in the Post2-measurement than Pre-measurements (D). *
p < 0.05 and † p < 0.01 refer to comparisons between the Pre-measurement and Post, Post2-measurements.

3.4. Relationship between Emax and Conventional, Two-Dimensional Speckle Tracking
Echocardiographic, and the IVPG Indices
There was no correlation between Emax and conventional, and 2DSTE indices. On
the other hand, as observed in Figure 3, total-IVPG and mid-IVPG showed a significant
positive correlation with Emax (r = 0.49, p < 0.05, both). Meanwhile, no significant correlation between Emax and basal-, apical-, and mid to apical-IVPGs were observed. The multivariate analysis determined that only mid-IVPG was a predictor of Emax (adjusted R2 =
0.190, p < 0.05), as shown in Figure 3C.

Figure 3. (A,B) Pearson’s correleation between changes in Emax: left ventricular end-systolic pressure-volume, and total- and
mid-IVPG: intraventricular pressure gradient showed significant positive correlation (r = 0.49, p < 0.05, both A and B). (C) linear
regression analysis of Emax and mid-IVPG revealed that mid-IVPG was a predictor of Emax (R2 = 0.0.238, adjusted R2 =
0.190, p < 0.05).
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4. Discussion
Side effects of chemotherapy are an endless challenge that has attracted comparative
oncologists to use dogs as models to evaluate the pros and cons of therapeutic strategies
[28,29]. Cardiotoxicity is a common drawback of the DXR and subsequently leads to cardiomyopathy in cumulative dosing in dogs [2]. Several studies have shown diastolic dysfunction to be the earliest manifestation of DXR-ICM [7–9,30]. However, it is not easy to
prove that the impairment of diastolic function is the earliest stage of HF for several reasons. For instance, in studies using laboratory animals, the experimental interventions are
often so drastic that the DXR-related cardiac changes are evident in both systole and diastole [31,32]. Furthermore, for clinical application, it is still hard to accurately interpret
diastolic cardiac function as conventional echocardiography has its limitation and invasive catheterization is not clinically applicable [33,34]. To the best of our knowledge, no
studies have been conducted to observe how the impairment of cardiac function occurs
just after the onset of DXR-ICM. Thus, in the present work, we conducted for the first time
a long-term study to monitor the cardiac function changes through the widely used conventional echocardiographic indices (EF, FS, and GLS) concomitantly with novel and noninvasive indices (IVPG), and compare the IVPG results with the gold standard indices
obtained by invasive catheterization following the experimental administration of DXR.
In this study, EF and FS did not show a statistically significant decline throughout
the experiment in comparison to the reference values (39.63 ± 6.26 and 70.9 ± 6.0), respectively [35], and could not exactly detect the deterioration in cardiac contractility as previously reported [19]. However, other studies in dogs reported a significant reduction in FS
with a similar dose of DXR [31,36,37]. These studies were conducted using dogs that were
more mature and/or suffering from neoplastic disease, whereas the present study involved young healthy dogs. Thereby, FS may have declined earlier in these animals in the
other studies. Furthermore, echocardiographic methods such as trans-mitral flow velocity
pattern, tissue Doppler imaging (TDI), and 2DSTE were previously valued as reliable indices for the evaluation of cardiac dysfunction. However, in the present study, no changes
could be detected using these conventional methods. Myocardial injury can largely depend on age and remaining capacity to resist DXR toxicity [38]. Therefore, the degree of
myocardial injury in subclinical cardiomyopathy, as in the present study, may have been
relatively mild that it cannot be detected by EF, FS, and 2DSTE.
The current study revealed that the deterioration of systolic function precedes the
impairment of diastolic function in DXR-ICM. Only Emax obtained by invasive catheter
was able to detect impairment in left ventricular contractility. On the other hand, Tau “LV
diastolic time constant”, the most widely used index for ventricular relaxation, showed
no obvious change during the study period.
Several reports have suggested that diastolic dysfunction precedes systolic failure.
This is contrary to recent studies suggesting that diastolic indices may be the earliest predictors of DXR-ICM [9,30]. Here, we have to take into consideration that EF and FS represented contractility in these studies. However, these parameters showed no change after
DXR administration [19] and some researchers consider these indices are not sensitive
enough to detect early deterioration in contractility in DXR-ICM [6,21,39]. Since EF can
only detect changes once myocardial damage had already begun [31]; therefore, it must
be carefully interpreted as a contractility index in terms of its sensitivity.
Data of the currently used indices of contractility are controversial. GLS, which focuses on LV contractility in the long axis direction, was reported as a sensitive indicator
even when EF was preserved [40], but its data relating to DXR-associated cardiotoxicity
are not entirely consistent across the studies. For instance, some studies showed its feasibility after a long time of follow-up in human patients (median 23 years) [39–41]. Besides,
a previous study that relied on reduced GLS and EF (as indicators of myocardial function)
failed to early diagnose subclinical cardiomyopathy and to establish an efficient cardioprotective protocol in anthracycline-treated patients because of delayed changes in these
parameters, in addition to their ability to diagnose cardiomyopathy only in worsen cases
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due to a combination of anthracycline and trastuzumab [39,42]. Also, GLS has shortcomings including, but not limited to, high inter-observer variability, improper imaging, and
temporal resolution [43,44]. In other studies, which used EF and FS as predictors of deterioration in contractility, there was a possibility that the potential impairment of contractility could not be detected because of the poor sensitivity of conventional methods compared with invasive measurement, even though a decrease in contractility may have already occurred. For these reasons, undoubtedly, a more sensitive diagnostic index is urgently needed for saving non-responder patients [45]. Thus, our findings stress the importance of detecting a preceding deterioration in systolic function in DXR-ICM by measuring the IVPG.
During the early diastolic period, the LV works as an effective pump, actively drawing blood from the left atrium into the LV apex, without any elevation of left atrial pressure. This suction force created by the pressure gradient from the left atrium to the LV
apex is a major determinant of adequate filling in the early diastole during normal cardiac
function [16,45,46]. The IVPG has been recognized as an index of diastolic function in early
diastole [14]; however, in the present study, IVPG was decreased even though the diastolic function was preserved as indicated by the non-significant change in Tau and left
ventricular end-diastolic pressure. At the beginning of relaxation, the energy stored in the
LV wall during systole is released [47]. This step is referred to as “elastic recoil”. At the
same time, ATP-consuming actin-myosin decoupling, known as “active relaxation,” also
occurs. While basal-IVPG reflects left atrial pressure, mid-and mid to apical-IVPG are affected by both elastic recoil and active relaxation [45]. In the present study, the impairment
of contractility may have been the reason for the mid-IVPG decline that may be developed
due to a decrease in elastic recoil. This is consistent with a study that showed a linear
correlation between the IVPG and Emax in experimental dog models [48]. Although it was
an unprecedented finding that the mid-IVPG could reflect the decline in elastic recoil
without documenting any change in Tau, the IVPG may indicate early impairment of contractility after chemotherapy even if it is too mild or subclinical to be detected via conventional measurements. This result suggests that the mid-IVPG can be a useful index during
diastole that reflects contractility with great sensitivity and reflecting the close relationship between contraction and relaxation.
Attention has been paid to the evaluation of diastolic function based on the prior
decline of diastolic function. The quantitative evaluation of therapeutic effects and the
progression of HF is complicated. The 2016 American Society of Echocardiography and
European Association of Cardiovascular Imaging guidelines for diastolic function assessment have recommended an evaluation that combines multiple indices instead of a single
index because of their dependency on age and preload [49]. Although EF is used first to
differentiate between HF with preserved and reduced EF, this quantitative assessment is
not valued in evaluating the severity of HF because it is thought that patients with reduced EF also have impaired diastolic function. Furthermore, the use of GLS remains a
supplementary index for the measurement of myocardial function. The present study revealed the preceding impairment of systolic function and the high sensitivity of the IVPG
for evaluating contractility. The diastolic function of IVPG is very meaningful, but if more
research studies investigate the utility of IVPG assessment in heart contractility interpretation, an improved prognosis for patients with DXR-ICM might be possible by earlier
therapeutic interventions with cardioprotective agents.
4.1. Clinical Implications
Although there are some limitations in IVPG assessment, including the inter-system
variability, IVPG is expected to be superior to GLS because it provides a higher frame rate
to illustrate the heart with good feasibility and reproducibility [15]. In this study, we
showed that IVPG assessment has a committed value in detecting the earliest alteration
of cardiac function due to DXR administration among EF, FS, and GLS indices. This study
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also described that the deterioration of systolic function precedes the impairment of diastolic function measured by pressure-volume analysis using a conductance catheter. Despite IVPG assessment is still being in infancy, cardiologists are continuously seeking
fruitful values for its clinical implication, and we thought that the utility of IVPG for the
early detection of DXR-ICM could be achieved.
4.2. Limitations
The time lag between Post and Post2 was relatively long because of the unrepeatability and unacceptability of invasive catheterization. The study period was relatively
small to observe overt cardiac dysfunction, but DXR-ICM is variable and some patients
develop acute toxicity, while others may have no symptoms for 10 years [28]. This point
may be covered by DXR overdosing, but it would not be clinically approved. The number
of dogs was also relatively small, but the normality of the produced data was acceptable,
and our team showed good repeatability of the used techniques [11]. Besides, we did not
study the changes in IVPG under anesthesia since a stable hemodynamic condition was
followed in the used protocol. However, the similarities in human cardiac physiology
with canine IVPG, supported by other studies, suggest that our principle is valid for investigating the effects of doxorubicin in IVPG [50]. The relationship between the IVPG
and cardiac biomarkers also did not address and necessitate further studies.
5. Conclusions
Invasive measurements over multiple time intervals suggested that impairment in
systolic function precedes decreasing diastolic function following the administration of
DXR. A progressive decline in elastic recoil of the LV wall during the systolic period may
lead to a decrease in the IVPG following a deterioration in the suction force. The IVPG
may be the key to promote the early detection of DXR-ICM from the novel perspective
that the IVPG is not only an index of diastolic function but also a potential sensitive
marker of contractility in subclinical cardiac toxicity.
Author Contributions: K.M. and R.T. conceived and designed the experiment; K.M., K.S. (Kenjirou
Shiraishi), K.S. (Kazumi Shimada), and S.G., conducted experiments; K.M., K.S. (Kenjirou Shiraishi),
A.S.M., P.K. and L.H. analyzed the data; K.M., K.S. (Kenjirou Shiraishi), T.Y., A.S.M., K.S. (Kotomi
Sato), S.G., A.U., T.I., M.I., Z.Y. and K.T., validated and interpreted the results; K.M. and K.S. (Kenjirou Shiraishi), wrote and drafted the manuscript; A.S.M. and L.H. wrote the final manuscript;
A.S.M., K.M. and R.T., revised and edited the manuscript. All authors have read and agreed to the
published version of the manuscript.
Funding: This work was supported by the Japan Society for the Promotion of Science (JSPS)
KAKENHI Grant JP16K08047.
Institutional Review Board Statement: This study was approved by the Experimental Animal
Committee of Tokyo University of Agriculture and Technology (approval no. 28-60) and was conducted following the “Guide for the Care and Use of Laboratory Animals” at Tokyo University of
Agriculture and Technology.
Data Availability Statement: The data presented in this study are available on request.
Conflicts of Interest: The authors declare no competing interests.

References
1.

2.
3.

van der Pal, H.J.; van Dalen, E.C.; van Delden, E.; van Dijk, I.W.; Kok, W.E.; Geskus, R.B.; Sieswerda, E.; Oldenburger, F.; Koning,
C.C.; van Leeuwen, F.E. High risk of symptomatic cardiac events in childhood cancer survivors. J. Clin. Oncol. 2012, 30, 1429–
1437, doi:10.1200/JCO.2010.33.4730.
Hallman, B.E.; Hauck, M.L.; Williams, L.E.; Hess, P.R.; Suter, S.E. Incidence and risk factors associated with development of
clinical cardiotoxicity in dogs receiving doxorubicin. J. Vet. Intern. Med. 2019, 33, 783–791, doi:10.1111/jvim.15414.
Said, R.; Nickolich, M.; Lenihan, D.J.; Tsimberidou, A.M. Cardiotoxicity of Anticancer Therapies. In Cardio-Oncology: The Clinical
Overlap of Cancer and Heart Disease; Kimmick, G.G., Lenihan, D.J., Sawyer, D.B., Mayer, E.L., Hershman, D.L., Eds. Springer
International Publishing: Cham, Switzerland, 2017; pp. 15–42, doi:10.1007/978-3-319-43096-6_2.

Animals 2021, 11, 1122

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

11 of 13

Felker, G.M.; Thompson, R.E.; Hare, J.M.; Hruban, R.H.; Clemetson, D.E.; Howard, D.L.; Baughman, K.L.; Kasper, E.K.
Underlying causes and long-term survival in patients with initially unexplained cardiomyopathy. N. Engl. J. Med. 2000, 342,
1077–1084, doi:10.1056/NEJM200004133421502.
Visser, L.C.; Ciccozzi, M.M.; Sintov, D.J.; Sharpe, A.N. Echocardiographic quantitation of left heart size and function in 122
healthy dogs: A prospective study proposing reference intervals and assessing repeatability. J. Vet. Intern. Med. 2019, 33, 1909–
1920, doi:10.1111/jvim.15562.
Cardinale, D.; Colombo, A.; Lamantia, G.; Colombo, N.; Civelli, M.; De Giacomi, G.; Rubino, M.; Veglia, F.; Fiorentini, C.; Cipolla,
C.M. Anthracycline-induced cardiomyopathy: Clinical relevance and response to pharmacologic therapy. J. Am. Coll. Cardiol.
2010, 55, 213–220, doi:10.1016/j.jacc.2009.03.095.
Gallay-Lepoutre, J.; Belanger, M.; Nadeau, M. Prospective evaluation of Doppler echocardiography, tissue Doppler imaging
and biomarkers measurement for the detection of doxorubicin-induced cardiotoxicity in dogs: A pilot study. Res. Vet. Sci. 2016,
105, 153–159, doi:10.1016/j.rvsc.2016.02.001.
Hashimoto, I.; Ichida, F.; Miura, M.; Okabe, T.; Kanegane, H.; Uese, K.-i.; Hamamichi, Y.; Misaki, T.; Koizumi, S.; Miyawaki, T.
Automatic border detection identifies subclinical anthracycline cardiotoxicity in children with malignancy. Circulation 1999, 99,
2367–2370, doi:10.1161/01.cir.99.18.2367.
Tassan-Mangina, S.; Codorean, D.; Metivier, M.; Costa, B.; Himberlin, C.; Jouannaud, C.; Blaise, A.M.; Elaerts, J.; Nazeyrollas,
P. Tissue Doppler imaging and conventional echocardiography after anthracycline treatment in adults: Early and late alterations
of left ventricular function during a prospective study. Eur. J. Echocardiogr. 2006, 7, 141–146, doi:10.1016/j.euje.2005.04.009.
Greenberg, N.L.; Vandervoort, P.M.; Firstenberg, M.S.; Garcia, M.J.; Thomas, J.D. Estimation of diastolic intraventricular
pressure gradients by Doppler M-mode echocardiography. Am. J. Physiol. Heart. Circ. Physiol 2001, 280, H2507–H2515,
doi:10.1152/ajpheart.2001.280.6.H2507.
Matsuura, K.; Sato, K.; Shimada, K.; Goya, S.; Uemura, A.; Iso, T.; Yazaki, K.; Yilmaz, Z.; Takahashi, K.; Tanaka, R. Changes in
left ventricular blood flow during diastole due to differences in chamber size in healthy dogs. Sci. Rep. 2020, 10, 1106,
doi:10.1038/s41598-019-57180-6.
Takahashi, K.; Nii, M.; Takigiku, K.; Toyono, M.; Iwashima, S.; Inoue, N.; Tanaka, N.; Matsui, K.; Shigemitsu, S.; Yamada, M.
Development of suction force during early diastole from the left atrium to the left ventricle in infants, children, and adolescents.
Heart Vessels 2019, 34, 296–306, doi:10.1007/s00380-018-1239-9.
Danfu Ma, A.S.M., Tomohiko Yoshida, Katsuhiro Matsuura, Kazumi Shimada, Pitipat Kitpipatkun, Akiko Uemura, Mayumi
Ifuku, Ken Takahashi, Ryou Tanaka. Intraventricular pressure gradients change during the development of LV hypertrophy:
Effect of salvianolic acid B and beta-blocker. Ultrasound 2021, doi:10.1177/1742271X20987584.
Matsuura, K.; Shiraishi, K.; Sato, K.; Shimada, K.; Goya, S.; Uemura, A.; Ifuku, M.; Iso, T.; Takahashi, K.; Tanaka, R. Left
ventricular vortex and intraventricular pressure difference in dogs under various loading conditions. Am. J. Physiol. Heart. Circ.
Physiol. 2019, 316, H882–H888, doi:10.1152/ajpheart.00686.2018.
Hodzic, A.; Bonnefous, O.; Langet, H.; Hamiche, W.; Chaufourier, L.; Tournoux, F.; Milliez, P.; Normand, H.; Saloux, E. Analysis
of inter-system variability of systolic and diastolic intraventricular pressure gradients derived from color Doppler M-mode
echocardiography. Sci. Rep. 2020, 10, 7180, doi:10.1038/s41598-020-64059-4.
Yotti, R.; Bermejo, J.; Antoranz, J.C.; Desco, M.M.; Cortina, C.; Rojo-Alvarez, J.L.; Allué, C.; Martín, L.; Moreno, M.; Serrano, J.A.;
et al. A noninvasive method for assessing impaired diastolic suction in patients with dilated cardiomyopathy. Circulation 2005,
112, 2921–2929, doi:10.1161/circulationaha.105.561340.
Rovner, A.; Greenberg, N.L.; Thomas, J.D.; Garcia, M.J. Relationship of diastolic intraventricular pressure gradients and aerobic
capacity in patients with diastolic heart failure. Am. J. Physiol. Heart. Circ. Physiol. 2005, 289, H2081–H2088,
doi:10.1152/ajpheart.00951.2004.
Timm, K.N.; Perera, C.; Ball, V.; Henry, J.A.; Miller, J.J.; Kerr, M.; West, J.A.; Sharma, E.; Broxholme, J.; Logan, A.; et al. Early
detection of doxorubicin-induced cardiotoxicity in rats by its cardiac metabolic signature assessed with hyperpolarized MRI.
Commun. Biol. 2020, 3, 692, doi:10.1038/s42003-020-01440-z.
Pino, E.H.M.; Weber, M.N.; de Oliveira, L.O.; Vieira, L.C.; dos Santos, K.H.S.; Liu, I.P.; Gomes, H.M.; Trindade-Gerardi, A.B.;
Moreira, J.C.F.; Gerardi, D.G. Evaluation of cardioprotective effects of carvedilol in dogs receiving doxorubicin chemotherapy:
A prospective, randomized, double-blind, placebo controlled pilot study. Res. Vet. Sci. 2020, doi:10.1016/j.rvsc.2020.11.007.
Tater, G.; Eberle, N.; Hungerbuehler, S.; Joetzke, A.; Nolte, I.; Wess, G.; Betz, D. Assessment of cardiac troponin I (cTnI) and
tissue velocity imaging (TVI) in 14 dogs with malignant lymphoma undergoing chemotherapy treatment with doxorubicin. Vet.
Comp. Oncol. 2017, 15, 55–64, doi:10.1111/vco.12135.
Tater, G.; Eberle, N.; Hungerbuehler, S.; Joetzke, A.; Nolte, I.; Wess, G.; Betz, D. Ventricular fractional shortening in 108 dogs
with malignant lymphoma undergoing chemotherapy with a cyclic combination protocol including doxorubicin. Tierarztl Prax
Ausg K Kleintiere Heimtiere 2012, 40, 261–266.
Weiss, J.L.; Frederiksen, J.W.; Weisfeldt, M.L. Hemodynamic determinants of the time-course of fall in canine left ventricular
pressure. J. Clin. Investig. 1976, 58, 751–760, doi:10.1172/jci108522.

Animals 2021, 11, 1122

23.

24.
25.

26.
27.

28.
29.
30.

31.
32.

33.
34.
35.

36.
37.
38.
39.

40.

41.

42.

43.

44.

12 of 13

Schmitt, B.; Steendijk, P.; Lunze, K.; Ovroutski, S.; Falkenberg, J.; Rahmanzadeh, P.; Maarouf, N.; Ewert, P.; Berger, F.; Kuehne,
T. Integrated assessment of diastolic and systolic ventricular function using diagnostic cardiac magnetic resonance
catheterization: Validation in pigs and application in a clinical pilot study. JACC Cardiovasc. Imaging. 2009, 2, 1271–1281,
doi:10.1016/j.jcmg.2009.09.007.
Urheim, S.; Edvardsen, T.; Torp, H.; Angelsen, B.; Smiseth, O.A. Myocardial strain by Doppler echocardiography. Validation of
a new method to quantify regional myocardial function. Circulation 2000, 102, 1158–1164, doi:10.1161/01.cir.102.10.1158.
Burkhoff, D.; Mirsky, I.; Suga, H. Assessment of systolic and diastolic ventricular properties via pressure-volume analysis: A
guide for clinical, translational, and basic researchers. Am. J. Physiol. Heart. Circ. Physiol. 2005, 289, H501–H512,
doi:10.1152/ajpheart.00138.2005.
Boon, J.A. Veterinary Echocardiography; John Wiley & Sons: Hoboken, NJ, USA, 2011.
Kobayashi, M.; Takahashi, K.; Yamada, M.; Yazaki, K.; Matsui, K.; Tanaka, N.; Shigemitsu, S.; Akimoto, K.; Kishiro, M.;
Nakanishi, K. Assessment of early diastolic intraventricular pressure gradient in the left ventricle among patients with repaired
tetralogy of Fallot. Heart Vessels 2017, 32, 1364–1374, doi:10.1007/s00380-017-1011-6.
Koutsoukis, A.; Ntalianis, A.; Repasos, E.; Kastritis, E.; Dimopoulos, M.-A.; Paraskevaidis, I. Cardio-oncology: A Focus on
Cardiotoxicity. Eur. Cardiol. 2018, 13, 64–69, doi:10.15420/ecr.2017:17:2.
LeBlanc, A.K.; Mazcko, C.N. Improving human cancer therapy through the evaluation of pet dogs. Nat. Rev. Cancer. 2020, 20,
727–742, doi:10.1038/s41568-020-0297-3.
Marchandise, B.; Schroeder, E.; Bosly, A.; Doyen, C.; Weynants, P.; Kremer, R.; Pouleur, H. Early detection of doxorubicin
cardiotoxicity: Interest of Doppler echocardiographic analysis of left ventricular filling dynamics. Am. Heart J. 1989, 118, 92–98,
doi:10.1016/0002-8703(89)90077-x.
Sousa, M.; Paulino-Junior, D.; Pascon, J.; Pereira-Neto, G.; Carareto, R.; Camacho, A. Assesment of the TEI index of myocardial
performance in dogs with doxorubicin-induced cardiomiopathy. Arch. Med. Vet. 2014, 46, 63–68.
Zhao, Y.; McLaughlin, D.; Robinson, E.; Harvey, A.P.; Hookham, M.B.; Shah, A.M.; McDermott, B.J.; Grieve, D.J. Nox2 NADPH
oxidase promotes pathologic cardiac remodeling associated with Doxorubicin chemotherapy. Cancer Res. 2010, 70, 9287–9297,
doi:10.1158/0008-5472.can-10-2664.
Bruch, C.; Schmermund, A.; Bartel, T.; Schaar, J.; Erbel, R. Tissue Doppler imaging: A new technique for assessment of
pseudonormalization of the mitral inflow pattern. Echocardiography 2000, 17, 539–546, doi:10.1046/j.1540-8175.2000.00539.x.
DiLorenzo, M.; Hwang, W.T.; Goldmuntz, E.; Ky, B.; Mercer-Rosa, L. Diastolic dysfunction in tetralogy of Fallot: Comparison
of echocardiography with catheterization. Echocardiography 2018, 35, 1641–1648, doi:10.1111/echo.14113.
de Madron, É. 7—Global Left Ventricular Systolic Function Assessment. In Clinical Echocardiography of the Dog and Cat; de
Madron, É., Chetboul, V., Bussadori, C., Eds.; Elsevier Masson: St. Louis, MO, USA, 2015; pp. 111–125. doi:10.1016/B978-0-32331650-7.00007-7pp.
Alves de Souza, R.C.; Camacho, A.A. Neurohormonal, hemodynamic, and electrocardiographic evaluations of healthy dogs
receiving long-term administration of doxorubicin. Am. J. Vet. Res. 2006, 67, 1319–1325, doi:10.2460/ajvr.67.8.1319.
Surachetpong, S.D.; Teewasutrakul, P.; Rungsipipat, A. Serial measurements of cardiac troponin I (cTnI) in dogs treated with
doxorubicin. Jpn. J. Vet. Res. 2016, 64, 221–233.
Accordino, M.K.; Neugut, A.I.; Hershman, D.L. Cardiac effects of anticancer therapy in the elderly. J. Clin. Oncol. 2014, 32, 2654–
2661, doi:10.1200/jco.2013.55.0459.
Armstrong, G.T.; Joshi, V.M.; Ness, K.K.; Marwick, T.H.; Zhang, N.; Srivastava, D.; Griffin, B.P.; Grimm, R.A.; Thomas, J.; Phelan,
D.; et al. Comprehensive Echocardiographic Detection of Treatment-Related Cardiac Dysfunction in Adult Survivors of
Childhood Cancer: Results From the St. Jude Lifetime Cohort Study. J. Am. Coll. Cardiol. 2015, 65, 2511–2522,
doi:10.1016/j.jacc.2015.04.013.
Koshizuka, R.; Ishizu, T.; Kameda, Y.; Kawamura, R.; Seo, Y.; Aonuma, K. Longitudinal strain impairment as a marker of the
progression of heart failure with preserved ejection fraction in a rat model. J. Am. Soc. Echocardiogr. 2013, 26, 316–323,
doi:10.1016/j.echo.2012.11.015.
Santoro, C.; Arpino, G.; Esposito, R.; Lembo, M.; Paciolla, I.; Cardalesi, C.; de Simone, G.; Trimarco, B.; De Placido, S.; Galderisi,
M. 2D and 3D strain for detection of subclinical anthracycline cardiotoxicity in breast cancer patients: A balance with feasibility.
Eur. Heart J. Cardiovasc. Imaging 2017, 18, 930–936, doi:10.1093/ehjci/jex033.
Negishi, K.; Negishi, T.; Haluska, B.A.; Hare, J.L.; Plana, J.C.; Marwick, T.H. Use of speckle strain to assess left ventricular
responses to cardiotoxic chemotherapy and cardioprotection. Eur. Heart. J. Cardiovasc. Imaging 2014, 15, 324–331,
doi:10.1093/ehjci/jet159.
Mor-Avi, V.; Lang, R.M.; Badano, L.P.; Belohlavek, M.; Cardim, N.M.; Derumeaux, G.; Galderisi, M.; Marwick, T.; Nagueh, S.F.;
Sengupta, P.P.; et al. Current and evolving echocardiographic techniques for the quantitative evaluation of cardiac mechanics:
ASE/EAE consensus statement on methodology and indications endorsed by the Japanese Society of Echocardiography. Eur. J.
Echocardiogr. 2011, 12, 167–205, doi:10.1093/ejechocard/jer021.
D’Hooge, J.; Barbosa, D.; Gao, H.; Claus, P.; Prater, D.; Hamilton, J.; Lysyansky, P.; Abe, Y.; Ito, Y.; Houle, H.; et al. Twodimensional speckle tracking echocardiography: Standardization efforts based on synthetic ultrasound data. Eur. Heart J.
Cardiovasc. Imaging 2016, 17, 693–701, doi:10.1093/ehjci/jev197.

Animals 2021, 11, 1122

45.

46.

47.
48.

49.

50.

13 of 13

Shigemitsu, S.; Takahashi, K.; Yazaki, K.; Kobayashi, M.; Yamada, M.; Akimoto, K.; Tamaichi, H.; Fujimura, J.; Saito, M.; Nii,
M.; et al. New insight into the intraventricular pressure gradient as a sensitive indicator of diastolic cardiac dysfunction in
patients with childhood cancer after anthracycline therapy. Heart Vessels. 2019, 34, 992–1001, doi:10.1007/s00380-018-01332-7.
Ohara, T.; Niebel, C.L.; Stewart, K.C.; Charonko, J.J.; Pu, M.; Vlachos, P.P.; Little, W.C. Loss of adrenergic augmentation of
diastolic intra-LV pressure difference in patients with diastolic dysfunction: Evaluation by color M-mode echocardiography.
JACC Cardiovasc Imaging 2012, 5, 861–870, doi:10.1016/j.jcmg.2012.05.013.
Bell, S.P.; Nyland, L.; Tischler, M.D.; McNabb, M.; Granzier, H.; LeWinter, M.M. Alterations in the determinants of diastolic
suction during pacing tachycardia. Circ. Res. 2000, 87, 235–240, doi:10.1161/01.res.87.3.235.
Firstenberg, M.S.; Greenberg, N.L.; Garcia, M.J.; Thomas, J.D. Relationship between ventricular contractility and early diastolic
intraventricular pressure gradients: A diastolic link to systolic function. J. Am. Soc. Echocardiogr. 2008, 21, 501–506,
doi:10.1016/j.echo.2007.08.023.
Nagueh, S.F.; Smiseth, O.A.; Appleton, C.P.; Byrd, B.F., 3rd; Dokainish, H.; Edvardsen, T.; Flachskampf, F.A.; Gillebert, T.C.;
Klein, A.L.; Lancellotti, P.; et al. Recommendations for the Evaluation of Left Ventricular Diastolic Function by
Echocardiography: An Update from the American Society of Echocardiography and the European Association of
Cardiovascular Imaging. Eur. Heart J. Cardiovasc. Imaging 2016, 17, 1321–1360, doi:10.1093/ehjci/jew082.
Steine, K.; Stugaard, M.; Smiseth, O. Mechanisms of diastolic intraventricular regional pressure differences and flow in the
inflow and outflow tracts. J. Am. Coll. Cardiol. 2002, 40, 983–990, doi:10.1016/s0735-1097(02)02046-6.

