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1. Introduction

Echocardiography is a widely used method of choice in assessing different cardiac
functions. Three-dimensional speckle tracking echocardiography (3DSTE) is a new non-
invasive tool, which provides a new method to simultaneously assess the heart as a whole
coordinated unit, and to quantify the complex motions of different heart chambers. Using
3DSTE, it is possible to reliably assess cardiac mechanics including LV volumetric, strain and
rotational analysis at the same time from the same digitally stored dataset as validated against
both sonomicrometry and two-dimensional speckle tracking echocardiography (2DSTE).

The complex myocardial mechanics that is called left ventricular (LV) twist has been
known since Leonardo Da Vinci. This “towel wringing” motion of the LV is due to a very
special myocardial anatomy. The LV is comprised of a subendocardial oblique layer with right-
handed helix having a smaller radius and a subepicardial oblique left-handed helix layer with a
larger radius. This architecture results in the clockwise rotation of the LV base and the counter-
clockwise rotation of the LV apex, and their net difference is the so-called LV twist. The
physiological importance of this phenomenon is well understood, however its clinical
implication is still not well documented. In some special circumstances the near absence of LV
twist could be demonstrated when apical and basal rotations move in the same direction. This
sort of movement is called LV ‘rigid body rotation’ (RBR). To the best of the authors
knowledge, there are a limited number of studies using 3DSTE to quantify LV rotational
mechanics in healthy adults, also there are no studies examining gender- dependency of LV
rotational mechanics and twist using 3DSTE.

Acromegaly is a rare, chronic, disfiguring and debilitating disease caused by a benign
monoclonal growth hormone (GH) secreting pituitary adenoma in 90% of the cases. The
excessive amount of GH and consequently elevated levels of insulin like growth factor—1 (IGF-
1) entail a wide range of clinical symptoms and co-existing illnesses including cardiovascular,
endocrine, respiratory and metabolic morbidities. Cardiovascular involvement can be seen in
60% of acromegalics and it entails hypertension, concentric left ventricular hypertrophy, heart
failure, aortic and mitral valve regurgitation. In rare cases arrhythmias and sudden death may
develop. The severity of these cardiac complications is directly related to the overall duration
of elevated GH secretion, rather than GH or IGF-1 levels themselves. LV rotational mechanics

in acromegaly has not been previously assessed using 3DSTE.



Kidney transplantation (KTx) is the preferred treatment for virtually all suitable
candidates with end-stage renal disease (ESRD). Compared to dialysis, KTx improves both
survival and quality of the life of the patients. In patients following successful KTx, leading
causes of death are cardiovascular diseases (CVDs). Theoretically, early detection of CVD-
related alterations in myocardial mechanics could help in the selection of high-risk patients.

Lymphedema is the tissue swelling resulting from excessive accumulation of lymphatic
fluid in the interstitial compartment pathophysiologically based on impaired lymphatic
conductancy due to mechanical or dynamical causes. Lymphedema is a chronic progressive
disease with serious physical and psychosocial implications. If remains untreated connective
tissue proliferation and enlargement could be observed and the characteristic pitting edema is
converted into non-pitting swelling. Lipedema is an often underdiagnosed masquerading
disease of obesity or primary lymphedema where the underlying causes are barely understood.
Clinically, it is a disproportional, bilateral and symmetrical fat deposition developing
downward from the hips with disease-free feet and occasional arm affection. It predominantly
affects women with a high incidence of familial accumulation and usually appears by the third
decade of life. Non-pitting oedema is a striking halmark as well as tenderness, spontaneous or
minor trauma induced pain and bruising. Various dietary approaches usually result in poor
success rate however lipedema is frequently combined with obesity. The most effective
treatment is liposuction although represents a pivotal differential diagnostic point with primary
lymphedema, the genetically determined malformation of lymphatic vasculature and/or lymph
nodes. Theoretically, there could be a cardiovascular adaptation to lipedema/lymphedema-
related haemodynamic consequences. However, limited informations are available regarding to
these alterations.

Hypereosinophilic syndrome (HES) and acquired systemic immunglobulin light-chain
amyloidosis (ALA) are two rare, hematologic diseases, which involve the cardiovascular
system. HES is a very heterogenous disease group and its exact definition has been debated for
decades. HES is characterized by persistent, elevated levels of- more than 1,5x10%L- absolute
eosinophil granulocytes, which results in organ damage. Aetiology based classification of HES
is possible nowadays thanks to the modern molecular and immunologic diagnostic methods.
Idiopathic HES is diagnosed by eliminating primer clonal and secondary reactive diseases that
cause hypereosinophilia. Clinically, HES can appear in numerous forms from asymptomatic
disease to severe tissue damage and end stage organ failure. The most prominent cause for
morbidity and mortality in HES is linked to cardiovascular involvement. The early necrotic

phase begins with eosinophil infiltration and it is followed by an intermedier thrombotic phase



and in late stages the cardiovascular involvement is characterized by fibrosis (Loeffler
endocarditis). Systemic amyloidosis is a rare disease group characterized by extracellular
deposition of insoluble protein fibrils. The most common type is ALA, which is the result of
clonal plasma proliferation or other B-cell dyscrasia with immunoglobulin secretion.
Deposition of amyloid fibrils can affect any organ, and among others, the heart is considered to
be the most affected (approximately 50%). Clinical manifestations are pronounced in ALA,
which may be due to the toxic effect of light chain deposition on myocardial cells. Based on
current guidelines, biomarker-, histology-, electrocardiography (ECG), and imaging tests may
help in diagnosis. Myocardial rotational abnormalities are not well established in both HES and
ALA.

2. Aims

To detect LV rotational and twist differences across different age groups and genders in a
healthy population using 3DSTE.

To assess LV rotational and twist mechanics in acromegaly patients and to compare their results
to age- and gender-matched healthy controls.

To examine LV rotational mechanics post-KTx and to compare it to age- and gender-matched

healthy controls.

To assess 3DSTE-derived LV rotational mechanics both in lipedema and lymphedema patients

and to compare their results to age- and gender-matched healthy controls.

To compare the LV strain parameters and LV rotational mechanics of HES and ALA patients

using 3DSTE and to compare their results with age- and gender-matched healthy controls.

3. Methods

Patient population (general considerations). Healthy volunteers assessed to determine
normal reference values came from the MAGYAR-Healthy Study (Motion Analysis of the
heart and Great vessels bY three-dimensionAl speckle-tRacking echocardiography in Healthy

subjects), where ‘magyar’ means "Hungarian’ in the Hungarian language. This study has been



organized to determine normal values of 3DSTE parameters in healthy adults. For pathological
states we used data from patients enrolled in the MAGY AR-Path Study (Similar to the Healthy
substudy but in Pathological cases) which aimed to examine pathophysiological consequences
of different pathological states on myocardial mechanics among others. The present study was
approved by the institution’s human research committee and also complied with the ethical

guidelines set by the 1975 Declaration of Helsinki. All patients gave informed consent.

Two-dimensional Doppler and tissue Doppler echocardiography. Two-dimensional
echocardiographic (2DE) assessment and measurements were carried out using a Toshiba
Artida™ imaging system (Toshiba Medical Systems, Tokyo, Japan) and a PST-30SBP (1-5
MHz) phased- array transducer by experienced operators. Complete 2D Doppler study was
performed in all cases followed by the quantification of LV dimensions, volumes and function
and left atrial (LA) dimensions according to current clinical standards. For valvular
regurgitations, visual assessment was used, and to exclude valvular stenosis, Doppler

measurements were performed according to guidelines.

Three-dimensional speckle tracking echocardiography-derived left ventricular
volumetric and rotational measurements. 3DSTE measurements were carried out using the
same Toshiba Artida™ echocardiography equipment (Toshiba Medical Systems, Tokyo, Japan)
with PST-25SX matrix-array transducer (Toshiba Medical Systems, Tokyo, Japan) with
3DSTE capability. Full volume 3D datasets were obtained from apical four chamber view
(AP4CH) during a single breath hold. The Toshiba software compiles the full volume dataset
from 6, smaller, wedge-shaped subvolumes, therefore the measurements require constant RR
intervals. Offline image analysis was performed using 3D Wall Motion Tracking software
version 2.7 (Toshiba Medical Systems, Tokyo, Japan). The software automatically selects the
apical four- and two-chamber (AP2CH) views and also 3 cross sectional views from the
pyramidal 3D datasets. To standardize the measurements, the software provides 2 guide planes,
one for the LV base and one for LV apex. Measurements were made during a complete heart
cycle. All datasets underwent a thorough quality control, where any datasets were excluded
where not all LV segments were correctly visualized during a heart cycle thus significantly
reducing reliability of the offline measurement. The following 3DSTE-derived parameters were
assessed:

LV volumetric parameters:

- LV end-diastolic and end-systolic volume (3DEDV, 3DESV)



- LV ejection fraction (3DEF)
- LV mass (3DLVM)
LV rotational and twist parameters:
- LV basal rotation (defined as the degree of clockwise rotation of LV basal myocardial
segments)
- LV apical rotation (defined as the degree of counter-clockwise rotation of LV apical
myocardial segments).
- LV twist (defined as the difference between LV basal and apical rotation)
LV time-to-peak rotational parameters:
- Time to peak degree of LV basal and apical rotation from the start of the heart cycle.
- Time to peak degree of LV twist from the start of the heart cycle.
LV strain parameters:
- Radial strain (thickening-thinning of segment wall, RS)
- Longitudinal strain (segment elongation-shortening in LV longitudinal axis, LS)
- Circumferential strain (segment widening-narrowing along LV wall, CS)
- Area strain (combination of LS and CS, AS)
- Three- dimensional strain (combination of RS, LS and CS, 3DS)

Statistical analysis. All data are reported as mean + standard deviation. P values <0.05 were
considered significant. Fisher’s Exact test was used for categorical variables. Shapiro-Wilks
test was used to test normal distribution in every dataset. Homogeneity of variance was assessed
using Levene’s Test for Equality of Variances. Student’s t-test was used for datasets following
normal distribution and Mann-Whitney-Wilcoxon test was used for datasets that were not
normally distributed. RStudio was used for statistical analysis (RStudio Team (2015). RStudio:
Integrated Development for R. RStudio, Inc., Boston, MA). For offline data analysis and graph
creation a commercial software package was used (MATLAB 8.6, The MathWorks Inc.,
Natick, MA, 2015).

4. Results

4.1. Normal values of left ventricular rotational parameters in healthy adults

Patient population. To establish normal reference values of LV rotation and twist 297 healthy
adults were enrolled of which 120 adults were excluded due to inferior image quality over a 6-

year period (2011-2017). A volunteer was considered healthy if he or she had no currently acute



disease or history of chronic disease, had no history of regular drug use and had a normal 2D
echocardiogram. The remaining population was further divided into 4 subgroups based on age
and gender.

Demographic and two-dimensional echocardiographic data. The healthy volunteers were
divided in four different subgroups based on age: 18-29 years (mean age: 23.6 + 2.8 years, 45
males), 30-39 years (mean age: 33.7 + 2.8 years, 28 males), 40-49 years (mean age: 43.4 + 3.4
years, 11 males) and 50+ years (mean age: 56.4 + 5.3 years, 12 males). All patients underwent
a complete 2D echocardiographic and Doppler assessment. More than grade 1 valvular

regurgitation or stenosis was excluded in study subjects.

3DSTE-derived LV volumetric data. LV ejection fraction and volumetric data derived from
3DSTE did not differ significantly between the age groups. In the age group of 18-29 years and
30-39 years 3DSTE-derived LV end-diastolic volume (p = 0.00002 and p = 0.0001,
respectively) and LV end-systolic volume (p =0.005 and p = 0.04, respectively) were

significantly higher in males compared to females.

3DSTE-derived LV rotational parameters. The results were broken down into the
aforementioned 4 age groups and in each group, data were also separated based on gender. Only
the combined LV twist (average containing males and females) and the LV twist of females
differed significantly between the age group of 18-29 years and 50+ years (p = 0.02, p = 0.03,
respectively). In either age group, significant differences could not be detected between males
and females.

Left ventricular ‘rigid body rotation’. L\VV-RBR means that the LV base and the apex rotates
in the same direction, which could be either clockwise or counter-clockwise oriented. In the
present study, LV RBR could be detected in 10 cases.

Feasibility of 3DSTE LV quantification. The measurements were made between 2011 and
2016, during this time period feasibility of 3DSTE analysis improved as the operators gained
experience. For the overall time period the number of adequate measurements was 177 out of
297 (60% success ratio), for the last year of data gathering, the number of good quality
measurements was 49 out of 60 patients (82% success ratio). This is a significant increase (p =
0.001).



4.2. Evaluation of left ventricular rotational and twist mechanics in acromegaly

Patient population. The present study comprised 24 acromegalic patients, from which 4
patients were excluded due to insufficient image quality (mean age: 57.8 £ 13.7, 7 males).
Acromegaly was diagnosed based on typical clinical features and elevated serum GH and IGF-
1 levels not suppressible with oral glucose tolerant test (OGTT, 75 g). Acromegaly was
considered active if serum GH levels and/or serum IGF-1 levels were above the diagnostic
threshold. IGF-1 indices were also calculated in acromegaly patients, where serum IGF-1
concentration was divided by the upper limit of normal serum IGF-1 level of the same age and
sex control group. All patients were sent from the Endocrinology Unit, 1st Department of
Medicine at the University of Szeged. This unit is responsible for the treatment of all
acromegaly patients in the region of South-East Hungary as a tertiary center. The patient
population was further divided into separate subgroups based on the activity of the disease.
However, due to their special LV rotational mechanics, clinical and echocardiographic data of
acromegalic patients with LV RBR were managed and discussed separately.

Mean level of serum hGH was 5.50+6.75 ng/ml and mean IGF -1 serum level was
332.4+204.0 ng/ml and mean IGF-1 index was 1.45+0.91 across all acromegalic patients.
Active acromegaly subgroup consisted of patients before hypophysectomy or patients who
underwent surgery but had hormonally active remnant tissue or treated patients who had
elevated IGF-1 levels despite long acting somatostatin analogue therapy (n=12). Mean hGH
levels in this group was 4.79+4.06 ng/ml and mean IGF -1 serum level was 398+217 ng/ml and
mean IGF-1 index was 1.79+0.89. Inactive acromegalic subgroup included patients who had
normal serum IGF-1 and/or normal serum hGH levels or normal hGH nadir levels after OGTT
during long acting somatostatin analogue, bromocriptine or pegvisomant therapy or patients
who underwent successful hypophysectomy (n=8). Mean hGH levels in this group was
1.67£1.68 ng/ml and mean IGF-1 serum level was 181£113 ng/ml, mean serum levels of nadir
hGH after OGGT was 1.98+2.28 ng/ml and mean IGF-1 index was 0.76+0.49. None of the
acromegaly patients had chest pain or myocardial infarction before, but coronary angiography
was not performed to rule out coronary artery disease.

Control group consisted of 18 age- and gender matched healthy individuals (mean age:
54.8 £ 6.9 years, 8 males).

Demographic data of acromegalic patients. Four acromegaly patients showed signs of LV

RBR-like movement, these patients were delineated from the other patients. Between the



control population and the remaining 16 acromegalic patients without LV RBR-like movement
there were significantly more patients with hypertension (p<0.001), diabetes mellitus (p=0.04)
and hypercholesterinaemia (p=0.002). We got the same results between active acromegaly
patients and controls (p<0.001, p=0.01, p=0.01, respectively). Between inactive acromegaly
patients and the healthy control population only the number of patients with hypertension
(p=0.001) and hypercholesterinaemia (p=0.01) were significant. There were no statistically
significant differences between the active and inactive acromegaly subgroups regarding

demographic data.

Two-dimensional echocardiographic data We have found significant differences in LA
diameter (p=0.003), LV end-diastolic diameter (EDD) (p=0.001) and LV EDV (p<0.001) and
early filling transmitral flow velocity (E) (p=0.03) were found between all acromegalic patients
without LV RBR and controls. Between controls and active and non-active acromegaly patient
without LV RBR subgroups, LA diameter (p=0.02 and p=0.02, respectively), LV EDD
(p<0.001 and p=0.04, respectively) and LV EDV (p<0.001 and p=0.01, respectively) differed
significantly. No significant differences could be demonstrated between active and non-active
subgroups regarding 2D echocardiographic parameters. None of the subjects examined showed

grade 3-4 mitral and tricuspid regurgitations.

3DSTE-derived LV rotation and twist. Between all acromegaly patients without LV RBR—
like movement and negative controls both LV basal- and apical rotation and LV twist differed
significantly (p=0.0037, 0.0012, <0.001, respectively). Between active and non-active
acromegaly subgroups only the time-to-peak LV twist showed significant difference (p=0.005).
Between active acromegalics without LV RBR-like movement and controls, LV basal
(p=0.003) and apical rotations (p=0.02) and LV twist (p=0.003) differed significantly. In case
of non-active acromegaly patients without LV RBR-like movement and controls, LV apical
rotation (p=0.001), LV twist (p=0.002) and time-to-peak LV twist (p=0.04) differed

significantly.

Acromegaly patients with LV-RBR-like movement. As mentioned before, 4 out of 20
acromegalic patients showed LV RBR-like movements demonstrating apical and basal LV
rotations in the same direction. Two out of 4 patients were active acromegaly patients, 3 had

hypophysectomy in the medical history. There were no significant differences between



acromegaly patients with LV RBR-like movement and other patient subgroups regarding the
demographic and 2D echocardiography parameters.

Three out of 4 patients had counter-clockwise LV rotation with LV basal and apical
rotations and mean apico-basal LV gradient of -5.81 + 2.99, -0.88 + 1.70 and 5.05 + 2.06
degrees, respectively. Only one acromegaly patient showed clockwise LV-RBR with the same
values of 1.39, 4.06 and 2.67 degrees. LV apical rotation and LV apico—basal gradient of
patients with counter-clockwise LV-RBR-like movement differed significantly from LV apical
rotation and LV twist of controls (p<0.001 and p=0.002, respectively). Between acromegaly
patients with counter-clockwise LV-RBR-like movement and acromegaly without LV RBR-

like movement group only LV apical rotation (p=0.01) proved to be significantly different.

4.3. Left ventricular rotational abnormalities following successful kidney transplantation

Patient population. The present study comprised 42 KTx patients, from which 4 patients were
excluded due to insufficient image quality (mean age: 46.3 + 8.2 years, 29 males). All patients
were sent from the KTx Unit at the Department of Surgery, University of Szeged minimum one
year after the operation. The control group consisted of 81 age- and gender matched healthy

individuals (mean age: 43.5 = 10.8 years, 51 males).

Demographic, clinical and routine 2D echocardiographic data. Significant differences
could be demonstrated in LA diameter, LV EDD and EDV, interventricular septum, LV
posterior wall thickness, LV ejection fraction and early and late filling transmitral flow
velocities and in their ratio between post-KTx patients and controls. None of the control
subjects and post-KTx patients showed valvular stenosis or grade 2-4 mitral and/or tricuspid

regurgitations.

3DSTE-derived LV rotational and twist. Three patients following successful KTx showed
near absence of LV twist called as LV RBR movement. Due to this special movement, their
results were managed separately. When the remaining 35 post-KTx patients were analysed
separately, reduced basal LV rotation could be demonstrated in post-KTx patients with

tendentious increase in apical LV rotation resulting in an unchanged LV twist.

LV-RBR. Three patients with LV RBR showed abnormally directed counterclockwise basal

LV rotation (5.13 £ 3.29 degrees) and similar but normally directed counterclockwise apical



rotation (14.33 + 10.72 degrees). Therefore, real LV twist could not be measured only LV apico-

basal gradient considered to be as their net difference (9.20 £ 9.04 degrees).

4.4. Differences in left ventricular rotational mechanics between lipedema and
lymphedema

Patient population. The present study comprised 25 patients with stage 2 lipedema (mean age:
42.5 + 12.2 years, body mass index (BMI): 29.9 + 2.79 kg/m?, all females) and 26 subjects with
stage 2 bilateral leg lymphedema (mean age: 46.5 + 11.5 years, BMI: 27.64 + 2.6 kg/m?, 24
females and 2 males). However mean BMI values of the two patient groups differed
significantly (P=0.0049), both they belong to the moderately overweight class (25
kg/m?<BMI<29.9 kg/m?). All lipedema patients were diagnosed based on typical clinical
features. The causes of secondary leg lymphedema were malignant melanoma treatment (n=2),
gynaecological cancer treatment (n=6), bacterial cellulitis (n=2) and venous insufficiency
(n=14) whereas nine lymphedema patients underwent bilateral leg lymphoscintigraphy and
each patient with suspected venous disease had color duplex ultrasound examination besides
clinical inspection. Each patient was sent from the Phlebolymphology Unit of the Department
of Dermatology and Allergology, University of Szeged for routine cardiological examination
including two-dimensional Doppler echocardiography extended with 3DSTE. Insufficient
image quality for 3DSTE were detected in 3 lipedema and 4 lymphedema patients. None of the
patients had known cardiovascular symptoms or diseases. Control group consisted of 54 age-

and gender-matched healthy individuals (mean age: 40.7 + 14.0 years, 3 males).

Demographic data of patients. The groups of patients and healthy individuals matched for
mean age, gender and the incidence of concomitant disorders although the size of control

subject group was notably higher than those of lipedema and lymphedema cohorts.

2D echocardiographic data. Increased LA and LV dimensions could be demonstrated in
lymphedema and lipedema patients without LV hypertrophy as compared to matched healthy
controls. Systolic (ejection fraction) and diastolic (E/A) functions proved to be normal in both
patient groups. Increased LA and LV volumetric data proved to be more pronounced in
lipedema patients as compared to lymphedema cases. None of the subjects examined showed >

grade 2 mitral and tricuspid regurgitations.



3DSTE-derived LV rotation and twist. Three lipedema and other three lymphedema patients
showed significant LV rotational abnormalities, therefore their data were managed separately.
Between the remaining 19 lipedema patients and negative controls only LV apical rotation and
LV twist differed significantly. Similar differences between LV rotational mechanics between
the remaining 19 lymphedema patients and controls could not be detected. Moreover, less than
1 degree LV basal rotation could be detected in 2 patients with lipedema (11%), in 2 another
patients with lymphedema (11%), but in none of controls.

Lipedema and lymphedema patients with significant LV rotational abnormalities. As
aforementioned, 3 out of 22 lipedema patients had significant LV rotational abnormalities. One
had minimal (less than 1 degree) clockwise apical (-0.97 degree) and basal (-0.40 degree) LV
rotations demonstrating almost absolute absence of LV twist in this case (-0.57 degree).
Another lipedema patient had a counter-clockwise apical (14.88 degree) and similarly directed
basal (6.68 degree) LV rotations resulting in an 8.20 degree counter-clockwise LV apico—basal
gradient. These results suggest the near absence of LV twist with reversed basal LV rotation
and compensatory apical LV hyperrotation in this case. In the third lipedema case reversed LV
rotations (6.88 degree clockwise basal and 1.33 degree counterclockwise apical) could be
detected. Three out of 22 lymphedema patients had counter-clockwise apical (9.19 + 2.69
degree) and basal (3.59 + 1.24 degree) LV rotations with mean apico-basal LV gradient of 5.59
+ 2.72 degree suggesting normally directed apical, but reversed basal LV rotations in these

cases (LV-RBR). Extent of apical and basal LV rotations proved to be normal in these cases.

4.5. Comparative assessment of left ventricular deformation in cardiac AL amyloidosis
and hypereosinophilic syndrome

Patient population. Thirteen HES patients were enrolled in this study, of whom 2 were
excluded due to inadequate image quality, and one patient fulfilled the Loffler endocarditis
criteria system. The remaining 10 patients had a mean age of 60.9 + 14.7 years (7 males). The
diagnosis of HES was based on current guidelines. Nine of these patients had idiopathic HES,
whereas in one case, acute T-lymphoma-associated HES was confirmed. No history of
cardiovascular event, chronic obstructive pulmonary disease, atrial septal defect, or other
malignancy was present in HES patients, and they were asymptomatic. In HES patients, the
following non-cardiovascular organ involvement was reported: in one case duodenal

eosinophilia, in one case eosinophilic skin symptoms, in one case lung confirmed eosinophilic



cellulitis and in one case necrotizing granulomatous vasculitis. Clinical symptoms and routine
echocardiographic findings suggest that all HES patients were in the early necrotic phase as
thrombotic symptoms could be ruled out.

Twenty-two ALA patients participated in the study, three of whom were excluded due to
inferior image quality. Accordingly, the mean age of the remaining ALA patient population
was 63.4 + 7.8 years (13 males). Cardiac involvement was diagnosed according to current
guidelines. The location of the biopsy was in four cases the gastrointestinal tract (stomach,
duodenum, colon and rectum), five cases in the kidney, seven cases in the bone marrow, three
cases in the heart, two cases in the skin and one case in the salivary gland. Routine
echocardiographic examination demonstrated interventricular septum and LV posterior wall
thickness greater than 12 mm in all cases. In this group of patients, ALA was associated with
monoclonal gammopathy of unknown origin in one case, and in the remaining 17 cases,
Jamshidi biopsy confirmed multiple myeloma.

The control group consisted of 13 sex- and gender matched healthy adults with a mean
age of 59.2 &+ 4.3 years (5 males).

Clinical and demographic data. The ALA group had significantly more patients with
hypertension and hyperlipidemia than the controls, whereas in the HES group the proportion of
hypertension was significantly elevated compared to controls. There was no difference in
clinical and demographic parameters between ALA and HES patient groups. No significant
valvular stenosis or grade 3 valvular regurgitation could be demonstrated in any patient or
control. Laboratory values for HES patients were: serum erythrocyte count: 4.01 £+ 0.36 T/L,
hemoglobin level: 128.0 = 13.9 g/L, platelet count: 259.8 + 181.2 Giga/L, hematocrit: 38.2% =+
4.2%, white blood cell count: 14.2 £ 5.9 Giga/L, ratio of eosinophils: 46.8 + 17.2% and absolute
number of eosinophils: 7.9 + 5.1 Giga/L. The NT-proBNP level of ALA patients was 9130 +
10121 U /1. In the ALA patient group, 3 patients had a LV ejection fraction <50%, but none of
the patients exceeded the NYHA 11. functional stage at the time of the study.

Two-dimensional echocardiographic data. Significant differences were found in LA
diameter, LV end-diastolic and end-systolic diameters, interventricular septum and LV
posterior wall thickness, and late transmitral flow (A) in the ALA patient group compared to
controls. Similar differences between HES patients and controls could not be demonstrated.
Comparison of 2D echocardiographic parameters in ALA and HES patients showed greater

interventricular septum and LV posterior wall thickness in the ALA patients.



Left ventricular volumetric data measured by 3DSTE. There was no significant difference
in ALA and HES patient groups with respect to LV-volumetric parameters measured by 3DSTE
compared to the control group. Comparison of the two disease groups showed no significant

difference between LV volumetric parameters.

Left ventricular strain measured by 3DSTE. Compared to the control group, all basal
segmental LV strains (RS, CS, LS, AS, 3DS) measured in the ALA group were significantly
lower. Global and mean segmental LV LS values in ALA patients were significantly lower
compared to healthy controls. Comparison of the HES patient group and the healthy controls
showed a significant difference in the global LV LS and the segmental basal LV LS was also
significantly lower. Comparing the values of HES and ALA patient groups, the basal LV RS
and LV 3DS showed significant differences.

3DSTE- derived left ventricular rotational parameters. Near absence of LV twist — the so
called LV RBR - could be detected in 12 cases (63%) in the ALA patient group, while the
phenomenon only occurred in one case (10%, p <0.05) in the HES patient group. LV RBR was
anticlockwise in both patient groups. ALA patients showing LV RBR the basal (2.31 + 1.89
degrees) and apical LV rotation (8.44 + 7.52 degrees) and LV apico-basal gradient were lower
compared to healthy subjects (6.13 + 7.52 degrees). In case of the only HES patient with LV
RBR, the basal rotation was 1.77 degrees and the apical rotation was 14.29 degrees,
corresponding to a LV apico-basal gradient of 12.52 degrees. In the remaining 7 ALA patients,
basal LV rotation did not differ significantly from controls (-3.34 + 1.58 degrees vs. -4.53 +
2.63 degrees, p = 0.30), while apical LV rotation (4.81 + 2.46 degrees vs. 10.11 + 3.96 degrees,
p = 0.005) and LV twist (8.15 + 2.68 degrees vs. 14.63 + 4.97 degree, p = 0.005) was
significantly lower.

In the remaining 9 HES patients, LV basal rotation was not significantly different from
the healthy group (-3.83 + 2.00 degrees vs. -4.53 + 2.63 degrees, p = 0.50). However, LV apical
rotation (4.89 + 2.04 degrees vs. 10.11 + 3.96 degrees, p = 0.002) and LV twist (8.72 + 2, 88
degree vs. 14.63 + 4.97 degree, p = 0.005) proved to be significantly lower in HES patients
compared to controls. No significant differences could be detected between ALA and HES

patients.



5. Discussion

5.1. Normal values of left ventricular rotational parameters in healthy adults

The early methods for quantifying LV rotational mechanics — such as using radiopaque
markers, biplane cineangiography or sonomicrometry — were too invasive and limited
methodologies. Cardiac magnetic resonance imaging (c(MRI) opened a new door in this field,
although this is a non-invasive, but very expensive tool, thus limiting its everyday on-demand
use. Echocardiography on the other hand is a fast, non-invasive and widespread method in the
clinical practice. Tissue Doppler imaging (TDI) and 2DSTE are both capable of LV rotation
quantification. The main limitation of TDI is its angle-dependency, while 2DSTE cannot
visualize the LV in real 3D and the method requires third party software, therefore guidelines
are not suggesting its use in the assessment of LV rotational mechanics. The introduction of
3DSTE seems to have solved the aforementioned issues, it is relatively fast, non-invasive and
angle-independent. Also 3DSTE has been validated for quantifying LV rotation and twist
against both in vitro and in vivo modalities. It is worth noting that the 3DSTE-derived LV
rotational data and LV twist values seem to be lower as compared to 2DSTE, tissue Doppler
imaging and tagged cMRI-derived rotational values, this is in agreement with the findings of
other studies.

In the present study, it was found that the feasibility of 3DSTE grew significantly as the
operators gained experience. Presented feasibility results are comparable to other groups. It was
found that LV basal and apical rotation gradually increased over time. Between the 18- 29
years- old and 30-39 years- old groups, the 2 parameters remained almost the same, however
over 40 years, both LV basal and apical rotation started to rise. LV twist behaved in the same
fashion reaching the level of significance between the young adulthood and the older
population.

In most age groups, the degree of LV apical rotation and LV twist is non-significantly
higher in males than in females. Regarding LV basal rotation, we have observed the opposite:
in the age group 30- 39, 40- 49 and 50+ years, LV basal rotation is higher in females compared
to males. It could be hypothesized that it is most likely due to hormonal differences between
the genders. Previously, the effect of aging on LV rotational mechanics and twist were
examined in a number of 2DSTE studies. In 2DSTE and 3DSTE studies, there is an agreement

that regardless of gender, LV rotational and twist parameters increase with aging. Notomi et al.



reported that in infancy, the LV basal rotation is counter-clockwise and it gradually shifts over
to clockwise rotation using TDI, in contrast to this finding, Kaku et al. found that in infancy the
LV basal rotation is clockwise using 3DSTE. However, they agree that LV apical rotation is
counter- clockwise and it increases along with LW twist with aging. Both papers agreed that in
infancy, LV basal rotation is more dominant compared to LV apical rotation, and with aging,
the emphasis shifts over to LV apical rotation.

The underlying physiological basis of age-related increase in LV twist is not yet properly
understood. Important factors such as preload, afterload and chronotropy must play a role.
Lumens et al. suggested that the age- related LV rotational changes are due to the reduced
influence of LV subendocardial fibers, therefore increasing the net LV twist. However, it is
important to note that true experimental data is lacking.

In our study population, 10 cases with LV RBR were encountered. This phenomenon was
first reported in noncompaction cardiomyopathy (NCCM). Our group has reported this
phenomenon in a number of pathological states such as cardiac amyloidosis, acromegaly,
congenital heart diseases, etc. It is not known whether this is a sign of a yet subclinical
pathology or undiagnosed disease, however, to the best of our knowledge, this phenomenon has
not been previously reported in the healthy population.

In recent studies it was suggested that 3DSTE seems to be a sufficient methodology for
non-invasive quantification of LV rotations and twist, but clinical importance of this
mechanism is poorly understood, although changes of LV rotational mechanics and twist have
been reported in several pathologies. These results show that LV twisting abnormalities are

associated with pathological states and they warrant further studies in this field.

Limitation section

- 3DSTE has a lower frame rate and spatial resolution compared to its 2D counterpart.
Since the full volume 3D datasets are obtained through 6 RR intervals, there may be a
“stitching noise” between the individual subvolumes. Previously a comparison study
revealed that the deformation data showed some level of vendor-dependency.

- 3D echocardiographic systems have a tendency to underestimate LV volumetric
parameters, most affected is LV-EDV, thus resulting in a seemingly lower LV-EF as
compared to conventional 2D echocardiographic results.

- Inthe present paper, other chambers than the LV were not examined.

- Further imaging or other diagnostic techniques were not performed to rule out any

hidden subclinical pathologies in cases with LV RBR.



- Analysing 3DSTE-derived LV strain parameters were not the goal of the present study

either.

5.2 Evaluation of left ventricular rotational and twist mechanics in acromegaly

Acromegaly is a chronic, endocrine disorder with major cardiovascular comorbidity. Most
prominent is hypertension, which occurs in almost 90% of acromegaly cases. The underlying
pathophysiology is not clearly understood, elevated serum GH levels and consequent plasma
volume expansion, increased peripheral vascular resistance and the hormone’s anti-natriuretic
effect may be the cause. The hypertension is not related to age or gender in acromegaly. The
increased peripheral resistance and hypertension entails increased cardiac workload.
Furthermore, acromegaly causes a specific type of cardiomyopathy, hypertrophy occurs early
in the disease and prolonged elevated serum GH levels may increase prevalence up to 70- 90%
of all acromegaly cases. In the early stages increased Ca?* sensitivity and myocardial
contractibility dominates causing hyperkinetic syndrome and concentric LV hypertrophy, as
the cardiac involvement progresses the cardiac hypertrophy becomes more pronounced,
diastolic LV filling is decreased and pre -ejection time is prolonged. In the later stages, cardiac
extracellular collagen deposition, diastolic and systolic dysfunction due to cardiac
remodellation and heart failure characterises the picture. Later stages can be observed in older
patients, untreated acromegaly or in cases of prolonged elevated serum GH levels. Valvular
regurgitations are also frequent, mitral valve is affected in the most cases. Specific arrhythmias
might also develop, mostly paroxysmal atrial fibrillation. Lastly our group has previously
demonstrated that acromegaly is associated with increased aortic stiffness. These changes are
probably due to extracellular collagen deposition and consequent remodellation of the cardiac
muscle. However, to the best of the author’s knowledge this is the first study to examine LV
rotational patterns and mechanics in patients with acromegaly.

In the present study 3DSTE was used for the quantification of LV basal and apical
rotations and LV twist, which is considered to be the net difference of the clockwise LV basal
rotation and the counter-clockwise LV apical rotation. The conventional indices of LV function
have no capability to characterize LV rotational mechanics. For instance, myocardial
performance index is a combined systolic-diastolic parameter featuring global LV performance,
while E/A ratio represents LV diastolic function. Due to recent developments in
echocardiography, there is now the opportunity to quantify LV rotational mechanics, which

have a significant role in ejection. At this moment, the number of clinical studies concerning



the echocardiographic measurement of LV rotation and twist are limited, although 3DSTE has
been validated for the analysis of the rotational mechanics. The advantages of 3DSTE far
outweigh their disadvantages, it is fast, reproducible and measurements don’t require specific
skill sets.

2D echocardiography results show an enlarged heart with impaired early filling
transmitral flow velocity, E/A ratio was not significantly lower compared to healthy controls,
however the lowered tendency is clear. 3DSTE-derived LV basal and apical rotation and LV
twist also underlines this pattern: both LV apical and basal rotation and twist proved to be
diminished in acromegaly patients, furthermore LV RBR-like characteristics could be
demonstrated in 4 cases. Impaired diastolic filling, high ratio of cases (20%) showing RBR—
like motion of the LV and diminished LV basal and apical rotation and LV twist could be signs
of acromegaly-related cardiomyopathy. Our findings are concordant with the above described
clinical and pathophysiological features regarding the special cardiomyopathy associated with

acromegaly.

Limitation section. The present study is affected by several limiting factors:
- The most important is the relatively small number of patients involved, although
acromegaly is a relatively rare disorder.
- The study did not examine the effects of the drugs used with acromegaly patients. We
did not take into account the elapsed time after the diagnosis and treatment and for how

long the elevated serum GH levels may have been present.

5.3. Left ventricular rotational abnormalities following successful kidney transplantation

CVDs are the leading causes of morbidity and mortality in chronic kidney disease
patients. KTx is the treatment modality of choice for virtually all suitable candidates with
ESRD. The leading causes of death in patients who died with a functioning allograft are CVDs
as well, which account for almost 40 percent of all deaths in this population. Studies suggest
that the survival advantage of KTx may be largely attributed to the reduction in CVDs. In a
retrospective analysis of the United States Renal Data System comprising the data of more than
60,000 adult primary KTx recipients transplanted between 1995 and 2000 and more than 66,000
adult patients on the waiting list over the same time period, Meier—Kriesche et al. have
demonstrated progressive decrease in cardiovascular death rates by renal transplant vintage for

both diabetic and non-diabetic recipients of both living and deceased donor transplants.



Diastolic dysfunction is frequently observed in ESRD, moreover, heart failure (HF) with
preserved LV EF is more common in hemodialysis patients than HF with low LV-EF. Hassanin
et al. demonstrated that in chronic kidney disease, although longitudinal and radial systolic
functions were reduced, LV EF may remain within normal limits due to the preservation of the
circumferential functions. KTx was found to significantly improve LV-EF and apical 4-
chamber strain and to reduce LV mass index and relative wall thickness. Other variables
including global longitudinal strain and diastolic dysfunction were not found to be improved
significantly.

It is known that LV twisting mechanism is affected by several conditions and disorders,
but the results are conflicting. To this point, however, there is limited information on the
relationship between chronic kidney disease (CKD), KTx and LV rotational mechanics.
According to Yildirim et al. LV rotational and twist parameters did not differ between those of
predialysis and transplantation patient groups. In contrast, Deng et al. found that LV basal and
apical rotations, average twist and torsion were higher following successful KTx as compared
to pre-KTx results. Interestingly there was no significant difference between the absolute value
of LV basal and apical rotations in this study.

The present study demonstrated reduced LV basal rotation and slight increase in LV apical
rotation resulting in unchanged LV twist in KTx patients as compared to matched healthy
controls. These results suggest a sort of remodelling of LV rotational mechanics in post-KTx
patients. Moreover, significant LV rotational abnormalities (LV RBR) could also be confirmed
in some KTx cases due to abnormally directed LV basal rotation. Recently these sorts of LV
rotational abnormalities could be detected in high ratio of patients with NCCMP (55-100%),
cardiac amyloidosis (60%), acromegaly (25%), but reports showed similar cases with other
diseases as well. Significant apico-basal gradient (overrotation of the LV apex) suggesting a
compensating mechanism could also be detected in these cases similarly to what happens during
stress. In post-KTx patients, ESRD-related consequences could explain our findings, but the
effect of surgical treatment could not be excluded either. Further studies are warranted to

confirm our findings and to compare them to renal and other functional parameters.

Limitation section. Several important limitations arose during the assessments which are listed
below:

- Comparing pre- and post-transplantation data would have been the most optimal to see

whether KTx has any effect on LV rotational mechanics. Unfortunately it was not

possible to make this sort of measurements and comparisons due to technical reasons.



Further studies are warranted to compare pre- and post-KTx LV rotational parameters
with those of matched control subjects whether KTx has any short- and long-term
additive value on them.

- Coronary angiography was not performed in any of the KTx patients to exclude
coronary artery disease. However, none of them had any clinical signs of angina pectoris
or had previous myocardial infarction or other signs of vascular diseases.

- The effect of corresponding risk factors on the results could not be excluded.

- The present study did not aim to validate LV rotational parameters.

5.4. Left ventricular rotational mechanics differences between lipedema and lymphedema

To the best of authors’ knowledge this is the first study to demonstrate that LV apical
rotation and LV twist are impaired in lipedema patients, similar alterations in lymphedema
patients could not be detected. Moreover, in some lipedema and lymphedema patients severe
LV rotational abnormalities could be demonstrated. These alterations were not related to any
demographic or echocardiographic features.

There have been no clinical studies in which cardiac alterations could be demonstrated in
lipedema/lymphedema patients without overt cardiac symptoms or diseases evaluated by
conventional echocardiographic methods. 3DSTE is a new non-invasive echocardiographic tool
with capability of assessing objective parameters featuring LV rotational and deformational
mechanics.

Both diseases are conditions characterized by bulky lower limbs. Lipedema is associated
with subcutaneous fatty oedema without relevant intersitial fluid accumulation, while
lymphedema results from excessive retention of lymphatic fluid in the interstitial compartment.
There is no clinical information on the cardiovascular adaptations to these abnormalities. In a
recent study, increased aortic stiffness could be detected in lipedema, which is known to be
associated with LV rotational mechanics. The background of our findings is unknown however
increased fluid accumulation capacity of enlarged and highly vascularized lipedematous fatty
tissue and interlobular septae verified by the complicated Streten test might reduce peak torsion
and peak apical rotation. The gross proportion of mesenchymal cells in lipedematous adipose
tissue may be associated with an altered composition of heart tissue including higher number

of non-myocytes with nesenchymal cells that could alter left ventricular rotation. Moreover,



subclinical epicardial fat deposition of the heart and its effect on LV rotational mechanics in
lipedema patients could also not be excluded.

It can be hypothesized that subjects with significant LV rotational abnormalities are ‘end-
point’ of the disease process but clearly it can not be stated. Further studies are warranted to
confirm our findings and to assess whether LV rotational abnormalities have a diagnostic role
to differentiate between lipedema from lymphedema however the present data strongly support
3DSTE measured lipedema-asociated rotational abnormalities as a novel differential diagnostic

point for lymphedema beyond known parameters.

Limitations of the study. All aforementioned technical limiting factors of 3DSTE is also
affected this study.

5.5. Comparative assessment of left ventricular deformation in cardiac AL amyloidosis
and hypereosinophilic syndrome

In our study, we used the global, mean segmental, and regional LV strains and LV
rotational parameters assessed by 3DSTE to compare the differences in LV deformation in HES
and ALA to healthy controls. Strain analysis by 3DSTE is a validated imaging method against
2DSTE, cMRI, and TDI. Recent studies have confirmed that the LV strain parameters
determined during 3DSTE are somewhat lower than those determined during 2DSTE, and that
there is some variation between devices offered by different manufacturers. A significant
advantage of the applied methodology compared to other modalities is its non-invasiveness,
non-angle-dependency and low specific cost per study.

To the best of the authors' knowledge, the features of LV deformation in HES have not
yet been investigated during 3DSTE. However, there are many studies in ALA patients that
have been conducted on 2DSTE and 3DSTE in small numbers. A recent 3DSTE study looked
at ALA patients at various Mayo stages. According to the authors, only global LV LS and LV
RS differed at an early stage from healthy subjects, but at the more advanced stage of the
disease, global LV CS and LV 3DS also showed significant differences. Our results confirmed
the above, but we could only show a significant difference in the global LV LS in our patients
with ALA. Nevertheless, it is clear that each strain values tend to be lower with ALA compared
to both controls and HES patients. It is also evident that the strain parameters of HES patients
are lower compared to the healthy population, although here only the global LV LS showed
significant difference, probably due to the relatively low number of cases. Our results also



suggest that LV rotational mechanics are significantly impaired in ALA patients and that LV
RBR is common, this phenomenon is less common in HES patients.

The above-described differences in ALA are clearly explained by the deposition of light
chain fibrils in the LV resulting in wall motion deficiencies and heart failure. In case of HES,
theoretically, the degranulation of eosinophil cells and the consequent local inflammation and
fibrosis may be behind our findings. In both cases, classical risk factors were also present in
some patients, the effects of which on LV deformity cannot be excluded.

Limitation section. The results of our investigations may have been influenced by several
limiting factors:
- Both HES and ALA are relatively rare diseases, so the number of cases included in our
study was limited.
- Our results may have been influenced by the fact that we have not taken into account
the duration of the disease and what medications were used at the time of the study.
- In the case of ALA, no correlation was found between heart failure and LV

deformation.

6. Conclusions (new observations)

3DSTE seems to be a reasonably viable tool for quantification of LV rotational mechanics.
According to the results of the present study it could be stated that both LV basal and apical
rotation and LV twist increase with aging, regardless of gender. LV-RBR, the near absence of
LV twist is also present in the normal population. Knowledge of normal reference values of
3DSTE-derived LV rotation and twist parameters could help clinicians to identify abnormal

values and to recognise disease-related LV rotational abnormalities.

Acromegaly is associated with impaired LV rotational and twist mechanics as assessed by

3DSTE. LV-RBR is a frequent phenomenon in acromegaly.

KTx is associated with alterations in LV basal rotation together with unchanged LV twist
suggesting the remodellation of LV twisting mechanics. The near absence of LV twist (LV-

RBR) could be demonstrated in some post-KTx cases.



Lipedema is associated with impaired LV apical rotation and twist as assessed by 3DSTE,
similar abnormalities in lymphedema could not be detected. In selected cases with lipedema
and lymphedema severe LV rotational abnormalities could be found.

3DSTE is a suitable method for the detailed examination of LV deformation mechanics in HES
and ALA patient groups. Significant deformation differences were observed in both patient

groups, these changes are more pronounced in the ALA patient group.
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