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ABSTRACT

In this clinical case, a patient who had an instrumentally detected aneurysm with the lumen expanding up to 60 mm underwent
a surgically flawless prosthetic replacement of the ascending aorta. This treatment led to decreased exercise tolerance,
decreased contractile function of the left ventricular myocardium at rest, and enlarged pulmonary artery. The leading factor
was a decrease in the volume of systolic expansion of the aorta down to 5 mL (at the initial 13 mL), despite a noticeable
increase in the extensibility and a decrease in mechanical stiffness compared with initial indexes of the affected aortic wall. In
the literature review, considering mechanical extensibility and elasticity, problems in creating aortic prostheses equivalent to
those for healthy biological tissues were discussed.
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AHHOTALMA

MpenctaBneH M 06CYKAEH KIIMHUYECKUIA CIyYald, KOTAa Y NALMEHTKW NOC/e BbIMOSIHEHUS! XUpypruyecku besynpeyHoro npo-
Te31pOBaHNUA BOCXOASALLEN a0PThl 0TMEYaNIoCh BbIPaXKEHHOE CHIKEHME TONEPaHTHOCTU K (M3MYECKON HarpysKe, CHUXEeHMe
COKPATUTESIbHON (YHKLMM MUOKapAa NIEBOTO JKENy0uYKa B MOKOE W pacluMpeHue NEFOYHOI apTepun BCNEeACTBUE ycuie-
HUA NIETOYHON apTepuanbHoit runepTeHsun. MpoTesnpoBaHue GbiN0 BLIMOIHEHO B CBA3M C MHCTPYMEHTANIbHO BbIAB/IEHHOM
MpY PacLUMPEHHOM MarHUTHO-PE30HAHCHOM TOMOTpatMYECKOM UCCIeA0BaHUM aHEBPU3MON BOCXOASLLEN aopThl C yBENYe-
HMEM MpOCBeTa B MOMEPEYHOM CeyeHUn aopTbl A0 60 MM. MoKasaHo, YTO eAMHCTBEHHBIM U BeAyLUMM (aKTOpPOM K pasBu-
TUIO HEraTMBHbIX MOCNEACTBUIA MPOTE3VUPOBaHNS SBUNOCh CHUMEHWE 06BbEMA CUCTOIMYECKOTO PaclLMpeHns aopTbl 40 5 M,
MpY UCXOAHBIX 13 M/, HECMOTpA Ha 3aMeTHOe YBEJIMYEHMe NOKa3aTesel PaCTAKMUMOCTU U CHUKEHUS MeXaHUYECKON KECTKO-
CTW N0 CPaBHEHMIO C NOKa3aTesIAMU NOPaXKEHHOI CTeHKY aopTbl. [peacTaBneH 0630p NMTepaTypbl U 06CYXKAEHbI B 3TO CBA3M
HacToATeNbHasA Heo6X0AMMOCTb M Npo6ieMbl CO3AaHMA NPOTE30B a0PTbl, IKBUBANEHTHbIX MO MOKA3aTeNAM MeXaHWYecKom
PacTSXKMMOCTM W YNpYrocTU TaKoBbIM [151 30,0POBbIX BMONOMMYECKUX TKAHEN.
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INTRODUCTION

Surgical treatment of ascending aortic aneurysms with a
>5 cm lumen expansion [1] has been the technique of choice
in preventing the risk of aneurysm rupture, with a mortality
rate of up to 100% in acute cases [2-4].

Several cardiac surgery techniques, involving complete or
partial arch replacement, have been developed [5].

The outcomes of such replacement are assessed based
on the significant decrease in the risk of mortality in such
patients [2]. The quantitative assessment of physiological
and biomechanical parameters of the ascending aorta,
quality of life, and the presence and severity of angina and
other coronary ischemia markers is often regarded as less
significant [3]. This may be justified, as saving the patient’s
life is always the top concern.

However, a sustained decrease in the mortality rate with
the surgical treatment of ascending aortic aneurysm requires
further clarification of pathophysiological criteria determining
the functional status of patients, possibility of recovery and
vocational rehabilitation, state of the cardiac muscle, and
factors affecting coronary blood supply.

The ascending aorta is a crucial anatomical and
functional component of the vascular system. It provides
blood supply to the cardiac muscle, which invariably
occurs during diastole, within the systolic expansion
volume of the ascending aorta [6]. Physiologists and
sports medicine specialists [6], as well as prosthetic valve
and vessel manufacturers [7], have long been interested
in the elastic properties of the ascending aorta in the
context of adequate blood supply to the cardiac muscle,
when the aorta, which stretches during systole, collapses
during diastole. However, single-center and multicenter
studies of the clinical use of biophysical and biomechanical
assessments of aortic elasticity are limited [4]. It has been
previously demonstrated that decreased elasticity and
distensibility and increased stiffness of the ascending aorta
are significant pathological factors contributing to the risk
of acute myocardial infarction [8, 9]. Studies of ascending
aortic elasticity in cardiac surgery patients with aneurysms
are equally clinically significant. Insufficient graft elasticity
can be a limiting and pathological factor.

Thus, this study presents a clinical case of a
female patient who failed to reach the target p0, level
post-surgery, as well as other parameters required for a
good performance status (e.g., exercise tolerance), despite
uncomplicated ascending aortic replacement. These metrics
did not improve, but rather worsened, and the patient has
been dependent on an oxygen concentrator for breathing
several months after surgery.

DESCRIPTION OF THE CASE

We present a clinical case of prospective follow-up of
changes in biomechanical parameters of aortic aneurysm
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during surgical treatment of a 65-year-old female (patient
B-k). The patient has a history of hypertension for 10 years
(with full pharmacological blood pressure control).
Additionally, she has type 2 diabetes mellitus, with glucose
and glycated hemoglobin levels controlled to the limit of
normal with oral antidiabetic drugs. She was otherwise
healthy for the last 15 years.

The patient initially presented to a neurologist with
increasingly frequent episodes of dizziness and weakness
with fatigue, and transient, short-term episodes of loss of
speech. Critical stenosis of the internal carotid artery or its
branches was suspected, and the patient was referred for
ultrasound examination and carotid magnetic resonance
(MR) angiography. These examinations did not confirm the
carotid artery pathology. Narrowing of the internal carotid
arteries or their branches by more than 15%-20% was
not observed. However, carotid MR angiography showed a
pathological radial expansion of the ascending aorta lumen
of up to 57-60 mm. This was confirmed by MR aortography
(Fig. 2a), and the patient was referred to the Research
Institute of Cardiology of the Tomsk National Medical
Research Center for consultation and cardiac surgery.

Further, the patient had preoperative coronary
angiography and aortography, which confirmed the nature
and extent of the aortic lesion and ruled out coronary
stenosis. The proximal right coronary artery showed the
most severe stenosis, of up to 35% of the lumen. Stenoses
in the left coronary artery did not exceed 25% in any of its
branches.

Prior to aortic replacement, the exercise tolerance
threshold according to a cycle ergometer exercise test with
electrocardiography (ECG) monitoring was 25 W. The test
was stopped because of shortness of breath and muscular
weakness. The test did not reveal ECG signs of coronary
insufficiency.

As previously mentioned, the patient had magnetic
resonance imaging (MRI) of the heart and aortic wall with ECG
gating [8], including the thoracic aorta up to the diaphragm.
In particular, heart MRI along its short and long axes was
performed, which included the following:

« T1 weighted images (WI): time of repetition (TR),

500 msec; time of echo (TE), 12 msec

« T2WI: TR, 4,000 msec; TE, 25 msec

« Steady-state free precession (SSFP) images

Slice thickness: 5—8 mm; matrix: 256 x 392 or 256 x 256.
Axial TIWI chest MRI with respiration and ECG gating, with
increased TR of 1,850-1,900 ms and TE of 32 ms, was
performed as a component of cardiac and chest MRI with
ECG gating (Fig. 1). This mode provides visualization of
large thoracic vessels, including their walls. Owing to the
borderline glomerular filtration rate (<30 mL/min x 1.73 m?),
additional paramagnetic contrast enhancement was not used.

Following cardiac MRI, the patient underwent MRI of the
ascending aorta with ECG gating, at the level of crossover
with the pulmonary artery bifurcation level, in axial plane,
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im: 30/64

/ 5.69 cm

Fig.1. Transverse slices of T1-weighted images of the chest organs, including the thoracic aorta, at the pulmonary artery bifurcation
level in patient B-k: (a) before prosthetic replacement of the thoracic aorta expanded due to aneurysm; critical ascending aortic
aneurysm with a >6 cm lumen expansion; (b) after prosthetic replacement of the thoracic aorta expanded due to aneurysm; normal
lumen of the ascending aorta. The descending aorta was normal before and after surgery. The pulmonary artery expanded to 27 mm
after surgery, compared to 23 mm at admission. Postoperative tomography revealed an artifact in the chest area due to a wire fixator.

Cor + a0Ra
ortic Arch(Resp. +ECG)

Fig. 2. Magnetic resonance imaging with ECG gating in patient B-k: (a) magnetic resonance angiography of the thoracic aorta. The
lumen at the supravalvular and aortic arch levels and the distances between them, which are used to calculate the ascending aorta
volume during systole and diastole and the systolic expansion volume, are shown. The turquoise horizontal line with arrows at the
ends represents the tomographic slice level; (b) transverse tomographic slice of the ascending aorta in the wall area, with thickness
measurements for the subsequent calculations of Young’s modulus parameters. The measurements are marked by thin green lines,
with respective values.

in the cine mode (24 cine frames per cardiac cycle), with the

Distensibility ,;; = S5t = Saiast/ Saias (1)
assessment of changes in the aortic wall thickness during Vo = Osyst = dost/ Valast

a cardiac cycle (Fig. 2b) and diameter and cross-sectional
area of the lumen at the study level (marked with an arrow
in Fig. 2a). The cardiac MRI findings were processed using a
standard method; the left ventricular end-diastolic volume,
left ventricular end-systolic volume, and left ventricular
ejection fraction were calculated. Moreover, biomechanical
parameters of aortic distensibility were obtained based on
non-contrast-enhanced cine mode MRI findings.

These measurements and a linear biophysical model
[10, 11] were used to calculate the distensibility (radial
expansion) of the aorta [12]:

DOI: https://doiorg/1017816/DD568070

Moreover, the distensibility adjusted for pulse pressure
was calculated:

Ssyst - Sdiast / Sdiast
BPp

(2),

Distensibility ,;=

ulse

where S, and Sy, are the cross-sectional areas of the
aorta during systole and diastole, respectively, and BP,,, is
the pulse pressure (Fig. 3).

The transverse Young's modulus for the ascending
aorta wall was calculated based on the findings of MR
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Fig. 3. Cross-sectional dimensions and areas of the ascending aorta during systole and diastole: top row: baseline (at admission;
before replacement of the aorta that expanded due to aneurysm); bottom row: after replacement with a synthetic graft; (g, c) diastole;
(b, d) systole. Of note is a considerable lumen narrowing after surgery, with a relatively small distensibility of the ascending aorta.

aortography with ECG gating, according to the method
well-studied in biomechanical experiments [10, 11]:
ddiast2 x(1-0,25) x B’Dpulse
E 2 hx 0d, x 1333 (),
where E = Young's modulus (Pa),

d;, = transverse aortic diameter during diastole,

Ad,,,, = increase in the aortic diameter during systole,

0.25 = squared Poisson'’s ratio for the aortic wall, which
is known to be 0.5 [11],

h = aortic wall thickness during diastole (Fig. 2b),

BP, s = pulse pressure, and

133.3 = conversion factor (mmHg to Pa).

The ascending aortic volume was calculated, from the
supravalvular level to the middle of the aortic arch (between
the brachiocephalic trunk and opening of the left common
carotid artery), during systole and diastole. The ascending
aorta was visualized as a deformed, incompressibly curved,
truncated cone with the length [ (length of the aortic
valve-middle of the aortic arch area; Fig. 1a), with the base
radius determined by transverse slices in the cine mode:

ulse

DOI: https://doiorg/1017816/DD568070

lower base radius, R, and upper base radius, r. In this case,
the volume of the deformed truncated cone (the ascending
aorta) can be with high accuracy estimated as follows [13]:

V="Vl (R%+ Rr + r?) (&)

The systolic expansion volume of the aorta AV, was
determined by the difference between systolic and diastolic
volumes of the ascending aorta. This parameter determines
the blood volume available for the coronary blood supply to
the cardiac muscle during diastole, when the primary blood
supply to the cardiac muscle occurs [6, 14].

The patient underwent replacement of the ascending aorta
and partial arch replacement with assisted circulation, using
a 35 mm synthetic graft GORE-TEX (W.L. Gore & Associates,
USA). Aortic valve replacement was not performed, as no
significant aortic valve insufficiency was noted, and the area
of the effective hemodynamic lumen during systole was
>2.0 cm?. The brachiocephalic trunk ostium was implanted in
the respective branch of the graft; postoperatively, no blood
supply disturbances in the right common carotid artery and
subclavian artery territories were observed.
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No postoperative surgical complications, including
inflammation, and signs of vital organ blood supply
disturbances were noted. Sinus tachycardia at rest was
reported (82-92 bpm), which worsened significantly on
mild exertion. The preoperative glomerular filtration rate
was 57-65 mL/min x 1.73 m?, which was maintained after
surgery. The patient required long-term oxygen support,
because only with then her condition was subjectively close
to normal. Imaging and clinical biochemistry studies revealed
no signs of postoperative myocardial infarction. Without
oxygen support using a membrane oxygen concentrator, the
p0, level was 81%-83%; when a concentrator was used, this
parameter increased to 93%-95% or higher (occasionally,
at rest). Perfusion single-photon computed tomography with
#mTc-labeled beads revealed no signs of thrombosis or
pulmonary embolism.

Following the surgery, the exercise tolerance decreased
significantly compared to baseline and remained minimal
during the inpatient postoperative period and after discharge.
The patient resides on the second floor and can only get there
by elevator; an outpatient MRI required the use of an oxygen
concentrator.

A follow-up examination (cardiac MRI and MR
elastography of the aortic wall) was performed 4 months
after surgery; the findings compared to baseline are
presented in Tables 1 and 2.

Aortic elasticity parameters improved dramatically
following surgery; however, they still exceeded the normal
value [8]. However, the systolic expansion volume of the
ascending aorta (AV,) decreased significantly due to a
decrease in the aortic diameter by 2 cm.

The postoperative Young's modulus for the aortic wall
(specifically, for the ascending aortic graft) decreased,
whereas the elasticity increased. However, generally,

Vol.5 (2) 2024
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the systolic expansion volume of the aorta decreased to
approximately 5 mL (Table 2), which is insufficient for
adequate coronary blood supply [8]. The physical dimensions
of the graft corresponded to those specified in the documents.
Thus, even in the absence of significant coronary stenoses
and with an ideal surgical technique of ascending aortic
replacement, insufficient distensibility of the aortic wall
became a critical factor, limiting exercise tolerance after
surgery and contributing to left ventricular failure, although
without acute myocardial infarction.

DISCUSSION

When assessing aortic stiffness, methods initially tested
in animal studies are used [15, 16, 17], such as external
transmission of a high-frequency mechanical wave to the
aorta, using a special MRI-compatible vibration generator,
followed by an MRI recording of wave transmission along
the aortic wall [15, 18, 19]. This method, adapted from
solid-organ elasticity studies, is commonly used [18, 19, 20].

The high-frequency method of mechanical aortic elasticity
assessment allows for the calculation of this parameter
throughout the anatomical study area (along the length of
the aorta) [19]. However, the aortic volume at a specific
level, particularly at the level of the ascending aorta, is not
considered [2]. The volume of various parts of the aorta in
the case of pathologies has recently become a subject of
interest [15].

In this context, the distensibility of the aortic lumen during
a cardiac cycle following changes in aortic pressure is a more
physiological parameter [12]. Regarding the ascending aorta,
it allows for direct assessment of the blood volume available
for pumping into the coronary bed during diastole [12]. In
the present case, this parameter allowed determining the

Table 1. Cardiac magnetic resonance imaging findings in patient B-k before and after aortic replacement

Left ventricular LVEDV, | LVEF, Left atrial Pulmpnary
; 0 LVESY, g artery diameter,
myocardium mass, g mL % volume, mL mm
Baseline (at admission) 165 79.4 83 165 55.7 23
After ascending aortic 161 94.2 73 161 69.4 28

replacement

Note: LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume. Parameters
indicating the progression of heart failure (increased LVEDV, decreased LVEF, increased left atrial volume, and pulmonary artery expansion by 4 mm)

are in bold text.

Table 2. Magnetic resonance elastometry of the ascending aortic wall in patient B-k before and after aortic replacement

Young's modulus for Ascending aortic distensibility AV
the ascending aortic SYLS"
wall, Pa Absolute Adjusted = absolute/pulse pressure m
Baseline (at admission) 0,58x10¢ 0.0043 0.0043/25 = 1.72x10°% 13.28
After ascending aortic 0,260x10¢ 0.0161 0.0161/20 = 8.05x10" 495

replacement
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exact cause of the patient’s postoperative condition, which
was initially attributed to undetected flaws of the surgical
technique; however, the existence of these flaws was later
disproved.

This demonstrates that the aorta is crucial for adequate
coronary blood supply to the cardiac muscle [6, 12]. In the
case of ascending aortic replacement, the graft elasticity
plays a critical role [7]. It is even more relevant considering
that aortic wall inflammation [24] and stiffness [25] are
associated with the incidence and severity of cerebrovascular
accidents. Single-center [12] and multicenter studies [8, 26]
confirmed that increased aortic wall stiffness is a predictor
of increased incidence of coronary disorders in patients
with myocardial infarction. In patients with cardiovascular
diseases that do not require cardiac surgery, drug therapy
can significantly improve aortic distensibility and elasticity
[27].

As previously stated, further development of ascending
aortic grafts is focused on the use of synthetic and
multicomponent materials with preserved elasticity, which
ensure adequate diastolic blood supply to the cardiac muscle
and exercise tolerance [7]. Manufacturers are aware of this
issue [28, 29], which is shown in the present case: the
mechanical aortic wall stiffness after surgery decreased
more than twofold compared to the aorta with aneurysm
before surgery, whereas the distensibility increased more
than threefold (Table 2). However, considering the graft
diameter, which is decreased compared to the baseline
aneurysm, modern synthetic materials cannot maintain the
systolic expansion volume of the ascending aorta (AV ).

In this regard, biological aortic grafts [29, 30] produced
using special technologies from major vessels of cattle, with
preserved structure of collagen and elastin fibers, provide an
advantage regarding mechanical distensibility and elasticity.
Currently, these are the only grafts capable of maintaining
the wall distensibility of a complex hemodynamic structure
such as the aorta [30]. MR elastometry can be used for
aortic elasticity monitoring after replacement, with the
desired frequency and duration of follow-up [8]. It can be
used to assess the aortic wall and mechanical distensibility
parameters in patients with ascending aortic replacement
and in experimental settings.

CONCLUSION

MR elastometry provides therapeutically valuable
information when used for the quantitative assessment of
the biomechanical state of the ascending aorta. This should
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