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Abstract. When combining cardiovascular magnetic resonance imag-
ing (CMR) with pressure catheter measurements, the acquired image
and pressure data need to be synchronized in time. The time offset be-
tween the image and pressure data depends on a number of factors, such
as the type and settings of the MR sequence, duration and shape of
QRS complex or the type of catheter, and cannot be typically estimated
beforehand. In the present work we propose using a biophysical heart
model to synchronize the left ventricular (LV) pressure and volume (P-
V) data. Ten patients, who underwent CMR and LV catheterization,
were included. A biophysical model of reduced geometrical complexity
with physiologically substantiated timing of each phase of the cardiac
cycle was first adjusted to individual patients using basic morphological
and functional indicators. The pressure and volume waveforms simulated
by the patient-specific models were then used as templates to detect the
time offset between the acquired ventricular pressure and volume wave-
forms. Time-varying ventricular elastance was derived from clinical data
both as originally acquired as well as when time-synchronized, and nor-
malized with respect to end-systolic time and maximum elastance value
(Eé\rfig(t)7 Eﬁsyn(t), respectively). Eﬁsyn(t) was significantly closer to the
experimentally obtained Eg(p(t) published in the literature (p<0.05, L?
norm). The work concludes that the model-driven time-synchronization
of P-V data obtained by catheter measurement and CMR allows to gen-
erate high quality P-V loops, which can then be used for clinical inter-
pretation.

Keywords: interventional cardiovascular magnetic resonance imaging -
time-synchronization of clinical data - cardiovascular modeling - pressure-
volume loops - personalized medicine - translational research



2

FIMH2021, 030, v3 (final): "Model-assisted time-synchronization of cardiac MR image and . ..

2 M. Gusseva et al.
1 Introduction

The analysis of intraventricular pressure-volume (P-V) loops contributes to the
detailed assessment of the heart function and can be employed when planning a
complex intervention. Combining the catheter pressure measurement with car-
diovascular magnetic resonance imaging (CMR) yields rich morphological and
functional datasets of the current state of patients’ pathology. However, the
recorded ventricular pressures and volumes are often not precisely synchronous,
even during a simultaneous acquisition, which affects the shape of the P-V loop
(see Fig. 1). There are three principal reasons for this P-V dyssynchrony:

1. Data of cine MRI are obtained over a number of cardiac cycles and the
reconstructed time-volume plot therefore represents an average cycle during
the acquisition.

2. The detection of R-peak in the strong magnetic field of MRI is known to
be challenging, particularly in patients with a pathological QRS complex
in whom the S wave or R’ wave (e.g. in some right bundle branch block
patients) may be detected instead. This leads into the time offset up to the
QRS duration.

3. The fluid-filled catheter is known to record the pressure changes with some
delay, which varies depending e.g. on the catheter size.

The time offset caused by these points varies among the patients and practi-
cally cannot be predicted beforehand. In this work we propose to create biophys-
ical models of a reduced complexity using the patient-specific information of the
maximum and minimum ventricular volume and pressure provided by the CMR
and catheter data. These models will then be used as a template for the time-
synchronization of the measured P-V data (see the pipeline depicted in Fig. 2).
Qualitative assessment will be carried out by plotting the P-V loops using the
original and the time-synchronized pressure and volume waveforms. The quan-
titative comparison will be performed by comparing the generated ventricular
time-varying elastance functions with the experimentally obtained time-varying
elastance published by Suga et al. [15]. Furthermore, some functional character-
istics of the cardiovascular system not directly visible in the data can be obtained
thanks to using a patient-specific biophysical model.

2 Methods

2.1 Data

Datasets of left ventricles of ten patients with repaired tetralogy of Fallot (rTOF)
were included in the study. The data collections were performed under the eth-
ical approvals of the Institutional Review Board of UT Southwestern Medical
Center Dallas (STU-2020-0023). The IRB waived the need for a consent to use
the anonymized retrospective data. Cine MRI data with retrospective ECG gat-
ing (with parallel factor SENSE=2, temporal resolution ~30 ms) covering both
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Fig. 1. Illustration of the pressure-volume (P-V) offsets on the shape of the P-V loop
in the measured data.

ventricles and phase-contrast flow through the aortic valve were acquired. The
ventricular volumes from cine MRI were obtained using the CVI42 software (Cir-
cle Cardiovascular Imaging Inc., Calgary, Canada) combined with the motion
tracking algorithm of [4]. The catherization was performed in a separate session
after CMR. A left-heart cathether was advanced into aorta and left ventricle,
where the pressures were recorded during a breath-hold.

~Volume ventricle CMR: Cath: ECG: — Volume t-syn
‘‘‘‘‘‘‘ Pressure ventricle EDV EDP  QRSd - —Pressure t-syn
P-V loop ESV ESP ST : P-V loop t-syn
Heart model
Time offset
Mechanical properties| |
time time time

(a) Original data (b) Patient-specific model  (c¢) Time-synchronizion

Fig. 2. Time-synchronization pipeline. (a) Original pressure-volume (P-V) data; (b)
Patient-specific time offset detected by the model (black arrows); (c) Time offset de-
tected in (b) applied on original P-V data in (a) to obtain time-synchronized (t-syn)
P-V data (solid lines). ED/ESV: end-diastolic/-systolic volumes (ventricle); ED/ESP:
end-diastolic/-systolic pressures (ventricle); ECG: electrocardiogram timings.

2.2 Biophysical heart model

A reduced-complexity biomechanical model of left ventricle (LV) and systemic
circulation was employed [1]. The schematics of the model is depicted in Fig. 3.
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The geometry and kinematics of the ventricle are reduced to a sphere with an
inner radius R and a wall thickness d, while the constitutive mechanical laws are
preserved as in the full 3D heart model [3,12]. The mechanical behavior of the
myocardium is described by a rheological model of Hill-Maxwell type [5] that
contains an active contractile component (actin-myosin complex) and a visco-
elastic component (collagen-rich elements in the surrounding connective tissue).
The active component is represented within Huxley’s sliding filament theory
[6,7]. All myosin filaments in the sarcomere unit are considered as a series of
springs, with active stress (7.) and active stiffness (k.) produced for sarcomere
extension (egp,) given by, see [3]:

kc = —(|u\ + a\éﬁb\)kc + no(eﬁb)k0|u|+ (1)

Te = —(Ju] + olégn|) e + éanke + nolesn)oolul4,

where u(t) is an electrical activation function representing intracellular calcium
kinetics that induces contraction (when u > 0) or relaxation (u < 0) of the
myocardium (Fig. 3b). The parameter « is a bridge destruction rate upon rapid
change in length in the sarcomere [3]. The parameter oy is the active stress
developed by the sarcomere during systole under optimal extension egp, and
no(eap) € [0, 1] represents the Frank-Starling law [3]. The parameter oy will be
further referred to as the contractility.

The model was turned into patient-specific regime according to the sequen-
tial calibration procedure described in [10]. Briefly, the 2-stage Windkessel model
was adjusted by imposing the flow measured by phase-contrast MRI aiming to
match the maximum and minimum aortic pressure and the pressure at the di-
crotic notch. Then, the LV wall thickness and the ventricular volume were pre-
scribed according to the cine MRI. The model stress-free configuration was as-
sumed as in the experimental data of [8]. The ventricular preload was prescribed
from the measured end-diastolic ventricular pressure. Passive myocardial proper-
ties were calibrated to match the measured end-diastolic volume under imposed
preload. Myocardial contractility was adjusted to match the measured stroke
volume. Patient-specific parameters adjusted during this process, therefore were
in the Windkessel model: distal and proximal resistances of the circulation, dis-
tal capacitance of the circulation; in the heart model: myocardial stiffness and
contractility. Ventricular stroke work was calculated as the area encompassed
within the model-derived P-V loop.

2.3 Time-synchronization

Thanks to the biophysical and physiological character of the model, the timing
of the cardiac phases was considered as a reference. The simulated waveforms
were therefore used as templates to time-synchronize the original data to find an
optimal time offset t,gset between the measured data and the model, minimizing
the criterion:

toffset

min / TF) — gt — toen))?dt, (2)
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Fig. 3. (a) Coupling of the heart with atrioventricular and arterial valves via system
of diodes and with circulation system represented by a two-stage Windkessel model.
Pat, Pv Par, Piist, Pys stand for pressures in left atrium, left ventricle, aorta, distal sys-
temic circulation and venous system; Rproz, Cproz, Raist, Caist are proximal and distal
resistances and capacitances in Windkessel model; (b) Electrical activation function
u(t) (black line) with imposed timings of duration of QRS and ST segment from elec-
trocardiogram measurements.

where f(t) represents the simulated LV pressure or volume; g(¢) represents the
measured ventricular pressure (volume); tgg is the time of end-systole in the
data.

The P-V loops were constructed by using both original and time-synchronized
waveforms. Time-varying elastance was computed for the original and time-
synchronized data as:

Porig/t—syn (t) (3)
Vorig/t—syn (t) ’

where Prig/t-syn(t), Vorig/t-syn(t) are LV pressures and volumes as originally
measured / time-synchronized. The time-varying elastances were then double-
normalized in time (with respect to the end-systolic time tgs) and with respect
to the maximal elastance value, as in Suga et al. [15]:

Eorig/t—syn (t) =

_ E(t-tgg)
BN (f) = max(zs) . )

2.4 Statistical analysis

The distances between the normalized time-varying elastance obtained from the

original, time-synchronized data, respectively (E(Z)\]iig7 EtJYSyn, respectively) and

the experimentally obtained EZ, (by Suga et al. [15]) were compared using the
L? norm over the whole cardiac cycle, i.e. relative distance RD is given by

[12 — BL, Iz

RD EN‘ ] EN _ orig/t-syn
( orig/t-syn’ cxp) ||Eé]\>/;p”L2

(5)

Wilcoxon signed-rank tests at p<0.05 were conducted to assess the difference
between RD(EY. | EN ) and RD(EY,, ,, EX.).

orig’ exp t-syn» ~exp
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3 Results

Fig. 4 shows an example of the patient-specific model and the model-based
time-synchronization for Patient #6. Fig. 5 displays P-V loops for selected pa-
tients, while using original or time-synchronized pressure and volume waveforms.
Fig. 6(a) shows for patient #6 Eg i /t_syn(f) (original and time-synchronized data,
respectively), in comparison with the experimentally obtained Eg(p(f). Median
RD(Eé\[ig,Eg(p) and RD(EY, ,, EY,) (original and time-synchronized data for
all patients) were 0.16 and 0.03, respectively, as shown in Fig. 6(b). According
to the Wilcoxon signed-rank test, E}N syn (t) was significantly closer to Eg(p(f)
(p<0.05). Table 1 shows the time offsets for all patients detected by the proposed
procedure between original and time-synchronized data. Table 1 (right columns)
shows examples of patient-specific quantities derived by the model characterizing

the functional state of the heart and circulation system.
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Fig. 4. Example of data-model coupling for Patient #6. Top: model calibration versus
original (non-synchronized) data; bottom: model calibration versus time-synchronized
data.

4 Discussion

In this work we developed a time-synchronization protocol for the ventricular
pressure obtained by catheter measurement and volume from cine MRI using
a patient-specific computational model. Fig. 5 shows a qualitative improvement
of the P-V loops after time-synchronizing the pressure and volume data. The
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Fig. 6. (a) Normalized elastance for a selected patient versus elastance in [15] (b)
Boxplots of relative distance (RD) of normalized elastance between original/time-
synchronized data and the elastance in [15] for all patients. Central line inside the
boxes indicates the median, and the bottom and top edges of the boxes show the 25th
and 75th percentiles, respectively. The star indicates significant difference at p<0.05.
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Table 1. Model-derived time offsets and biophysical parameters. QRSd: QRS duration;
MRI: magnetic resonance imaging; Cath: catherization; Raist: distal resistance of the

circulation.
Heart rate|| Time offsets Mechanical indicators
QRSd|MRI|Cath||Pressure-volume||Contractility | Stroke work Raist
s |bpm|bpm s kPa mJ x10%Pa x s/m?
Pt #1 |0.089| 70 | 74 0.081 95 698 1.05
Pt #2 |0.165| 83 | 61 0.142 85 853 0.52
Pt #3 |0.129| 88 | 87 0.139 86 367 1.55
Pt #4 |0.133| 81 | 59 0.098 100 893 0.85
Pt #5 (0.147| 91 | 67 0.139 73 467 1.60
Pt #6 |0.163| 82 | 75 0.120 73 462 1.40
Pt #7 |0.129| 75 | 74 0.106 67 445 0.90
Pt #8 |0.096| 74 | 95 0.161 56 304 1.10
Pt #9 |0.146| 79 | 79 0.158 48 328 1.30
Pt #10/0.129| 49 | 75 0.086 80 907 0.54
Patient #5
50 - Original data 1
-------- Time-synchronized data
—— Simulation
S 40
I
€
E 307
e
@ 20r
8
Z 1ot
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-10 L L L
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Fig. 7. Pressure-volume loops for right ventricle of patient #5 with 11% and 30% of
tricuspid and pulmonary regurgitation, respectively.
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box plot in Fig. 6 shows that in all 10 patients the shape of normalized time-
varying elastance obtained from time-synchronized P-V data is substantially
closer to the experimentally measured curve [15]. This suggests that the time-
synchronization restores the time-varying elastance to give a physiologically more
meaningful relationship. Even though the time-varying elastance obtained in
[15] was obtained in dogs, some data obtained in other animal species (e.g.
pigs [13]) or even from invasive measurements in human patients [14, 9] suggest
their compatibility with [15]. Therefore, in the present work we assumed the
normalized time-varying elastance [15] to be a physiological representative of
ventricular pressure-volume relationship. The time offsets detected by the model
appeared to vary among the patients (Table 1) demonstrating that the same
offset cannot be applied to all patients even though the same setup of MR
acquisition was used. The offsets between P-V data were between 0.081 and
0.161 s, what is in the order of the QRS duration in all patients in our study. In
addition to that in patients #2, #4, #5, #10 the difference between MRI and
pressure heart rates was more that 30%. Therefore we hypothesize that when
combining MRI and catherization techniques the offsets in the P-V data might
be associated with several factors: wide QRS complex, difference in the heart
rates, and an error in the order of temporal resolution of the MRI (0.020-0.030s).

The model employed in this work was a biomechanical model incorporat-
ing physiology of muscle contraction built on various spatial scales. Of note,
any other heart model with adequate timings of P-V change could be used
as a template in the proposed time-synchronization method. The advantage
of using our model [3] is that it can also account for the valvular mechanics
(inflow and/or outflow valve regurgitation, see [2]) and hence can be used for
time-synchronization of the ventricles with more complicated physiology. Fig. 7
shows an example of model-assisted time-synchronization of the right ventricle
of Patient #5 with 11% and 30% of tricuspid and pulmonary regurgitation, re-
spectively, where the absence of isovolumic phases would have limited the ability
to yield a physiological P-V loop without using a model as a resynchronization
template. In addition, the advantage of using a truly biophysical model is that
it provides, as a “side effect”, additional patient-specific mechanical indicators
of various compartments of the cardiovascular system (some examples are dis-
played in Table 1). Those may not be directly visible in the data but are clinically
relevant. For instance, myocardial contractility characterizes the functionality of
the ventricle, the stroke work can provide information about myocardial energet-
ics, and the distal resistance of the circulation system is an important indicator
of a functional state or cardiovascular health in a variety of pathologies. The
proposed time-synchronization strategy is not limited neither to the CMR &
catherization data acquisition protocol nor to the ventricular pressure & volume
data itself, and could be utilized in the variety of patients’ data. It can be used
e.g. to time-synchronize data acquired in an interventional CMR suite (iCMR,
[11]). Moreover, the model can substitute e.g. a missing part of the cardiac cycle
in the volume waveform (typically, in highly accelerated cine MRI in prospective
ECG trigger).
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5 Conclusion

Time-synchronization of data using patient-specific biophysical modeling can be
applied when combining various imaging techniques (echoardiography, dynamic
CT, or CMR) and/or when imaging is combined with catherization data. The
proposed modeling framework is fast in computational time and can be employed
in clinical settings allowing to plot high-quality P-V loops and extract some
useful functional indices of the cardiovascular system.
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