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Deposition of amyloid in the heart can lead to cardiac dilain and impair its pumping
ability. This ultimately leads to heart failure with worsémy symptoms of breathlessness
and fatigue due to the progressive loss of elasticity of the gocardium. Biomarkers linked
to the clinical deterioration can be crucial in developingféective treatments. However, to
date the progression of cardiac amyloidosis is poorly chareerized. There is an urgent
need to identify key predictors for disease progression andardiac tissue function. In
this proof of concept study, we estimate a group of new markes based on mathematical
models of the left ventricle derived from routine clinical agnetic resonance imaging and
follow-up scans from the National Amyloidosis Center at th®oyal Free in London. Using
mechanical modeling and statistical classi cation, we shw that it is possible to predict
disease progression. Our predictions agree with clinicalssessments in a double-blind
test in six out of the seven sample cases studied. Importantl we nd that multiple

factors need to be used in the classi cation, which includesmechanical, geometrical
and shape features. No single marker can yield reliable préstion given the complexity
of the growth and remodeling process of diseased hearts undeyoing high-dimensional
shape changes. Our approach is promising in terms of clinidaranslation but the results
presented should be interpreted with caution due to the smalsample size.

Keywords: cardiac amyloidosis, left ventricle, model-based ma
analysis, MRI

rkers, classi cation, strain and stress, shape

1. INTRODUCTION

Amyloidosis occurs when proteins that take abnormal form&wn as amyloid deposits build
up in the tissues. These deposits are composed of abnormaliprbts that accumulate more
quickly than they are cleared away, and thus interfere withgtructure and function of a ected
organs throughout the body. These include the heart, ligkim, lungs, kidneys, and nervous
system Gertz et al., 20)3When amyloid brils in Itrate in myocardium, the ventrites will show
impaired contraction and relaxation. This is known as cacdinyloidosis. The most prevalent
forms of cardiac amyloidosis are known as Transthyretilated (ATTR) and immunoglobulin
light chain (AL) amyloidosis (formerly known as primary amidosis). Untreated cardiac amyloid,
particularly the AL type, can be life-threatening, the medsamvival of patients is half a year from
the onset of heart failurefrogan et al., 2037
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Lietal. Predicting Amyloidosis Progression

The left ventricle (LV) with amyloid becomes rm, rubbery the best of the authors' knowledge, this is the rst time that
and sti, similar to hypertrophic cardiomyopathykholova and cardiac amyloidosis progression has been studied in a cazdbin
Niessen, 2005Further, the ventricular wall is thickene@érroll  mechanical and statistical approach, based on longitudinal
et al., 1982; Kholova and Niessen, 2005; Quarta et aimages of real patients during treatments.

2012; Martinez-NaharrO et al., 20l18particularly in the
interventricular septumfirenzel et al., 19§gbut the ventricular
cavity does not dilate much<nolova and Niessen, 20D%ence, 2. METHODS

the functional defect in amyloidosis is associated to the “s 2 1. CMR-Based LV Model Construction

heart” syndrome, with the LV end-diastolic pressure risioggt 5 1 1 cMR Imaging

least 10 mmHg higher than normal subjectSfew et al., 1975; the study consists of CMR images from seven cardiac
Swanton et al., 19)7As a result, the amyloidosis myocardium 5y iidosis patients before treatment (baseline) and at 6 or
material properties also altered¢tre etal., 2005 _ months after the treatment (follow-up). The information ofl a

With e ective treatments, it is hoped that amyloid deposits p4tients is inTable 1 Each patient has been clinically classi ed
can graduglly diminish in patients. However, although vaso ¢ recovery, worsening, and stable (no obvious change). The
anti-amyloid drugs are being researched, none has be&lysessment was based on the clonal response to chemotherapy
introduced into routine clinical practice. A standing cfelge g progression/regression on the extracellular volume. The
in developing anti-amyloid drugs is the diculty of reliably niomechanical modeling analysis in this paper is blind to the
assessing the disease progression non-invasively andwitai  ¢jinica assessment and the CMR imaging acquisition, brie y

short follow-up duration, because subtle changes insi&u8s g, mmarized in Appendix A.1, has been described in detail
with reduced amyloid deposits are not always visible in clihic elsewhereRontana et al., 20)5

images, such as cardiac magnetic resonance (CMR) imaging.

Using .Doppler echocardiqgraphy, Koyama et al. founq thab 1 2 ventricular Model Reconstruction
the early impairment in systolic function of a cardiac amyllosis o prolate spherical coordinate system is used to reconstruct the
heart can be re ected by changed longitudinal strain andistr |, geometry following the steps ihiu et al. (2009) Short-
rate (Koyama et al., 2003Both circumferential and longitudinal 5yis and long-axis cine images (Figure Al) at a total of 13
strains are found to be substantially lower in an amyloidosijme instants in diastole are used to warp the LV geometry.
LV, compared with a normal, or hypertrophic cardiomyopathy the | wall boundaries are manually segmented using an in-
LV (Sun et al., 2009; Buss et al,, 20X2MR images are used poyse Matlab codeGao et al., 2097 and all short-axis LV
to diagnose cardiac amyloid with late gadolinium enhanceme \yq|| houndaries are aligned to the images of the horizontadlo
(LGE) (vogelsberg et al., 2008; Liu et al., 2013; Dungu et ahyijs the vertical long axis, and the left ventricular owy dract,
2019 or delayed enhancement\(nite et al., 201}t Based on  yegpectively. In order to align the LV geometries along theglon
CMR basal and apical short-axis images, White et al. showegdis at di erent times, we rst determine the distance between
that the peak LV twist rate and untwist rates are signi cantlyihe most-basal short-axis image and the mitral annulus ring,
lower in patients with cardiac amyloid LM/\(hite et al., 201} genoted agd at time t. Following this, the most-basal short-
Nucifora et al. (2014ineasured the circumferential strain of 61 5yig image is moved toward the annuls ring along the long
amyloidosis patients using tagging CMR and found the peakyis with a distance oy min(d), (i D 1,...13, representing
circumferential strain could be a potential clinical biorkar. the it short axis image at diastole). Note that the long axis is

In previous studies, strain and material sti ness were foundye neg by connecting the center of the LV base and the apex.
to be associated with cardiac a_myloidos_is. However, thx_ere in order to align the LV geometries circumferentially, thegies
much to be done on understanding the disease progression @f right ventricular insertion points are de ned in the bagaine

cardiac amyloid. Needless to say, nding a reliable clasgion (corresponding to the most-basal short-axis image)near the
based on suitable biomarkers is crucially important in asisgs

the e ectiveness of amyloidosis treatments and any clinical
trials for new drugs. Despite major research development of
computational cardiac models, which can provide a rich set 0fagLEe 1 | cardiac amyloidosis patients and treatment details.
biomarkers, it is perhaps surprising that very little modeling

e ort has focused on cardiac amyloidosiSi{apelle et al., 20)5 ©Case Age  Sex Welight Blood pressure dGadO“”‘“m
and no studies considered the relation to amyloidosis disea ko) (mmHg) osage (mL)
progression. Baseline Baseline Baseline Follow-up Baseline Follow-up

The aim of this work is to carry out an image-derived

mechanical and statistical modeling approach for LVs witht 62 M 110 7942 96/61 22 17.8
amyloidosis progression. We systemically checked multiplé 55 F 78.9  106/71  131/80  15.8 16
factors, including the strains, stresses, p-V curve, LV shapé 54 F 75 115/68  108/71 16.2 15
and volume of a group of amyloidosis patients before and aftet 70 M 67.8  94/62  96/61 13.6 13.1
treatment. The biomechanical modeling analysis was blirttiéo > 65 M 57 11ue9  107/71 114 12.3
clinical assessment, and the classi cation based on theipril 6 59 F 87.8  112/69  129/83  17.6 21
factors compares favorably with the clinical observation. T 7 72 M 754 106/66  108/71 15.1 11.5
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inferior segment, and, near the anterior segment, as shown in ~ Since each LV geometry has the same mesh connectivity, after

Figure 1at two di erent time instances. Then, for LV geometries co-registration of all LV geometries, a mapping can be estabdd

at di erent times, the basal plane is aligned by matching thdor every element of the LV geometry at di erent time frames.

insertion points atvy, and the same number of elements areThe deformation gradient related to the rst time frame (at

assigned to the septum circumferentially when generatirgy thearly-diastole) can be readily calculatedFRaD %, whereX

layered hexhedron meskigure 2 shows the reconstructed LV and x are position vectors at the rst and later time frames,

at early-diastole, right after isovolumetric relaxatiomen the respectively. We further obtain the circumferential directi(c)

mitral valve just opens and the ventricular pressure is theeltw locally with respect to the long axis, and the transmural diget

for all patients both before and after treatment. This chadée (r) pointing from endocardium to epicardium, and then the local

reference con guration has been used in the literatu@e(et longitudinal directionl D r ¢, which follows local geometrical

etal., 2014; Gaoetal., 2017 curvature (Gao et al., 2013aThis enables us to compute the
A rule-based approachPptse et al., 2006is adopted to circumferential and longitudinal strains &s: D c(%(FTF 1o

generate myo ber structure within the LV wall, with bersviad andE; D | (3(FTF 1)), in which| is the identity matrix.

linearly from 6C° at the epicardium to 6Dat the endocardium, Note the reference state for strain calculation is earbstble, not

and the sheet angle from 45° at the epicardium to 45at  end-diastole which is usually adopted in clinics.

the endocardium (sekigure 3A). Because the reconstructed LV

geometries are tted to one standard template mesh afterdong2.2. Personalized Biomechanical LV Model

axis and circumferential alignment, we may reasonablyrassu 2.2.1. Constitutive Law

that elements with the same index from LV models at di erentWe use the Holzapfel-Ogden strain energy function to describe

times are co-registered. As shown ligure 3B, three short- myocardial passive propertied¢lzapfel and Ogden, 20p9

axis planes are further de ned for extracting strains. Withi X

each selected plane, 20 regions distributed equally aloeg tly p —exp(o(ll 3))C i[exp(bi(max(lm,l) 19 1]

circumferential direction are selected to obtain regicaaérage iDf.s

strains. In total, 60 circumferential strains are measufien

CMR derived LV models. bf = [explyslgs 1] (1)

FIGURE 1 | De nition of right ventricular insertion points at the basaplane in order to align LV geometries circumferentially atifferent time instances.

Case 1 Case 2 Case 6

' (;.
Baseline
<, «, <. e ' (4
Follow-up

FIGURE 2 | Generated LV geometrical models based on the CMR images andeir meshes at early-diastole of seven patients in baselirend follow-up scans.
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Epi-edge

FIGURE 3 | Schematic illustration of myo ber orientation(A) and selected three layers in the LV walB).

Wherea, b, a, bf, as, bs, &s, bfs are patient-dependent material TABLE 2 | Wall volume ratio and estimated end-diastolic pressure ohe
parameters, and; (i D 1,4f,4s) are invariants of the right @mylodosis patients.

Cauchy-Green tensor. A more detailed description of the nhode Vyall SViy Peo (mmHg)
(1) can be found inHolzapfel and Ogden (2009and its

applications in LV modeling should be referred@bktepe et al.
(2011) Wang et al. (2013)Gao et al. (2014bandWang et al.

(2014) Di erentiation of the strain energy function (1) with

Case Baseline Follow-up Baseline Follow-up

2.2066 2.4505 17.38 15.65

R . R 1.5379 1.8881 10.91 13.39
respect to the displacements and applying constraints related 57001 28163 1047 9707
various conservation laws leads to a set of equations thaede 1'9746 1'6576 14'01 11'76
the cardiac dynamics. These equations are solved numlgrical ' ' ’ )
. . . . . . . 2.2003 2.6155 15.57 18.55
using nite element discretization, implemented in ABAQUS
software 6.11. 6 3.2463 3.196 23.03 22.67
o 7 35 5.0283 24.83 35.67
2.2.2. Boundary Conditions
Early-diastole is used as the reference con guration. The
following boundary conditions are applied at the most basal
plane (se€igure 3B), Pep D Vial=Viv 3)
. Peom  (VwarimViv)™'
edg edg . . .
2 U970 D ugMR(M),  uyT) D ugMR(), where Pepn is the mean end-diastolic pressure, taken to be
S ugdge(t) DO, on the epicardial edge (2) 19mmHg based on measurements Ritehn et al. (1992and

Bou dou et al. (2010) Vyai=VLy is the ratio of the LV wall
volume to the LV chamber volume. Its mean valyg,=Viy)™

at early-diastole before treatment is 2.678. The scBigdfor
whereu§?%® ug?% SR, ugMR are the displacementsintixand  each patient is listed ifable 2 This range of pressure values
y directions determined from the model and the CMR images aseems to be consistent with clinical observations of amgki&l
the epicardial edge in the most basal plane {Sgere 3B). patients Bhuiyan et al., 20)1

The diastolic pressure pro le is assumed to be linear between

zero at early-diastolet( D 0s) and Pgp at end-diastole 2.2.3. Parameter Inference
(t D 1s), following Gteendijk et al., 2004t here is a For each amyloidosis patient, the material parameters in
pseudo simulation time. The values Bfp should be patient- Equation (1) are inferred by using an optimization algorithm
speci c. However, as the pressure measurements are invasi@ough minimizing an objective function (the dierence
this information is not available fronin vivo studies. On the between the model and imaged-derived P-V curve and
other hand, the literature suggests that all amyloidosisepsg ~ circumferential strains). Sensitivity analysis in our poes
have increased wall thickness and higher pressure comparétidy (Gao et al, 20)5shows the ranking order of the
with normal subjectsiholova and Niessen, 2005; Quarta et al. parameters, from the most signi cant to the least, is
2012; Martinez-NaharrO et al., 20Ll#ence, we assunf&p is
proportional to scaled LV wall volume as follows: a>as>a>hbk>b bg>as b 4

" ubasgt) D 0, excluding the epicardial edge
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This allows us to divide the parameters in Equation (1) int@tw In the second equation of (6), two unknowns remalig bx. Let
groups, the rst group includes, b, &, b, ars, and the second D by=bxs, we write

group involvesas, bs, bs. The rst group may be determined (
with higher accuracy than the second group because of theehig bs D by= ®)
sensitivity to clinical measurements, although this may be bts D m '

true all the time as the material model is strongly nonline&s

such, a two-step approach is used. In the rst step, parameteisis easy to see that 2 [1.44, 2.96] from data ir5ao et al.
of the rst group are determined by minimizing the following (2015)and Palit et al. (2018)Thus in the second step, is
objective function with the parameters in the second groupptimized by minimizing the objective functioRg in Equation
taking the values frontzao et al. (2015for healthy volunteers (5).

estimated aPgpy, D 8 mmHg (@s D 0.5426 kPahs D 1.5998, The owchart of the two-step optimization method and

brs D 3.3900): the inferred parameters are given iAppendixA.2. The

8 uncertainties of these parameters are evaluated using tltiegs

Fve D Ry C Fe bootstrap method Efron and Tibshirani, 1986 as described
% Mne in Appendix A.2.

FV D Wy [(ViFEA ViCMR):ViCMR]Z . o

. (®)  2.3. Shape Analysis and Statistical
er’feg e . .
_§|:E D Ve (BeqEA BETR)2 Classi cation
layer™9 kp1 jD1 iD1 v v For feature comparison between the amyloidosis patients and

control, we make use of the LV geometries of 26 healthy stgjec
where njyer is the number of layers consideredgyer D 3 from our previous study Gao et al., 2097 Basic characteristics
indexed byk; nime is the number of time stepspime D  for the healthy volunteers are: ages: 4%, sex (male: female):
13 indexed byj; nreg is the number of regions in each layer 15 : 11, systolic blood pressure (mmHg): 145.81.4, diastolic
consideredneg D 20 indexed byi; VFEA VEMR are the LV blood pressure (mmHg): 83 15, LV EF(%):57 5, LV end-
chamber volumes from the FEA and CMR images, respectivelgliastolic-volume (mL): 126 21, LV end-systolic-volume (mL):
Eb(ijkA, [ j'\lfR are the mean circumferential strains in 2055 14. Geometry reconstruction follows the same procedure
regions from the FEA and CMR images, respectively;wg @S for the amyloidosis patients (see section 2.1.2). All ¥e L

are the weights. Note we do not include the longitudinal istsa 980Metries are tted to one template LV mesh, with 5,792
in our objective function because the uncertainty of estingn ~ Vertices from the endocardial and epicardial surfaces aeted

longitudinal strains is much larger than the circumfereniti from CMR images with the same imaging orientation as shown

strains. This is because the simpli ed long-axial alignmest 0 Figure 4 (i.e., the chest wall in the left side of the short-
use does not account for the out-of-plane motion along theglon XIS images). Note the vertices inside the ventricular el
axis. We are unable to quantify the out-of-plane motion due tg€Xcluded, and each vertex has three coordinate components.
the lack of necessary features in cine images. 3D strainiigag 1S, & Cartesian coordinate representation lies in the 7,3
such as tagging allows one to include longitudinal straii&gu dimensional space, necessitating the use of dimensionality
et al., 201por the displacement eldsAsner et al., 209dn the reduction techniques for consideration of the geometry i th
objective function, but it is not used routinely in clinick.is ~ context of classi cation and data visualization ($égure 4).
for this reason many published studies usingivocine images _ T0 analyse the LV shape change, we rst need to represent
mainly used measured volum&énet et al., 2014; Palit et al., the LV in a low dimensional space. Principal component
2019, or regional circumferential strains along with measured@nalysis (PCA) relies on, successively, nding the principal
volume in the objective functiongao et al., 2095 directions of variation in the data where the amount of véida
After obtaining the optimal ve constants in the rst group, ©XPlained by the eigenvectors (principal components) can be
we proceed to infer all parameters but fourg bs, andbys are  quanti ed using the corresponding eigenvaluésshop, 200
insensitive to the optimization. Therefore we rst focus dmet T we begin with data inn dimensions, then projecting onto
ratios of parametersis=as, a=as, bs=xs, br=ns. A range of values the rst. m <' n principal components prowdes. us with a
for these ratios can be found from the literatu®4o et al., 2015; lower dimensional representation of the data while preserving

Palit et al., 2016from which we derive the linear regressions, ~ Variations in the data captured by these rsh principal
components. By construction, PCA assumes a linear mapping

into the lower dimensional space and constrains the principal
a2 D 1.728=8; 3.65 (6) directions of variation to be orthogonal to one anothé(ens,
bs=xs D 0.430=bs C 1.61 2014. Similarly, there is an implicit assumption of Gaussianity
since we assume that dependence between data points is
The rst equation of (6) shows thads is the only unknown after fully speci ed by the rst two moments (mean and variance).
the rst optimization step, These limitations of PCA can be overcome by considering a
more exible, non-linear, dimensionality reduction teclguie.
Methods such as an autoencoding neural network could be

1 p
asDh > 172, C  (3.65a1)2C 4 1.72a3 . (7)  considered however, for sparse data sets, as available in our
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study, parameter tuning will either lead to over tting, orf(i

properly regularized) lose the non-linear model exibilithét

motivated the method in the

minimizing a KL divergence between conditional probaleki
of nearest neighbors in both spaces. However, since an éxplici

rst place. For visualization transformation is never learned, the method is limited tolyon

purposes, t-Distributed Stochastic Neighbor EmbeddingNEP data visualization. More details of dimensional reductisgiven

(van der Maaten and Hinton, 20)8provides a non-linear

in Appendix A.3.

projection of the data into a lower dimensional space by For the purpose of classication, we can rst consider a

Projection
0101710 71069 VTRV VI 0013 T T
7, BT A T AN

PC3
E
°
.
°

FIGURE 4 | The process of data segmentation and dimensionality redu@in.
First we segment the outer and inner walls of the LA) allowing us to
construct a mesh representation of the LMC). We then extract the main
variations in a sample of LV{D) allowing us to represent the geometries in a
lower dimensional space(B).

supervised method similar to PCA, namely linear discriminant
analysis (LDA) Bishop, 2005 Whereas PCA nds the direction
of maximal variation without taking classes into account,
LDA attempts to nd a lower dimensional projection for
separation of the two classes (in this case, healthy volmmtee
and amyloidosis patients). LDA is restricted by assumptiohs o
linearity and Gaussianity. To overcome these constraintsyilve
also consider a kernel support vector machine (SVM), which
allows for the possibility of non-linear boundaries betweba
groups in the dataset by the introduction of a kernel function
(Murphy, 2012.

3. RESULTS

3.1. Analysis of Mechanical Features

3.1.1. Material Parameters

The optimization procedure is given ippendix A.2, followed

by uncertainty quanti cation using the bootstrap method. The
inferred material parameters for the seven patients and the
corresponding errors are listed ihable 5 and Tables A2, A3.
However, it is not easy to see the pattern of parameter
changes directly given the potential correlations betwederse
parameters, and the lack of uniqueness. To assess the meahani
features, below we analyze the mechanical response of tHacard
amyloidosis patients during the disease progression using Bur F
models with the inferred parameters.

35 4
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FIGURE 5 | p-V curves of the seven cases in baseline (red) and follow-ufblue), from CMR images (symbols) and FE models (lines).

+
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3.1.2. p-V Curve end-diastolic volumes of Cases 1, 2, 4, and 6 decreasediadispec
Based on the wall-thickness scalg, the p-V curves estimated for Case 2.

from the FE models are shown Figure 5, which are compared

with the corresponding results when the volume is estimated.1.3. Stress-Stretch Response

directly from CMR imageskigure 5 shows that there are little The myocardium stress-stretch response along the myo ber
changes in the p-V curves of Cases 1, 4, 5, 7 from baseliggrection for each patient can now be obtained from a pseudo
to follow-up, but dramatic changes for Cases 2, 3, 6. The endmi-axial test of the myocardium using the material paramster
diastolic volumes of Cases 3, 5, and 7 increased compared detimated with perfectly aligned myo bers in one direction.
the baseline values, suggesting a ventricular dilatiorilevthe  The results are plotted ifFigure 6. The stress-stretch curves

10 20 15 15
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of Cases 1, 2, 4, 5, and 6 in the follow-up are less StiTABLE 3| Sensitivity, speci city, and F1 scores for classifying geortries using
than in the baseline, in contrast to Cases 3 and 7. Note thaPA and Kernel SVM.
in Case 6, the dierence in the baseline and follow-up iSyeoqg

LDA Kernel SVM

very small.

Speci city 0.92 1
3.1.4. 3D Strain and Stress Distribution sensimity ort 0.8
Figure 7shows the rst principal strain and stress of two di erent f, 071 0.92
patients (Case 1 and Case 7) at baseline and follow-up. Clearly,
the progression is very di erent in these two subjects. In Case
1, the rst principal strain is slightly lower in the follow-up
(Figure 7B) compared to the baselind=igure 7A), particularly — quanti cation obtained using the fscore:
in the apical region. The strain patterns are somewhat di erent
but the maximum strain does not increase in the follow-up TP
(Figure 7C vs. Figure 7D). However, for Case 7, there is a F1D Zm ©)

dramatic increase inthe rstprincipal stress level in thédal-up
(Figure 7 from the baselinétigure 7F. The strain patterns are \yhere TP is number of true positivesEP is number of false

also very di erent. In terms of the LV shape, not much changéyositives andFN is number of false negatives. The F1 score is the
is seen in Case 1, but signi cant axial elongation is obsrvenharmonic mean of the precision (the ratio of correctly preditte

in Case 7.

positive observations to the total predicted positive obséna)

and the recall (also called sensitivity). We use the harmaathvar
than the arithmetic mean to penalize the improvement of one of

3.2. Shape Analysis
PCA permits an intuitive representation of the variations in
the data via the modes of variation (S&ppendix A.3, top of

the scores at the expense of the other.

Accuracy of both the linear and non-linear methods is

encouraging, suggesting the discriminative properties eflt{

Figure A3), obtained by perturbing the mean LV shape alongdeometry with regards to amyloidosis.

each of the principal components. For our dataset, mode 1 is

clearly related to overall size of the LV, mode 2 appears t3.3. Classi cation and Prediction

represent thickness of the LV wall and mode 3 is related to th8.3.1. Selected Markers for Classi cation

horizontal shape. Considering the absence of group indisato The analysis above shows that no single marker provides a clear
in this method, it is interesting to observe the second modendication for disease progression. A combination of multiple

of variation, showing that within the dataset one of the ksg

features must be considered. To this end, we summarize the

sources of LV variation appears to be wall thickness. Inthé&raen representative markers below that may contribute to the ghow
plot on the bottom ofFigure A3 we see the projection of the and remodeling of myocardium.

data onto this second principal component where, as expecteg,
there is some separation of the amyloidosis patients from the’
healthy volunteers once we isolate this source of variafidris

separation can also be observed by considering the mediazn

distance (wall thickness) between points on the epicardiuh an
endocardium of healthy volunteers and amyloidosis patients
found to be 0.77 and 1.11 cm for healthy volunteers an%
amyloidosis patients respectively. Letting wall thicknessben ’
as the median distance between the epicardium and endocardiu
walls, we obtain @ < 0.05 for a test of a di erence between
median wall thickness of healthy volunteers and amyloislosi
patients using Mood's median test (these results are consiste
with at-test and a rank sum test).

Before studying amyloidosis progression prediction, we
perform classi cation of the seven amyloidosis patients at

baseline compared with a set of 26 healthy volunteers based
on geometries alone, assessing the performance of LDA and

a kernel SVM. Sensitivity (the ratio of the correctly preditte
positive observations to all observations in the positivesjland
speci city (the ratio of correctly predicted negative obsaions

to all observations in the negative class) scores for theskbods,
obtained using a leave-one-out cross validation (LOOCV)
procedure, are given iffable 3along with an overall accuracy

Vwal=VLv, Which re ects the wall thickness change relative to
the ventricular volume. A lower value ®f,4=VLv means the
wall becomes thinner (recovery);

B, the circumferential strain at end-diastole averaged from
the three planes. A larger value Bf; indicates that the LV is
more compliant in the circumferential direction (recovery);
B}, the longitudinal strain at end-diastole averaged from the
three planes. A larger value Bf indicates that the LV is more
compliant in the longitudinal direction (recovery);

4. N, the principal stress at end-diastole averaged from the three

planes. A lower value o means the tissue is less stressed
(recovery);

5. W, work done by pressure during diastolic lling, because it

is not straightforward to compare di erent p-V curves, we
compare the area-under-the-curve, which is de ned as

z diastole
W D ] dVLv.
0

A higher value ofW in the follow-up means more work
is required to maintain the heart function, corresponding
to worsening.
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6. The average slop®f the stress-stretch curve . A steeper Now that we have quanti ed the shape features, we can
in the follow-up indicates the myocardium becomessummarize the changes of all the markers from our model in
sti er (worsening). Table 4 The original values of these markers at the baseline and
7. Shape features, obvious shape changes compared to confmlow up as well as the uncertainty quanti cation are provide
indicate worsening. in Appendix A.4.

The markers used for follow-up cardiac amyloidosis status

prediction are divided into three classes: (1) geometricalkars

(features 1-3), (2) biomechanical markers (features 4ad, 4. DISCUSSION
(3) LV shape markers (feature 7). Geometrical markers irelud
normalized LV wall thickness, which has been applied clifycal
Biomechanical markers are discussed in section 3.2.

Using a modeling approach, we have studied the predictive
power of the mechanical and geometric markers with respect
to amyloidosis classi cation. Of great interest is the tiela of
amyloidosis progression with these markers, and which oags h
3.3.2. Shape Classi cation and Prediction greater predictive power. We nd that, due to the complexity of
We rst study the amyloidosis patient recovery using shapehe LV disease, no single marker can provide the whole picture
features. As we do not know what is a “healthier” shape for L\Vpf the disease progression. Indeed, as showfiable 4 some

we make use of the control data from our previous stu@®a¢  markers give opposite predictions for the same case. To overcom
et al., 201). The analysis is conducted by projecting the severhis issue, we made use of the recovery score for each patient
patients onto LDA components and measuring distances fronbased on the predictions of all the markers studied.

the group of healthy volunteers before and after treatmeme- Table 5 summarizes the results of predicting recovery of
processing with PCA is necessary, removing collinearity andmyloidosis patients. The recovery score refers to a clasgic
preventing singularities in the LDA calculations (this iseth done based orifable 4 which was found before the patient
result of all meshes being formed by the same base LV mesiabels were made available. The recovery score is obtasie a
Figure 8 presents these distances where a negative gradientggoportion of “better” predictions iriTable 4 In other words, we

a sign of movement toward healthy volunteers. Only patientsake the number of recovery scores and divide by the total so
1,5, 6, and 7 appear to improve as a result of the treatmenif. a patient is said to recover by 3 out of 7 markers, then the
This analysis is performed using leave-one-out-crosstatiin  recovery score is 3/7. The small sample size here severdly lim
where in each case one amyloidosis patient is left out of theigni cance of these results, but by consulting a committee of
training set. These movements toward or away from healthyeak classi ers we seek to obtain more conclusive results. Al
volunteers provide the shape markerTable 4where values of patients were diagnosed with heart failure and all of them had
the six markers in the previous section are also provided.Heurt NYHA class 2 at presentation. However, some cases (e.g., Case
details on computation of the rst six markers are provided in 1) became class 1 after treatment, and others (e.g., caseanum
Appendix A.2. 7) became class 3 on the second follow up. Hence, the clinical
assessments can be made. This is used to compare to our recovery
score inTable 4 with a good overall agreement, particularly in
cases (1, 3, 4, 6, 7). Notice that although we have computed
the recovery scores, we do not know the corresponding range
of recovery scores to the clinical statuses (of recoverglesta
worsening). If we declare all scores above 0.5 corresportdtites

or recovery, then 6 out of 7 predictions are accurate. Case 2 is
predicted wrong, but the score is almost at the boundary.

Despite the encouraging results from the double blind test
shown in Table 5 limitations of our work must be discussed.
This is a proof of concept study in the goal of classifying
disease progression after treatment in amyloidosis patiehiss,T
although the concept of the approach is deemed to be rather
promising, it is important to exercise caution when interpregin
the statistical results presented in this paper, as the laclata d
reduces signi cance of the statistical analysis, as well as th
dimensionality reduction results.

There are two issues that can impact the stress values we
estimate. The rst is that it is known that the eight parameser

FIGURE 8 | Shape analysis of the amyloidosis patients. This plot was in the HO model are coupled a_nd not |ndep§ndent. Therefo_re_,
produced using LDA during an initial analysis of the data, Here any patient each parameter may not be uniquely determined. However, it is
recovery labels were known. The y-axis provides a measure afistance from not the individual change of the parameters that we look fait, b

the group of healthy volunteers and the x-axis provides twaitnepoints: before the collective e ects of all the parameters For example it has
and after treatment. . '
been shown that the stress-strain curves can be more robustly
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TABLE 4 | Classi cation for the amyloidosis patients based on variousnarkers.

Marker Viall iy 2 B, w N N Shape
Case (Follow-up  Baseline)/Baseline  100%

1 11.05 10.66 (0.06) 10.72 (0.092) 18.86 (0.05) 18.20 (0.11) 33.86 (0.12) down
2 22.77 25.24 (0.10) 51.86 (0.12) 13.51 (0.03) 38.59 (0.18) 92.69 (0.09) up
3 41.2 4.77 (0.03) 65.03 (0.16) 168.22 (0.06) 39.79 (0.31) 428.192(26) up
4 16.05 2.65 (0.10) 10.63 (0.11) 30.70 (0.11) 6.53(0.07) 40.92 (0.69) up
5 18.87 70.20 (0.18) 7.26 (0.18) 108.82 (0.09) 8.50 (0.07) 93.09 (0.08) down
6 1.55 29.86 (0.03) 0.74 (0.06) 14.37 (0.04) 13.36 (0.03) 193.59 (1.52) down
7 43.67 9.33 (0.08) 83.90 (0.14) 154.70 (0.15) 4212 (0.17) @8.10 (2.45) down
Better: 4,6 1,2,4)5,7 3,5,6,7 1,2,4,6 12,45 1,2,4,5 1,56,7
Worse: 1,2,3,5,7 3,6 1,2,4 3,57 3,6,7 3,6,7 2,34

The criterion for improvement for the rst 6 markers is based on physiogy, as described in section 3.3.1. The criterion for improvement for “shape” @& column) is based on the
statistical analysis described in section 3.3.2. The uncertainty inteals for the biomechanical markers (columns 5-7) are obtained from the rielsial bootstrap analysis described in
Appendix A.2, A.4 . Note the sign of the values does not change when taking this uncertaiy into account.

we would like to state that it is not the absolute stress \&lue

TABLE 5 | Model predication vs. clinical assessment. . .
! P but the relative change (follow up vs. acute), that matters i

Patient 1 2 3 4 5 6 7 our evaluations. Clearlylable 4 shows that the recovery scores
are not a ected by the uncertainty intervals since, withireth
Recovery  0.71 0.57 014 057 071 071 043 interval provided by the uncertainty propagation outlined in

score Appendix A.4, the recovery indicator does not change. We

also estimated the recovery scores based on markers from the
image-based strain and shape analysis alone, and found that
The higher the score, the more likely is the recovery, and vice \aa. the prediction is not as good, in that two cases (1 and 7)

are predicted wrong if we exclude the stresses related markers

estimated despite the inter-correlations of the parametass, However, we noted that some of the individual scores give
shown in our previous studyGao et al., 2075 for di erent nearly _opposne results. For examp_lemab!e4, two strain and
measurement noise levels or initial values. To quantify th&én@pe indicators show that case 7 is getting better, but treeth
parameter uncertainty in our paper, we have carried out stress and wall thickness indicators show it is getting worse
residual bootstrap analysi€ifon and Tibshirani, 1996 Our Hence, not all ir_1dic_at0|_rs give a positive_ contribution to the
uncertainty quanti cation follows a three-tier approach. &te ~ ©verall score. This highlights the complexity of the pathatay
bottom tier, we apply the residual bootstrap analysis to egéma SyStem, and indicates that no single biomarker studied ie &b
the estimation uncertainty of the biomechanical parametersPredict the amyloidosis progression. We tentatively Slfg@mt
which are de ned below Equation (1). The methodologicalc®MPeting mechanisms may be in play during patients’ recovery.
details are described iAppendix A.2. Note that the bootstrap FOr instance, the increased strains (showing recovermgpse 7.
analysis takes two e ects into consideration: intrinsic artainty € accompanied by the increased stresses (showing woggenin
as a consequence of measurement noise, and algorithmldiS may imply that the more stiened myocardium over-
uncertainty as a consequence of potential convergence of tH£ights the bene ts of the smaller strains. Therefore, &nse
optimization algorithm to local optima of the objective fufmy. ~ that multiple markers are required to give a balanced view for
At the middle tier, we use the bootstrap distributions of theth€ overall picture. We remark again that our observationsche
biomechanical parameter estimates from the bottom tier td© P& supported by a larger sample size, as with a small sample
obtain the corresponding distributions of the biomecharica Siz€ it is di cult to distinguish systematic e ects from rarn
markers, which were introduced in section 3.3.1. The resultUctuations.. .~ . .
can be found inAppendix A.4. At the highest tier, we use Other modeling limitations should also be mentioned. In this
the uncertainty of the biomechanical markers to determihe t Paper, amyloidosis LV is regarded as homogeneous material.
uncertainty of the recovery scores. The methodologicahitiet The loaded early diastolic con guration is used as the refeeen
can be found imMppendix A.4, and the results are ifiable 4 con guration which excludes the e ect of residual stressear

The second issue is the signi cant assumption we made on tHdignment of LV geometries at di erent times is based on a
end-of-diastole pressure for the patients since invasivespres SIMPpli ed linear registration approach. Nonlinear methodscbu
measurements are not available. We assumed that there is2§ deformable registration approachBsigckert etal., 199he
proportional relationship between the pressure and wall volumdarge deformation deformetric metric mappin@(rrieman etal.,
inspired by data from the literature. This assumption inceehs 2019, May provide more accurate geometry co-registrations.

the uncertainty of the nal stress values we computed. Howeve | '€S€ issues need to be addressed in future work.

Clinical Recovery Worsening Worsening Stable Stable Recovery Worsing
assessment
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5. CONCLUSION provided their written informed consent to participate in

this study.
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