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Abstract—Subendocardial damage is among the first cardiac manifestations of hypertension and is already present in asymptomatic
disease states. Accordingly, markers of subendocardial impairment may facilitate early detection of cardiac damages and risk
stratification under these conditions. This study aimed to investigate the impact of subendocardial damage on myocardial
microstructure and function to elucidate early pathophysiologic processes and to identify corresponding diagnostic measures.
Mice (n=38) were injected with isoproterenol to induce isolated subendocardial scarring or saline as corresponding control.
Cardiac function and myocardial deformation were determined by high-frequency echocardiography. The cardiac stress
response was assessed in a graded exercise test and during dobutamine stress echocardiography. Myocardial microstructure
was studied ex vivo by 7 T diffusion tensor magnetic resonance imaging at a spatial resolution of 100x100x100 pm?’. Results
were correlated with histology and biomarker expression. Subendocardial fibrosis was accompanied by diastolic dysfunction,
impaired longitudinal deformation (global peak longitudinal strain [LS]: —12.5+0.5% versus —15.6+0.5%; P<0.001) and elevated
biomarker expression (ANP [atrial natriuretic peptide], Galectin-3, and ST2). Systolic function and cardiac stress response
remained preserved. Diffusion tensor magnetic resonance imaging revealed a left-shift in helix angle towards lower values in
isoproterenol-treated animals, which was mainly determined by subepicardial myofibers (mean helix angle: 2.2+0.8° versus
5.9+1.0°%; P<0.01). Longitudinal strain and subepicardial helix angle were highly predictive for subendocardial fibrosis (sensitivity,
82%—-92% and specificity, 89%-90%). The results indicate that circumscribed subendocardial damage alone can cause several
hallmarks observed in cardiovascular high-risk patients. Microstructural remodeling under these conditions involves also remote
regions, and corresponding changes in longitudinal strain and helix angle might serve as diagnostic markers. (Hypertension.
2019;74:295-304. DOI: 10.1161/HYPERTENSIONAHA.119.12956.) ® Online Data Supplement
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he subendocardium is the innermost myocardial layer and

is highly vulnerable against injury.' Therefore, the suben-
docardium is often considered the myocardial layer affected
first in many cardiac diseases.' Experimental data indicate that
adverse remodeling in response to multiple cardiovascular risk
factors starts in the subendocardium of the left ventricle (LV)
before occurring in other myocardial layers.>* Hypertension
and concomitant cardiac hypertrophy are accompanied by
abnormal coronary autoregulation and consequently reduced

perfusion pressure in the subendocardium, which may predis-
pose to subendocardial ischemia.®” Recently, Ishizu et al* dem-
onstrated that subendocardial fibrosis is among the first cardiac
manifestations of hypertension preceding functional changes.
Accordingly, diagnostic markers of subendocardial status may
facilitate early detection of cardiac damages and risk stratifica-
tion already in asymptomatic disease states. Despite accepted
clinical surrogates of subendocardial function such as global
peak LS.® however, multiple confounding factors hamper the
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establishment of cause-effect relationships between subendo-
cardial pathologies and diagnostic measures in humans and
many animal models.

Several cardiac pathologies have been shown to alter
the 3-dimensional arrangement of myofibers in the heart.’!!
Within the normal LV, the myofibers form 2 counter-direc-
tional helices varying continuously in orientation (helix angle
[HA]) from subendocardium (right-handed helix, positive
HA) to subepicardium (left-handed helix, negative HA).'
The integrity of this microstructural organization is a critical
determinant of the mechanical properties of the LV, and dis-
turbance of myofiber geometry may thus result in impaired
cardiac function.” Diffusion tensor magnetic resonance
imaging (DT-MRI) is a feasible tool to study the cardiac
myofiber arrangement and has been applied in a variety of
pathological conditions in humans as well as in animal stud-
ies.”!1+16 However, there is a lack of data regarding the im-
pact of subendocardial damage on myofiber organization and
corresponding functional consequences.

In the present study, we aimed to characterize myocar-
dial microstructure and function in an experimental model
providing the opportunity to study isolated subendocardial
fibrosis in the absence of major confounders like cardiac
hypertrophy or altered loading conditions.!” By combining
comprehensive DT-MRI analyses with several measures
available in patients, we sought to provide translational ev-
idence for clinical observations. We hypothesized that sub-
endocardial fibrosis (1) affects the myofiber arrangement in
the LV; (2) leads to impaired cardiac function; and (3) is de-
tectable by assessment of corresponding microstructural and
functional changes.

Methods

The authors declare that all supporting data are available within
the article and in the online-only Data Supplement. All in vivo
experiments were approved by local authorities (Landesamt fiir
Gesundheit und Soziales Berlin, Germany) and were conducted in
accordance with the German Law on the protection of animals. All
animals were kept in a 12 hour light/dark cycle and received standard
diet ad libitum.

Study Protocol

Subendocardial damage was induced by subcutaneous injection
of isoproterenol as described previously.'”'® Male 129/Sv mice
(6-8 weeks old; Janvier Labs, France) were treated for 4 consec-
utive days with either isoproterenol (n=20; 25 mg/kg; dissolved
in saline) or saline as corresponding control (n=18, matched for
weight). During the week after final treatment, exercise capacity
was assessed by a graded exercise test protocol. After echocar-
diographic examination (including speckle-tracking echocardi-
ography and dobutamine stress echocardiography) an additional
week later, mice were euthanized, and tissues were harvested for
further analyses. Hearts were sent to the MRI site (Comprehensive
Heart Failure Center, University Hospital Wuerzburg, Germany)
for high-resolution DT-MRI measurements in a 7 T scanner at a
spatial resolution of 100x100x100 pm?. Results were correlated
with histology and gene expression analyses.

Detailed Methodology

The online-only Data Supplement contains detailed information
on echocardiography, the graded exercise test protocol, tissue pro-
cessing, DT-MRI measurements, histology, gene expression analyses,
and statistics.

Results

One animal died after the third isoproterenol-application by reasons
not further investigated; another isoproterenol-treated animal devel-
oped signs of myocardial infarction (ventricular aneurysm and im-
paired ejection fraction) and was, therefore, excluded from study
results. All control animals finished the study protocol.

Gravimetric Measures and Cardiac Tissue Analyses
Weight development and final body weights were comparable be-
tween both groups (Table). No signs of cardiac hypertrophy or lung
congestion were found during necropsy, as evident from indexed
heart weights and lung wet/dry weight ratios, respectively (Table).
Isoproterenol-treated animals developed pronounced fibrotic le-
sions in the subendocardium, whereas subepicardial collagen content
was similar in both groups (Figure 1A—1C). The degree of subendocar-
dial fibrosis varied between the different cardiac segments (Figure S1
in the online-only Data Supplement) and was found to be highest at the
apex of the LV (Figure 1D). Immunohistochemical analyses revealed
the presence of CD68* macrophages within fibrotic lesions, which
showed a comparable distribution pattern accordingly (Figure S2).
ANP (atrial natriuretic peptide) mRNA levels were significantly
upregulated in the LV after treatment with isoproterenol (Figure 1E).
These animals also showed a higher expression of genes involved
in inflammation and extracellular matrix turnover, such as CDG68,
Galectin-3, and precursors of collagen I and III (Figure 1E). GDF15
(growth/differentiation factor 15) was not induced at this time point
(Figure 1E). ST2 (interleukin 1 receptor-like 1) levels were signifi-
cantly upregulated in isoproterenol-treated animals (Figure 1E).

Diffusion Metrics

DT-MRI parameters were assessed for each myocardial layer (sub-
endocardium/subepicardium) and segment (base/mid/apex), or glob-
ally for the transmural myocardium and the whole LV (Figure 2A;
Figure S3A). Animals with subendocardial fibrosis displayed signif-
icantly lower transmural and subendocardial mean diffusivity (MD;
Figure 2B and 2C). Subepicardial MD decreased significantly at apex
level only (Figure 2B and 2C). Fractional anisotropy (FA) did not dif-
fer between both groups in any layer or segment, although variability
of FA values decreased after treatment with isoproterenol (Figure 2D;
Figure S3B). All eigenvalues of the diffusion tensor were consistently
lowered in the apical subendocardium only (Figure S3C-S3E).

Myofiber Arrangement

Myocardial microstructure was studied by 3-dimensional reconstruc-
tion of fiber tracts with respect to layer and segment (Figure 3). Both
treatment groups showed the stereotypic arrangement of myofibers
forming 2 counter-directional helices as illustrated in Figure 3A and
3B. Animals presenting with subendocardial damage showed a left-
shift of HA in the LV towards more negative values (Figure 3C). On
segmental level, this left-shift reached statistical significance at the apex
region only (Figure S4). Analyses of the HA gradient across the myo-
cardial wall revealed lower HAs in the meso-subepicardium of animals
with subendocardial fibrosis (Figure 3D). This effect was present in
all myocardial segments (Figure S4). Layer-specific analyses indicated
that the observed left-shift was caused by a change of subepicardial
HA towards steeper angles, whereas HAs in the subendocardium were
comparable in all segments (Figure 3E). The reduction of subepicardial
HA was evident in all myocardial segments (Figure 3E).

Cardiac Function

Ejection fraction and other parameters of global systolic func-
tion remained unchanged after isoproterenol-treatment (Table).
Subendocardial fibrosis was accompanied by signs of diastolic dys-
function (Figure 4A); animals had prolonged isovolumic relaxation
times (**P<0.01) and tended to have slower late filling rates in the
transmitral flow profile (P=0.07; Table). Deceleration time of the
early diastolic filling rate (E) was longer; however, differences did
not reach statistical significance (P=0.07; Table). Early diastolic mi-
tral annular velocity (e”) was lower (**P<0.01) leading to a reverse



Table. End Point Characteristics

Parameter Control Isoproterenol = PValue
Physiological data
BW, g 26.2+0.4 26.7+0.3 0.36
ABW, % +7.8+1.1 +9.1+1.0 0.40
Heart rate, bpm 3707 347+11 0.10
Necropsy data
Heart weight, mg 189+13 172+13 0.37
Heart weight/BW, mg/g 7.2+0.5 6.5+0.5 0.31
Heart weight/tibia length, 11.7x141 10.2+0.8 0.27
mg/mm
Lung weight, wet/dry 4.6+0.3 4.9+0.2 0.44
Parasternal long axis view
EF, % 47+1 46+1 0.57
FAC, % 32+1 30+1 0.47
EDV, pL 69+3 71+3 0.66
ESV, uL 30+2 34x3 0.38
Stroke volume, pL 30+2 29=+1 0.52
Parasternal short axis view
EF o % 561 533 0.4
FS, % 29+0.5 27+2 0.58
Apical 4-chamber view
E, mm/s 729+17 739+26 0.78
A, mm/s 401+18 334+27 0.07
€', mm/s 20+2 151 <0.01
a’, mm/s 16+2 17+1 0.68
E/A 1.9+01 2.4+0.2 0.07
E/e/ 38+3 52+4 <0.01
a’le’ 0.8+0.1 1.2+0.1 0.03
IVRT, ms 19.2+0.6 22.2+0.6 <0.01
IVCT, ms 20.8+0.8 20.9+1.3 0.92
DT, ms 23.4+15 28.7+2.2 0.07
Tei index 0.70+0.01 0.76+0.02 0.03

Mean+SEM; n=10-12 per group; Student f test. ABW, change in body
weight from baseline to final assessment; A, late diastolic filling rate; a’, late
diastolic mitral annular velocity; BW, body weight; DT, deceleration time of early
diastolic filling rate; E, early diastolic filling rate; e, early diastolic mitral annular
velocity; EF, ejection fraction; EF, . . EF according to Teichholz formula; FAC,
fractional area change; FS, fractional shortening; EDV, end-diastolic volume;
ESV, end-systolic volume; IVRT, isovolumic relaxation time; and IVCT, isovolumic
contraction time. *P<0.05; **P<0.01.

relation of e’ and late diastolic mitral annular velocity (*P<0.05;
Table). E/e’ ratios were significantly (**P<0.01) increased in animals
with subendocardial fibrosis (Table).

Myocardial Deformation

Myocardial strain and strain rate were assessed by speckle-track-
ing echocardiography in the parasternal long and short axis view
(Figure 4B). In comparison to controls, isoproterenol-treated animals
displayed markedly reduced global LS values (Figure 4C). Global
peak radial and circumferential strain were unchanged (Figure 4C).
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A similar pattern was observed in strain rate, where global longi-
tudinal strain (LS) rate declined in isoproterenol-treated animals,
whereas global radial and circumferential Strain Rate remained unaf-
fected (Figure 4C). Although LS was lowered in all myocardial seg-
ments, a significant reduction was observed in the apex of the LV only
(Figure 4D).

Stress Tests

Dobutamine injections resulted in similar stress responses and did
not unmask any signs of systolic dysfunction (Figure 4E; Table S3).
Neither absolute peak stress values nor dobutamine-induced rela-
tive changes in echocardiographic parameters differed significantly
between the 2 groups (Table S3). Similarly, no differences were
observed during the graded exercise test; both groups were able to
cope with comparable exercise stress in terms of covered distance and
maximum running speed achieved (Figure 4F).

Diagnostic Assessment of Subendocardial Damage

Parameters with an appropriate area under the receiver operating
characteristic curve for the detection of subendocardial fibrosis are
displayed in Table S4. Transmural and subepicardial HA were su-
perior predictors for subendocardial fibrosis among DT-MRI-derived
parameters (Figure 5A; Table S4). Similarly, the ratio of positive to
negative HA values allowed to distinguish both treatment groups
(Table S4). Transmural and subendocardial MD lacked sufficient
specificity, and the area under the receiver operating characteristic
curve failed to reach statistical significance (Table S4). Among echo-
cardiographic parameters, global peak LS and E/e” were highly sensi-
tive predictors for the presence of subendocardial fibrosis (Figure 5B;
Table S4). Isovolumic relaxation time and global LS Rate also
allowed to distinguish between both groups but had a remarkably
lower sensitivity (Figure 5B; Table S4).

Linear regression analyses revealed clustered associations be-
tween parameters of longitudinal deformation and different DT-
MRI-derived predictors for subendocardial damage (Figure 5C).
Parameters of diastolic function occasionally correlated with DT-
MRI measures but did not show distinct clustering (Figure 5C).
Neither systolic function parameters nor radial or circumferential de-
formation indices showed any association (Figure 5C).

Discussion

In this experimental study, we showed that subendocardial fi-
brosis (1) induced changes in fiber orientation predominantly
in remote regions; (2) was accompanied by signs of diastolic
dysfunction and reduced longitudinal deformation, whereas
systolic function and cardiac stress response remained pre-
served; and (3) was detectable via assessment of corre-
sponding microstructural and functional changes.

Subendocardial Vulnerability

Metabolic demand, coronary blood supply, and compressive
forces are transmurally heterogeneous where the subendo-
cardium is at higher risk for injury than the outer layers." As
a consequence, several cardiovascular risk factors have been
shown to affect preferentially the subendocardium during
formation of cardiac organ damage (eg, hypertension,> dia-
betes mellitus,® ischemic heart disease,* and age®). Therefore,
diagnostic markers of subendocardial status might facilitate
early detection of cardiac damage, disease monitoring, and
timely onset of treatment already during asymptomatic states.
However, direct evidence for subendocardial pathologies is
difficult to obtain in patients, and it often remains unclear
whether observed changes in noninvasive surrogates are actu-
ally because of subendocardial impairment.?*->*
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Figure 1. Cardiac tissue analyses. A, Representative histology of mid-myocardial cross-sections stained with picrosirius red (scale bar: 1 mm). B, Magnified
regions within subendocardium and subepicardium (scale bar: 40 um). C, Layer-specific quantification of collagen content (n=10-13 per group; 2-way
ANOVA followed by Bonferroni post hoc test). D, Segment-specific quantification of subendocardial collagen content (n=10-13 per group; Student t test). E,

Gene expression profile of the left ventricle (n=6 per group; Student ¢ test). Collagen

a0 iNdicates subendocardial collagen content; Endo, subendocardium;

Epi, subepicardium; ISO, isoproterenol; and n.s., not significant. Mean+SEM; *P<0.05; **P<0.01; **P<0.001; and ***P<0.0001.

Here, we investigated an experimental model of suben-
docardial fibrosis in the absence of major confounders like
cardiac hypertrophy or altered loading conditions,'”!® which
allowed to establish cause-effect relationships under con-
trolled conditions. Application of isoproterenol aggravates
the discrepancy between subendocardial oxygen demand and
supply leading to ischemic damage in the subendocardium.?
Accordingly, necrosis, apoptosis, and inflammatory pathways
may have contributed to the observed phenotype, as well as
differences in calcium signaling, coronary microcirculation,
and membrane permeability.” The presence of CD68* cells
2 weeks after final isoproterenol treatment indicates that sus-
tained immune response may also play a role.

Isoproterenol acts via [-adrenergic receptors, whose den-
sity is highest at the apex of the LV.** Accordingly, damage
in this model is predominantly located in apical regions, as
shown before.”

Microstructural Changes in Response to
Subendocardial Damage

Our understanding of structural-functional relationships
in the heart is incomplete.? DT-MRI is a feasible tool to
study the 3-dimensional myofiber arrangement that has
been applied in various cardiovascular pathologies in both
experimental models*!'>!¢!° and patients.!**? Despite
the growing wealth of cardiac DT-MRI studies, however,
there is a lack of data regarding changes that occur dur-
ing early disease states and investigation of layer-specific
alterations.’® Additionally, the sequential morphological and
functional changes during transition from initial subendo-
cardial damage to transmural affection are largely unclear.
To our knowledge, this is the first application of DT-MRI to

characterize the impact of subendocardial damage on myo-
cardial microstructure.

The effect of fibrosis on MD and FA is controversial.*?!
Subendocardial scarring was accompanied by decreased
MD and unaltered FA, which is in accordance with a study
by Wu et al’ that showed decreased subendocardial MD but
unchanged transmural FA in the scar tissue after myocar-
dial infarction. Similarly, Strijkers et al*! reported on reduced
MD and increased FA in the infarct region. In contrast, other
studies attributed myocardial fibrosis to increased MD and
decreased FA.** This implies that changes in MD might be a
promising, yet nonspecific marker for myocardial fibrosis and
that future studies are needed to identify morphological cor-
relates for changes in these parameters under different patho-
logical conditions.

In general, MD is considered to decrease with increased
cellularity or reduced extracellular space, respectively.
Isoproterenol-treatment is known to induce cardiomyocyte
hypertrophy and collagen deposition that fills major parts of
the extracellular space,* both conditions in which free extra-
cellular space is reduced. We, therefore, hypothesize that the
observed decline in MD might be due to the relative loss of ex-
tracellular space and the consecutive slower diffusion of water
molecules in this particular model.

It has been shown that residual myofibers serve as a scaffold
for newly developing collagen fiber tracts during scar forma-
tion, and that these collagen fibers have the same orientation as
surrounding myofibers.* FA is considered a measure of direc-
tional coherence and orientational integrity. Accordingly, such
structured collagen fibers may account for observed unaltered
FA in case of no greater disturbance of tissue organization.
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Figure 2. Diffusion tensor magnetic resonance imaging post-processing and diffusion metrics. A, Endocardial and epicardial borders were traced manually
in multiple short axis slices per heart, and subendocardium (Endo) and subepicardium (Epi) were defined as regions of interest. Subsequently, 3-dimensional
volumes were rendered by tomographic reconstruction allowing analyses of both regions for the whole left ventricle (LV) or within myocardial segments
(base/mid/apex). B, Representative color maps for mean diffusivity (MD) in a reconstructed cardiac long axis and different myocardial short axis segments.
C, Analysis of MD. D, Analysis of fractional anisotropy (FA). Medians and quartiles with minimum and maximum values; n=9-11 per group; Student ¢ test.

*P<0.05. ISO indicates isoproterenol.

Notably, no changes in the subendocardial HA were
observed despite histological proof of subendocardial fibrotic
lesions. Again, formation of collagen fibers running in parallel
to residual myofiber tracts* may be a likely explanation. In
contrast to complete coronary occlusion, scarring in this model
occurs next to viable myofiber tracts, and damage is limited to
the subendocardium. As a putative mechanism, newly formed
collagen fibers may have the same orientation as surrounding
myofibers and the ones they replace in response to damage. In
the latter case, no greater changes in HA may be detectable.

Subendocardial fibrosis was accompanied by a left shift
in HA towards lower values, which is present also in other
pathologies.''*1® Interestingly, this left-shift was caused
predominantly by subepicardial but not subendocardial

myofibers. This suggests that circumscribed subendocardial
damage affects also remote regions and induces microstruc-
tural remodeling within the entire LV. Similarly, microstruc-
tural changes in response to myocardial infarction also involve
the remote zone, in which a left shift in HA can be observed.’
It remains unclear whether this represents adaptive reorienta-
tion or passive mechanisms, and further studies are required to
clarify the biological relevance of these findings.

Functional Changes in Response to Subendocardial
Damage

Isolated subendocardial damage resulted in a phenotype resem-
bling several hallmarks of cardiovascular high-risk patients
in the absence of heart failure symptoms or signs. Since
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Figure 3. Myofiber geometry. A, Representative reconstruction of fiber tracts: helix angle (HA) in the left ventricle (LV) changes continuously from positive
values in the subendocardium (right-handed helix), over neutral in the mesocardium, to negative values in the subepicardium (left-handed helix). B,
Definition of HA-polarity. Mean+SEM (C, D) or medians and quartiles with minimum and maximum values. E, Analysis of HA. Medians and quartiles with
minimum and maximum values; n=9-11 per group; Student t test. Endo indicates subendocardium; Epi, subepicardium; and ISO, isoproterenol. *P<0.05
and **P<0.01.

impairment of either subendocardium, subepicardium, or trans- be accompanied by diastolic dysfunction but preserved ejection
mural myocardium results in distinct phenotypes, it has been fraction together with reduced longitudinal but unaltered radial
proposed to classify heart failure according to the damaged my- and circumferential mechanics in patients.*® The experimental
ocardial layer(s).**® Selective subendocardial involvement is model we used demonstrated a comparable phenotype, which

usually considered a marker of subclinical disease,' which may provides evidence for corresponding classification.
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Figure 4. Functional analyses. A, Representative transmitral flow patterns (left; arrows indicate isovolumic relaxation time), B-mode images of the apical
4 chamber view (mid), and tissue Doppler analyses of the septal mitral annulus (right; arrows indicate early and late diastolic mitral annular velocities). B,
Speckle-tracking echocardiography and representative longitudinal strain (LS) curves over one cardiac cycle (arrows indicate papillary muscles). C, Global
peak strain and global strain rate. D, Segmental peak LS. E, Representative M-mode images acquired in the parasternal short axis view at rest and during
Dobu stress. F, Results of the graded exercise test protocol. n=7-12 per group; Student t test. Ao indicates aorta; Col1al, collagen type |, alpha 1 chain;

Col3at, collagen type lll, alpha 1 chain; Collagen

g0 SUbENdocardial collagen content; CS, circumferential strain; CSR, circumferential strain rate; Dobu,

dobutamine; ISO, isoproterenol; LSR, longitudinal strain rate; LV, left ventricle; MV-Flow, transmitral flow pattern; RS, radial strain; RSR, radial strain rate; STE,
speckle-tracking echocardiography; and TDI, tissue Doppler imaging. Mean+SEM; *P<0.05 and ***P<0.001.

Animals with subendocardial fibrosis showed mild dias-
tolic dysfunction, suggesting that isolated subendocardial fi-
brosis alone may account for preclinical diastolic dysfunction.
As such, subendocardial fibrosis may be of considerable rel-
evance given that preclinical diastolic dysfunction has been
shown to be highly prevalent in large population-based studies
and that a relevant portion of these subjects shows a progres-
sion to congestive heart failure over time.*”® Our findings are
supported by clinical studies reporting on preclinical diastolic
dysfunction in asymptomatic patients with risk factors that
are known to affect preferentially the subendocardium.?'??

However, these studies relied on nonspecific surrogates and
did not provide direct evidence for subendocardial patholo-
gies, which warrants further investigations in patients with
confirmed subendocardial damage.

Longitudinal, yet not radial or circumferential deformation
declined in animals with subendocardial fibrosis. Reduced LS
is a common feature of both high-risk patients®* and sub-
jects with overt heart failure. Since longitudinal mechanics of
the LV are determined mainly by subendocardial myofibers,
impaired LS parameters are well-accepted surrogates of pu-
tative subendocardial damage.! Reduced LS has been linked
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Figure 5. Receiver operating characteristic (ROC) curves and correlation analyses. A, ROC curves for diffusion tensor magnetic resonance imaging (DT-MRI)-
derived parameters to detect subendocardial fibrosis. B, ROC curves for echocardiographic parameters to detect subendocardial fibrosis. C, Color-coded
correlation coefficients of various parameters (Pearson correlation coefficient r). A indicates late diastolic filling rate; a’, late diastolic mitral annular velocity;
DT, deceleration time of early diastolic filling rate; E, early diastolic filling rate; e’, early diastolic mitral annular velocity; EF, ejection fraction; FAC, fractional
area change; FS, fractional shortening; GCS, global peak circumferential strain; GCRS, global circumferential strain rate; GLS, global peak longitudinal strain;

GLSR, global longitudinal strain rate; GRS, global peak radial strain; GRSR, global radial strain rate; HA

helix angle; HA_

ansmural,

subendocardial mean diffusivity; and MD. transmural mean diffusivity.

Transmural’

to subendocardial fibrosis in preclinical patients due to cor-
relations with circulating biomarkers of increased extracel-
lular matrix turnover.®*' Our results confirm that reduced
longitudinal deformation indeed closely reflects subendocar-
dial fibrosis, and that global peak LS can serve for diagnostic
assessment. This is in accordance with previous studies in this
model'® and in experimental hypertensive heart disease.?
Biomarkers play a pivotal role in the clinical diagnosis of
heart failure, and several studies demonstrated that circulating
markers of cell damage, extracellular matrix turnover, and in-
flammation are elevated in these patients.* We found that sev-
eral biomarkers associated with heart failure were upregulated
in the LV of animals presenting with isolated subendocardial
fibrosis. This might be of interest for future studies regarding
biomarker assessment in preclinical high-risk patients.

Limitations

The isoproterenol-model is limited with regards to the com-
parability of the human situation, and technical issues of
small animal echocardiography (eg, susceptibility to off-axis
imaging, spatial/temporal resolution, and assessment under

transmural helix angle; IVCT, isovolumic contraction time; IVRT, isovolumic relaxation time; MD,

subepicardial helix angle; HA_ , , subendocardial
subepicardial mean diffusivity; MD

Epi’

Epi’ Endo’

anesthesia) should be considered. Myocardial deformation
analysis by speckle-tracking echocardiography in small ani-
mals is limited regarding assessment of left-ventricular torsion.
The latter may be assessed by magnetic resonance imaging,
which, however, was performed ex vivo in our study, and thus
did not allow to study dynamic changes occurring during the
cardiac cycle. The model we used is known to develop ele-
vated diastolic pressures,* and we observed increased E/e’
ratios as a noninvasive surrogate. However, invasive measure-
ments of hemodynamics were not performed in the present
study. We applied an established graded exercise test protocol
that was originally developed for another mouse strain,*' and
that has never been evaluated in 129/Sv mice before. Due to
technical issues, only systolic function parameters could have
been assessed during dobutamine stress. Biomarker expres-
sion was determined 2 weeks after final treatment with isopro-
terenol. Despite this relatively long time period, direct action
of isoproterenol on biomarker expression cannot be ruled out.
There was no readout for successful cardioplegic arrest, and
fixation during different phases of the cardiac cycle may have
an impact on DT-MRI analyses. Hearts were scanned after



comparable time intervals of fixation, but absolute values of
MD and FA might have been affected by formalin-fixation.*?

Conclusions

Circumscribed subendocardial damage can account for sev-
eral hallmarks observed in cardiovascular high-risk patients.
Microstructural remodeling in response to subendocardial
damage involves also other myocardial layers indicating a
newly identified remote process.

Finally, our data provide translational evidence for both
established surrogates of subendocardial damage and novel
markers of microstructural remodeling that might serve as di-
agnostic measures for early detection of cardiac impairment.
Among these, global peak LS and subepicardial HA were the
best predictors of subendocardial damage.

Perspectives

As a future direction, DT-MRI may be used to identify char-
acteristic microstructural changes in various cardiac diseases
facilitating diagnostic application. Based on this, DT-MRI might
help to further improve our understanding of cardiac pathologies
and might ultimately serve as a diagnostic tool in patients. The
present work indicates that microstructural changes are present
already in early disease stages, and that DT-MRI is capable of
assessing them. These findings have to be confirmed in patients
by in vivo DT-MRI for translation of our results. The transmural
heterogeneity of microstructural changes as observed in our
study should be considered in future investigations.
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Novelty and Significance

What Is New?
First characterization of microstructural changes in response to suben-
docardial damage by diffusion tensor magnetic resonance imaging.
Comprehensive assessment of functional consequences of isolated sub-
endocardial damage in the absence of confounding factors.

What Is Relevant?

Subendocardial damage leads to microstructural reorganization of car-
diac fibers predominantly in remote regions.

e Subendocardial damage can account for several observations in cardio-

Isolated subendocardial damage resulted in a phenotype resem-
bling several hallmarks of cardiovascular high-risk patients, and
changes in myofiber arrangement under these conditions were
characterized for the first time.

vascular high-risk patients, and assessment of corresponding changes
may facilitate early detection of cardiac damages.

Summary






