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Quantification of Large Transmural )
Biopsies Reveals Heterogeneity in -
Innervation Patterns in Chronic

Myocardial Infarction

H. Sophia Chen, MD,*" Lenard M. Voortman, PuD,¢ J. Conny van Munsteren, BASc,® Lambertus J. Wisse, BASc,”
Bawer J. Tofig, MD,? Steen B. Kristiansen, MD, PuD,? Claire A. Glashan, MD,*" Marco C. DeRuiter, PuD,?
Katja Zeppenfeld, MD, PuD,>* Monique R.M. Jongbloed, MD, PuD*"*

ABSTRACT

BACKGROUND Abnormal cardiac innervation plays an important role in arrhythmogenicity after myocardial infarction
(MI). Data regarding reperfusion models and innervation abnormalities in the medium to long term after Ml are sparse.
Histologic quantification of the small-sized cardiac nerves is challenging, and transmural analysis has not been
performed.

OBJECTIVES This study sought to assess cardiac innervation patterns in transmural biopsy sections in a porcine
reperfusion model of MI (MI-R) using a novel method for nerve quantification.

METHODS Transmural biopsy sections from 4 swine (n = 83) at 3 months after MI-R and 3 controls (n = 38) were
stained with picrosirius red (fibrosis) and beta-IlI-tubulin (autonomic nerves). Biopsy sections were classified as infarct
core, border zone, or remote zone. Each biopsy section was analyzed with a custom software pipeline, allowing calcu-
lation of nerve density and classification into innervation types at the 1 x 1-mm resolution level. Relocation of the
classified squares to the original biopsy position enabled transmural quantification and innervation heterogeneity
assessment.

RESULTS Coexisting hyperinnervation, hypoinnervation, and denervation were present in all transmural MI-R biopsy
sections. The innervation heterogeneity was greatest in the infarct core (median: 0.14; IQR: 0.12-0.15), followed by the
border zone (median: 0.05; IQR: 0.04-0.07; P = 0.02) and remote zone (median: 0.02; IQR: 0.02-0.03; P < 0.0001).
Only in the border zone was a positive linear relation between fibrosis and innervation heterogeneity observed (R = 0.79;
P < 0.0001).

CONCLUSIONS This novel method allows quantification of nerve density and heterogeneity in large transmural biopsy
sections. In the chronic phase after MI-R, alternating innervation patterns were identified within the same biopsy section.
Persistent innervation heterogeneity, in particular in the border zone biopsy sections, may contribute to late arrhyth-
mogenicity. (J Am Coll Cardiol EP 2023;9:1652-1664) © 2023 by the American College of Cardiology Foundation.
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he autonomic nervous system plays a crucial
role in maintaining intrinsic cardiac func-
tions under physiologic conditions." Acute
and chronic changes under pathologic conditions,
such as myocardial infarction (MI), may lead to car-
diac autonomic dysfunction and have been linked to
ventricular arrhythmias and sudden cardiac death.>*
At a histologic level, acute denervation is observed
directly after MI, followed by nerve sprouting and
hyperinnervation.* This is often described as an early
phenomenon, but the exact timing and duration
remain ambiguous.”® Studies performed at later
timepoints (>2 months) are sparse. An increased
density of sympathetic nerves in explanted human
hearts of transplant recipients, including patients
with ischemic heart disease, has been associated with
a history of spontaneous ventricular arrhythmias.'®
In human ischemic heart disease, myocardial nerve
fibers seem to regenerate after necrotizing injuries,
and some of these scar-associated nerve fibers have
structural features visually differing from those in
uninjured myocardium." These differences include,
among others, a visually greater nerve density in left
ventricular scars than in intact myocardium and
hypoinnervation or denervation in deeper aspects of
the scars. The deeper aspect of the scars is commonly
referred to as the infarct core, the area in the vicinity
of the scar as the border zone, and areas farther away
from the scar as the remote zone. Numerous reports
in different animal models have confirmed the
occurrence of anomalous innervation patterns after
cardiac injury,®'?"'® mostly in myocardial infarction
models with persistent occlusion of a coronary artery.
Data from myocardial infarction models with acute
reperfusion (MI-R) are scarce,''® which may be
relevant because currently most patients in the
Western world receive acute reperfusion therapy.'®>°
Histologic quantification of nerves requires high-
resolution images and has proven to be extremely
challenging because cardiac nerves are very small and
delicate structures. Thus far, most studies mainly
focus on quantifying nerve density only in local re-
gions of interest (no transmural evaluation), being
presented as the area of nerves divided by the total
tissue area.>”"?” Comparing the nerve density be-
tween diseased and control tissue results in either
hyperinnervation or denervation. Only 2 studies have
quantified both hyperinnervation and denervation
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simultaneously.””?*> Although a solid system-
atic approach was used in these studies,
quantification analyses were primarily based
on separate, nontransmural regions of interest
to demonstrate hyperinnervation and
denervation.

In the current study, we aim to contribute to solving
these gaps by: 1) developing a novel method to allow
the visualization, quantification, and assessment of
the heterogeneity of nerve distributions in large
transmural biopsy sections; and 2) using this method
for the determination of cardiac innervation patterns
in a porcine model in the chronic phase of MI-R.

METHODS

ANIMAL MODELS. Approval for the study was ob-
tained from the Danish Animal Experiments Inspec-
torate (2017-15-0201-01259). All animal procedures
complied with local institutional guidelines. In 4 do-
mestic Danish swine (66 + 2 kg), MI was induced by
placing an intravascular balloon after the second di-
agonal branch of the left anterior descending coronary
artery and inflating for 65 minutes, followed by
reperfusion.”* The animals were sacrificed after
3 months. Three fresh abattoir swine hearts were
included as controls.

EX VIVO IMAGE INTEGRATION. Sacrifice was per-
formed with potassium chloride during general
anesthesia to arrest the heart at the end-diastolic
phase to facilitate accurate ex vivo registration with
the electroanatomical map. Excised hearts were pro-
cessed as described previously.?” Briefly, the cham-
bers were filled with HistOmer (HistOtech) to
maintain end-diastolic chamber dimensions and then
fixed with 4% formaldehyde.?® The hearts were sub-
sequently sliced in 5-mm-thick slices (Cater Chef
Slicer 300ES-12). Three-dimensional meshes were
digitally created from the gross pathologic slices
(MASS, research version 2016)*” (Figure 1A). Contours
of the endocardium, the aorta, and the 3 ablation le-
sions were manually traced on the images of the
short-axis slices (MASS, research version 2016).>> The
3-dimensional meshes created from these contours
were imported into CARTO 3 version 6.0 (Biosense
Webster) and merged with the electroanatomic map-
ping data using the 3 ablation lesions as landmarks.

The authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’
institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more information,

visit the Author Center.

Manuscript received November 28, 2022; revised manuscript received April 5, 2023, accepted April 21, 2023.
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FIGURE 1 Workflow Overview

Hypoinnervation

G o

(A) The 3-dimensional location of the biopsies. (B) Immunohistochemically stained sections exported in a 1 x 1-mm grid. (C) Thresholded nerve and myocardial tissue
masks with quality check and removal of endocardium, epicardium, and artifacts. (D) Division into 0.1 x 0.1-mm squares. (E) Calculation of the nerve densities in each
square. (F) Classification into the innervation type. (G) Relocation into the original position within the biopsy section.

The registration matrix, mapping point coordinates,
and voltages were exported from CARTO 3. Using
inverse registration, all points were superimposed on
the pathology slices and projected onto the closest
contour (MATLAB, release 2015b, MathWorks Inc).
Points that had to be translocated =10 mm from the
CARTO map to be projected onto a gross pathology
contour were excluded. Transmural biopsy sections
with a height of 10 mm were taken throughout the left
ventricle, corresponding with previously obtained
biopsy sections for histologic analysis of fibrosis
patterns based on electroanatomic voltage-mapping
sites*  (Supplemental Methods, Supplemental
Figure 1). Biopsy sections from the control swine

were taken at similar locations as those from the
experimental swine.

(IMMUNO)HISTOCHEMISTRY. Biopsy sections were
embedded in paraffin and sectioned at a thickness of
7 um. Sections were stained with picrosirius red with
Weigert’s hematoxylin counterstaining to visualize
collagen and viable myocardium. Autonomic nerves
were visualized using anti-beta-III tubulin 3-3'-dia-
minobenzidine tetrahydrochloride staining (Sigma
Aldrich). To conceal the intrinsically brown iron de-
posits in macrophages, known to be present after MI
with reperfusion,®® Prussian blue staining was per-
formed on the sections after anti-beta-III tubulin
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FIGURE 2 Calculation of the Innervation Heterogeneity
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(A) Assigned number per innervation type. (B) Extraction of the numbers from all neighboring squares (original input). (C) Calculated predicted
value (median of the neighboring squares). (D) Calculated difference between the original and predicted values. (E) Calculation of the het-
erogeneity score: the grid sum divided by the maximal grid score (squares multiplied by maximum difference: 9 x 3 = 27).

staining of the myocardium (Supplemental
Figure 2).?° Detailed descriptions are provided in the
Supplemental Methods.

DIGITAL MICROSCOPY. Sections were digitally scan-
ned at 40x magnification (Panoramic 250 Flash III,
3DHistech Ltd) and stored as MRXS files.

QUANTITATIVE ANALYSES. Export. Using a custom
MATLAB script, the MRXS files could be imported,
and each scanned biopsy section was graphically
divided into a 1 x 1-mm grid. Each 1 x 1-mm tile could
subsequently be exported to a TIFF file to maintain
the image resolution (Figure 1B).

Fibrosis and viable myocardium. The proportion
of fibrosis and the amount of viable myocardium was
calculated in each transmural biopsy section as

previously described.?” Fibrosis cutoffs were used to
classify the biopsy sections into MI core (>59.8%
fibrosis), border zone (14.3%-59.8% fibrosis) or
remote zone (<14.3% fibrosis).**

Nerve density visualization and quantification. With a
custom ImageJ macro (National Institutes of Health),
the tiles were automatically color deconvoluted, and
nerve masks were automatically created using these
color deconvoluted tiles (threshold: 0-155) after the
subtraction of iron (threshold: 0-160). The threshold
was determined manually on the background staining
of the original tiles for each biopsy section to auto-
matically create myocardial tissue masks (Figure 1C).
Next, each original tile with corresponding nerve and
myocardial tissue masks was opened for a quality
check and removal of artifacts and epicardium in a
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TABLE 1 Histologic Characteristics Categorized by Biopsy Groups

Core Border Zone Remote
(n=9) (n=30) (n =44) P Value
Wall thickness, mm 22+ 04 6.3 £ 26 9.2+24 <0.0001
Fibrosis, % 73.0 (70.3-74.7)  33.6 (22.3-42.6) 8.5 (7.2-9.7) <0.0001
Viable myocardium, mm? 5.4 (3.6-6.7) 39.8 (22.8-56.1) 76.4 (62.0-93.4) <0.0001
Values are mean + SD or median (IQR).
semiautomatic fashion. The endocardium and

epicardium were removed because they were not
consistently preserved in all biopsy sections. Exam-
ples of an ideal and average section are provided in
the supplemental materials (Supplemental Figure 3).
Because myocardial tissue masks were based on
background staining, they were filtered to ensure an
equal distribution throughout the biopsy section.
Further division into 0.1 x 0.1-mm squares was ach-
ieved using a custom Python script (Python Software
Foundation), and nerve density per square (um?/mm?)
was calculated and classified into innervation types
according to cutoffs derived from the control swine
(sth and 95th percentiles: <34 pm?/mm? and
>11,650 pm?/mm?, respectively; n = 38 biopsy sec-
tions) (Figures 1D to 1F). Finally, squares were located
back to their original position within the biopsy
section, allowing visualization of the different
innervation types within 1 biopsy section (Figure 1G).
The percentage of different innervation types within
each biopsy section was then calculated by dividing
the area of each innervation type by the total biopsy
section area. The accuracies of the nerve density and
tile size to discriminate differences in the original
stained biopsy section were visually validated
(Supplemental Figure 4).

Nerve density heterogeneity. To calculate the
nerve density heterogeneity within each biopsy sec-
tion, the 0.1 x 0.1-mm squares received a value ac-
cording to the innervation type: 0 for denervation, 1
for hypoinnervation, 2 for normal innervation, and 3
for hyperinnervation (Figure 2A). The method to
determine the heterogeneity score was inspired by
the median filter technique, which is widely used in
digital image processing.?° In short, for each indi-
vidual square, the values of the neighboring squares
were taken, and the median of these values repre-
sented the predicted value (Figures 2B and 2C). Sub-
sequently, the difference between the predicted
value and original value of each square was scored
(Figure 2D). The heterogeneity score was determined
by averaging all scores and dividing by the maximal
possible score (total number of squares multiplied by
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3) (Figure 2E). The heterogeneity score ranges from
0 (homogeneous) to 1 (maximally heterogeneous).
Wider radiuses can be applied to assess the hetero-
geneity based on a broader environment within the
biopsy section (Supplemental Figure 5).

STATISTICAL ANALYSIS. Continuous variables are
reported as mean =+ SD for normal distributed data or
median (IQR) for data with nonnormal distribution.
Categorical data are presented as number (percent-
age). Data were analyzed by means of Spearman cor-
relation, 1-way analysis of variance test (normal
distribution), or Kruskal-Wallis test (nonnormal dis-
tribution) for multigroup comparison followed by
Dunn’s post hoc test for pairwise comparison when
appropriate. Statistical analyses were performed with
GraphPad Prism version 6.07 (GraphPad Inc) or
RStudio version 1.4.1717 (RStudio). A value of P < 0.05
was considered statistically significant.

RESULTS

VISUALIZATION AND ANALYSIS OF INNERVATION
WITHIN INDIVIDUAL BIOPSY SECTIONS. A total of 83
transmural MI-R biopsy sections were taken, with a
median of 21'°?° biopsy sections per heart. Of these, 9
were classified as core infarct, 30 as infarct border
zone, and 44 as remote myocardium according to the
percentage of fibrosis. Classification according to the
electroanatomic voltage map showed similar results
(Supplemental Figure 6). Table 1 provides the
descriptive statistics per group.

After quantification, different innervation types
could be visualized within each transmural biopsy
section (Figure 3).

QUANTIFICATION OF INNERVATION TYPES. Several
coexisting innervation patterns were observed in the
infarct core and border zone (Figure 4A). Hyperin-
nervation was observed mainly in the border zone
(median: 5.3%; IQR: 3.7%-9.4%) and, remarkably,
also in the core infarct (median: 5.3%; IQR: 3.7%-
9.4%; P = >0.99), while it was low in remote
myocardium (median: 2.6%; IQR: 1.7%-4.3%;
P = 0.002 and P = 0.038, respectively) (Figure 4B).
Normal innervation was mostly observed in remote
myocardium (median: 94.9%; IQR: 93.8%-96.0%),
was decreased in the border zone (median: 87.9%;
IQR: 85.1%-92.4%; P < 0.001), and was lowest in the
core infarct (median: 72.8%; IQR: 66.3%-75.8%; P <
0.001) (Figure 4C). The percentages of hypo-
innervation and denervation per biopsy section were
highest in the infarct core (hypoinnervation: median:
3.8%; IQR: 2.9%-5.0%; denervation: median: 16.7%;
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FIGURE 3 Visualization of Innervation Within an Individual Biopsy Section
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Different innervation types visualized within 1 transmural biopsy section: (A) hyperinnervation, (B) normal innervation, and (C) denervation.

IQR: 13.5%-23.5%), lower in the border zone (hypo-
innervation: median: 1.2%; IQR: 0.8%-1.7%; P = 0.015;
denervation: median: 2.6%; IQR: 1.6%-6.5%;
P = 0.008), and lowest in the remote myocardium
(hypoinnervation: median: 0.6%; IQR: 0.3%-1.3%; P <
0.001; denervation: median: 1.2%; IQR: 0.7%-1.8%;
P < 0.001) (Figures 4D and 4E). In the examples pre-
sented in Figure 5, denervation and hypoinnervation
could be observed in the subendocardial region,
coinciding with compact fibrotic scar, whereas hy-
perinnervation was observed in the adjacent mid-
myocardial and subepicardial regions in the core and
border zone biopsy sections. The hyperinnervated
autonomic nerves were mainly of sympathetic origin
(Supplemental Figure 7).

HETEROGENEOUS INNERVATION AS RELATED TO
FIBROSIS AND VIABLE MYOCARDIUM. Three months
after MI-R, innervation was most heterogeneous in
the core biopsy sections (median: 0.14; IQR: 0.12-
0.15), less heterogeneous in the border zone (median:
0.05; IQR: 0.04-0.07; P = 0.02), and most homoge-
neous in the remote myocardium (median: 0.02; IQR:

0.02-0.03; P < 0.0001) (Figure 6A). The amount of
viable myocardium was severely reduced in the core
(median: 5.4 mm?; IQR: 3.6-6.7 mm?), was higher in
the border zone (median: 39.8 mm?; IQR: 22.8-56.1
mm?; P = 0.02), and was highest in the remote zone
(median: 76.4 mm?; IQR: 62.0-93.4 mm?; P < 0.0001)
(Figure 6B). Next, the relationship between fibrosis
and innervation heterogeneity was examined. Only in
border zone biopsy sections did the heterogeneity
show a linear increase with the percentage of fibrosis
(R = 0.79; P < 0.0001) (Figure 6C). The linear rela-
tionship between fibrosis and heterogeneity was ab-
sent in remote myocardium (R = 0.23; P = 0.14) and
core infarct biopsy sections (R = 0.38; P = 0.31).
Similar results were acquired when using a larger
radius for the determination of innervation hetero-
geneity (Supplemental Figure 8).

DISCUSSION

In recent years, there is an increasing interest in the
role of disturbed autonomic cardiac innervation pat-
terns in arrhythmogenesis after cardiac injury, such as
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A N=9
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FIGURE 4 Innervation Changes of the Core, Border Zone, and Remote Zone After Myocardial Infarction With Reperfusion
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(A) Median percentages of innervation types categorized by group. (B) Hyperinnervation is significantly increased in the core and border zone, whereas it is
lower in the remote zone. (C) Normal innervation is highest in the remote biopsy sections, significantly decreased in the border zone, and lowest in the
infarction core. (D) Hypoinnervation is significantly increased in the border zone and core compared to remote biopsy sections. (E) The percentage of
denervation is highest in the infarction core, lower in the border zone, and lowest in the remote biopsy sections. *P < 0.05, **P < 0.01, ***P < 0.0001.
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FIGURE 5 Representative Examples of Analyzed Biopsy Sections
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(A) Legend. (B) Core biopsy examples. (C) Border zone biopsy examples. (D) Remote zone biopsy examples. endo: endocardium; epi: epicardium.

ML. In this study, we use a novel workflow to provide
histologic evaluation and quantification of nerve
density and heterogeneity across large transmural
biopsy sections in an MI-R model (Central Illustration).
This workflow leverages the advantages of existing
freely available software. To the best of our knowl-
edge, such an analysis has never been performed to
date. The key results of the study are as follows:

e Visualization and quantification of different
innervation types within large transmural biopsy
sections could be achieved.

e In a chronic porcine MI-R model, denervation,
hypoinnervation, and hyperinnervation coexisted
in transmural core and border zone biopsy
sections.

e The heterogeneity in innervation showed a linear
increase with the amount of fibrosis in the infarct
border zone.

SPATIAL DISTRIBUTION OF INNERVATION WITHIN
LARGE TRANSMURAL BIOPSY SECTIONS AND ITS
RELATION WITH FIBROSIS. Early reperfusion is
currently the standard treatment of myocardial
infarction and results in smaller and inhomogeneous
fibrotic scars in the subendocardium extending to-
ward the midmyocardium.>3*> Denervation in the
core and nerve sprouting in the border zone have
often separately been mentioned but not quanti-
fied."»-33-3% To date, most data in animal studies are

derived from MI rodent models without reperfusion.
In the current study, the different innervation types
were assessed throughout the entire transmural bi-
opsy in a porcine MI-R model from infarct core,
border zone, and remote zone. Because healthy large
animals and humans have predominantly vagal tone,
whereas small rodents have predominantly sympa-
thetic tone,* this large animal model may be more
representative of human autonomic innervation than
prior rodent models. This method can potentially be
applied to human biopsy sections (Supplemental
Figure 9).

CHANGES OF INNERVATION PATTERNS IN CHRONIC
MI-R. Our finding of hyperinnervation in the border
zone is in agreement with several other studies in
different animal models.>®3°3% In contrast, our
findings are based on the quantification of hyperin-
nervation in the entire transmural biopsy section
rather than showing an increased nerve density in a
region of interest. Surprisingly, in the current study,
hyperinnervation was also present in the infarct core.
This finding may partly be attributed to our definition
of the core infarct and border zone. The transmural
biopsy sections in the present study were classified
according to cutoffs in the percentage of fibrosis and,
in addition, according to electroanatomic voltage
mapping, which showed similar results (as presented
in the supplemental materials). As a consequence,
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FIGURE 6 Differences in Innervation Heterogeneity and Viable Myocardium Within the Infarction Core, Border Zone, and Remote Zone
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(A) Innervation heterogeneity is highest in the core, lower in the border zone, and lowest in the remote zone. (B) The amount of viable
myocardium is highest in the remote zone, partially preserved in the border zone, and severely reduced in the core. (C) A significant increase in
innervation heterogeneity is observed with increasing fibrosis in the border zone biopsy sections. No significant association between innervation
heterogeneity and fibrosis is found in the remote and core biopsy sections. The gray line illustrates the viable myocardium in relation to the
heterogeneity. *P < 0.05, **P < 0.0001.

transmural biopsy sections could include areas with
dense fibrosis but also areas with diffuse fibrosis or
viable myocardium. Because previous studies relied
on the histologic quantification of the nerve density
within regions of interest, it is imaginable that a re-
gion is classified as border zone when being directly
localized next to an area of dense fibrosis. Besides
sympathetic hyperinnervation, other changes in
innervation may occur after MI. Denervation and
hypoinnervation were moderately increased in the
border zone but markedly present in the infarction
core in our MI-R model, supporting the findings of
preceding studies and validating the novel quantita-
tive method presented in the current study.”-'"3437

SUBSTRATE HETEROGENEITY. Ventricular arrhyth-
mias after MI are often caused by re-entry mecha-
nisms. Heterogenous and slow conduction in the
border zone with activation proceeding along path-
ways lengthened by branching and merging bundles
of viable myocardium separated by collagenous septa
is one crucial requirement for re-entry to occur.>® In
addition, large transitions in border zone thickness
can form regions of functional conduction block,
further contributing to the ventricular tachycardia
substrate.*® Components in this concept are
myocardium and scar fibroblasts, whereas the po-
tential role of nerve sprouting after MI(-R) currently
is not critical.

considered Interestingly, the
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CENTRAL ILLUSTRATION Overview of the Study

Experimental Setup

ental Swine MI and reperfusion
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Findings
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(A) Induction of myocardial infarction by intravascular balloon inflation in the left anterior descending coronary artery followed by reperfusion.
(B) Extraction of the hearts, immunohistochemical staining, and analysis of cardiac innervation. (C) Differences in innervation heterogeneity
and innervation types in the infarct core, border zone, and remote biopsy sections.
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heterogeneity of repolarization can be aggravated by
sympathetic stimulation.*' Upon sympathetic stimu-
lation, in patients without cardiomyopathy, all re-
gions of the heart significantly and uniformly exhibit
shortening of the activation recovery interval, a reli-
able surrogate for the action potential duration. In
contrast, a significant variation in response to sym-
pathetic stimulation has been observed in the hearts
of patients with ischemic cardiomyopathy, even
within the same regions of the border zone.*' Simi-
larly, in a porcine model of anteroapical MI-R, sym-
pathetic stimulation induced heterogeneous changes
on activation and even paradoxically prolonged acti-
vation propagation at some border zone sites.*”

The finding in the present study of a positive as-
sociation between innervation heterogeneity and
fibrosis—while, naturally, a reversed relation was
observed with the amount of viable myocardium—
may in part account for the dynamic nature of the
responses to sympathetic stimulation in the border
zone and the predisposition to ventricular arrhyth-
mias after MI-R.

SYMPATHETIC HYPERINNERVATION. The majority
of the nerve fibers involved in regional left ventricu-
lar hyperinnervation after MI are sympathetic nerves
(Supplemental Figure 5).'° Parasympathetic nerve fi-
bers innervate the left ventricle as well, but to a much
lesser extent.**** The role and potential alterations
of parasympathetic nerves after MI are poorly studied
and remain controversial. A greater quantity of
parasympathetic nerve fibers has been reported to be
increased in the border zone and infarct zone than in
the remote zone,*> whereas others have documented
no parasympathetic hyperinnervation.” Adding to
this complexity, evidence suggests that MI can cause

cholinergic transdifferentiation of

46

sympathetic
nerves.

Therefore, the contribution of sympathetic inner-
vation in arrhythmogenicity after MI seems to be
undeniable, but the role of parasympathetic cardiac
innervation and the interplay between both systems
remains largely unclear and warrants further
investigation.

STUDY LIMITATIONS. Fiber orientation may influ-
ence nerve density—eg, a longitudinal orientation
leads to a higher nerve density than a cross-sectional
orientation, which is difficult to solve because the
structure of the myocardium (with its innervation) is
normally oriented in multiple directions.*” However,
by taking the entire transmural biopsy section into
account and not a localized area of the myocardial
wall, the presented method eliminates a substantial
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AUGUST 2023:1652-1664

influence of fiber orientation on the results. Addi-
tionally, prior research on noninfarcted swine hearts
found no discernible variations between the sub-
epicardium, midmyocardium, and subendocardium
layers.*®

Classification of the nerve density
different innervation types was based on cutoff
values identified in control swine. These values may

into the

show interspecies differences and therefore need to
be validated in other species.

The study focused on a postinfarct model using
distal left anterior descending coronary artery occlu-
sion followed by reperfusion. Because nerve density
shows regional differences in the heart, the results
may differ in other MI locations than anterior wall
infarctions.

CONCLUSIONS

Here, we present a novel workflow for the visualiza-
tion and quantification of nerve density and hetero-
geneity of large transmural biopsy sections in the
chronic phase after MI-R. This workflow, which is
based on existing freely available software packages
and platforms, has the potential to be broadly applied
to any research involving high-resolution imaging of
nerves in large tissues. It enables the histologic study
of the location of denervation and hyperinnervation
after MI-R and may also be applied to human biopsy
sections. In our chronic porcine MI-R model, coex-
isting areas of different innervation patterns were
identified within individual biopsy sections. Com-
bined with persisting viable myocardium in the
border zone, this may form a potentially heteroge-
neous substrate for arrhythmias.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Cardiac
innervation is important in arrhythmogenicity but difficult
to analyze because of the small size of cardiac nerves. For
the first time, to our knowledge, a workflow to histo-
logically analyze cardiac innervation in large transmural
biopsy sections is described in this article.

TRANSLATIONAL OUTLOOK: Combining transmural
histologic cardiac innervation data with

Chen et al

Quantification of Innervation Heterogeneity in Transmural Biopsies

electrophysiologic parameters such as conduction veloc-
ity and regional action potential duration in future studies
may provide new insights in pathologic cardiac innerva-
tion in relation to the substrate for ventricular arrhyth-
mias. Future studies evaluating the potential
consequences for autonomic neuromodulation will aid in

the development of novel arrhythmia treatments for

chronic myocardial infarction.
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