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Abstract: Aging induces cardiac remodeling, resulting in an increase in the risk of suffering
heart diseases, including heart failure. Collagen deposition increases with age and, together
with sarcomeric changes in cardiomyocytes, may lead to ventricular stiffness. Multiphoton
(MP) microscopy is a useful technique to visualize and detect variations in cardiac structures
in a label free fashion. Here, we propose a method based on MP imaging (both two-photon
excitation fluorescence (TPEF) and second harmonic generation (SHG) modalities) to explore
and objectively quantify age-related structural differences in various components of cardiac
tissues. Results in transmural porcine left ventricle (LV) sections reveal significant differences
when comparing samples from young and old animals. Collagen and myosin SHG signals
in old specimens are respectively 3.8x and >6-fold larger than in young ones. Differences in
TPEF signals from cardiomyocyte were ∼3x. Moreover, the increased amount of collagen in
old specimens results in a more organized pattern when compared to young LV tissues. Since
changes in collagen and myosin are associated with cardiac dysfunction, the technique used herein
might be a useful tool to accurately predict and measure changes associated with age-related
myocardium fibrosis, tissue remodeling and sarcomeric alterations, with potential implications in
preventing heart disease.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Cardiovascular disease (CVD) is the leading cause of death globally. It is estimated to account
for nearly 17.9 million deaths yearly [1]. Age induces a number of molecular, cellular and
structural changes that deteriorate the functionality of the cardiovascular system and increase the
risk of CVD. From studies in animal species, it is known that aging augments the deposition of
extracellular matrix (i.e. fibrosis) leading to ventricular wall stiffness, less contraction force, and
thus, heart malfunctioning [2,3]. Fibrosis is also a well-known arrhythmogenic substrate as it can
hamper proper impulse propagation [4]. Recently, similar observations have been reported in
humans and large animals (pig) in relation to age and fibrosis (amount and spatial distribution),
and specifically related to collagen as chief component of the ventricular extracellular matrix
[5,6].

Maintenance of normal systolic function is also dependent on the adequate operation of
the contraction machinery within cardiomyocytes. Myosin protein in combination with actin

#509227 https://doi.org/10.1364/BOE.509227
Journal © 2024 Received 12 Oct 2023; revised 27 Jan 2024; accepted 11 Mar 2024; published 23 Apr 2024

https://orcid.org/0000-0002-9711-8034
https://orcid.org/0000-0002-2957-9883
https://orcid.org/0000-0002-3194-7796
https://orcid.org/0000-0002-2954-1068
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.509227&amp;domain=pdf&amp;date_stamp=2024-04-23


Research Article Vol. 15, No. 5 / 1 May 2024 / Biomedical Optics Express 3252

filaments are the engine that transforms energy into movement. The two isoforms of myosin,
Myosin Heavy Chain 7 (MYH7) and Myosin Heavy Chain 6 (MYH6), are known to be regulated in
a species-specific manner during development, disease and aging [7]. The human heart is mostly
formed by MYH7 and some MYH6, the latter thought to be important in maintaining normal
systolic function [8,9]. Failing human hearts lack MYH6 [10,11], but whether deregulation of
myosin with age occurs in humans and large animals remains unknown.

Understanding age-related alterations in collagen dynamics and changes in myosin homeostasis
is fundamental to shed light on the enhanced risk of suffering heart disease with age. Novel
approaches to assess the structural changes occurring at the tissue level are of special relevance
to retrieve novel insight in cardiac remodeling. Ideally, methods that minimize tissue processing,
to preserve its native features, and of high resolution are desirable.

Multiphoton microscopy (MP) is a versatile technique used for high-resolution deep tissue
imaging without the use of exogenous stains [12]. Two different MP signals are widely used:
Second Harmonic Generation (SHG) and Two Photon Excitation Fluorescence (TPEF). The
former allows visualizing non-centrosymmetric structures such as type I collagen and myosin
[13,14]. The latter is emitted by endogenous fluorophores (proteins, mitochondrial NAD(P)H,
flavins, elastin, organelles,. . . ) [15]. Since MP emission requires a high density of incident
infrared photons, the signal is limited to the focal spot, which provides inherent confocality and
reduced photodamage [12]. Whereas TPEF is an incoherent process which is emitted over the
entire solid angle (i.e. 4π steradians), SHG emission is a coherent process, which normally
favors the forward rather than the backward emission direction due to the phase matching
requirement [16,17]. Despite these noticeable differences, TPEF and SHG imaging techniques
have been successfully used in biomedicine to evaluate a great variety of non-labelled biological
tissues, including skin, cancer-related tumors, corneas, dental pieces and brain, among others
[12,15,18–22]. MP microscopy was also used to differentiate healthy from pathological tissues
[22–25] and to evaluate age-related changes [26–29].

To the best of our knowledge, Rubart et al. were the first to use MP microscopy to explore
cardiac structures. In particular, they used TPEF signal to monitor spontaneous and stimulation-
evoked calcium transients in individual cardiomyocytes in the left ventricular myocardium of a
mouse (through changes in rhod-2 indicator dye fluorescence) [30]. TPEF signal from enhanced
green fluorescent protein (EGFP)-expressing donor cardiomyocytes was subsequently used to
image intracellular calcium-dependent changes in the intact recipient heart [31,32]. Although
MP microscopy has been extensively used to explore dynamic events (e.g., calcium transients)
on a subcellular scale within cardiac tissue (see [33] as a general reference), other studies paid
attention to the potential of this technique to visualize different heart regions and to explore
changes under different experimental conditions. Ziptel and co-authors reported a merged MP
image showing collagen scaffolding (SHG signal) surrounding a cardiac myocyte (TPEF signal
from NAD(P)H)) in a freshly excised mouse heart tissue [34]. However, they did not provide any
additional quantitative information. In fixed cardiomyocytes of sheep fetuses, SHG demonstrated
high-contrast images of myosin filaments and TPEF clearly visualized cell morphology [35].
SHG microscopy was applied to image freshly isolated unstained myocytes from an adult frog
heart with 20-nm accuracy. Given the remarkable efficiency and contrast of the images, individual
sarcomere length was accurately assessed [36]. The combination of both MP signals was also
employed to investigate changes in pig coronary artery wall architecture during transmural
pressurization [37]. Moreover, collagen and elastin of bovine aortic heart valves were visualized
by means of SHG and TPEF imaging respectively, without fixation or staining requirements [38].

Cardiac abnormalities and certain pathologies have also been explored with MP microscopy.
These included infarcts, atrial fibrillation and fibrosis, among others. SHG and TPEF images from
the infarct border zone of a transgenic mouse heart were acquired in a proof-of-concept experiment
by Scherschel and Rubart [33]. Whereas SHG intensity arose from the collagen distribution
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within the infarct scar, TPEF signal was obtained exclusively in the cardiomyocytes. In the human
atrial myocardium, SHG images showed differences in the morphology and the arrangement
of collagen fibers between normal sinus rhythm and atrial fibrillation (i.e., arrhythmia) tissues
[39]. Altered collagen deposition in diseased mouse hearts following hypertrophic remodeling
[40] and structural alterations caused by pressure-overload in murine hearts [41] were verified
by means of SHG signals. 3D SHG microscopy was also useful to characterize the fibrotic
network in cleared cardiac muscle sections of rats [42]. Age-related morphological alterations
in the marmoset heart were investigated through TPEF and SHG imaging [43]. More recently,
Garcia-Mendivil and colleagues performed quantitative and spatial characterization of collagen
in the left ventricle (LV) myocardium of young to old pigs, and human donors [6] to analyze its
potential implications for ventricular arrhythmia development with age. Consistency between
pig and human results led the authors to consider the pig as a relevant model of age-related heart
changes. However, changes in myosin or other collagen structural features such as density or
arrangement-related parameters, were not evaluated.

Most of these previous studies were limited to subjective descriptions and objective measure-
ments were no reported. Therefore, it is crucial to go a step further to improve the existing
procedures to accurately explore age-associated changes in LV located not only at the interstitial
areas (collagen), but also within the myocardial fibers (myosin). In that sense, the aim of this
work is to develop a method to objectively analyze MP signals (TPEF and SHG) in the heart
tissue to gain novel insight into the age-related remodeling of collagen and myosin. Specifically,
collagen density and structural arrangements, as well as variations in myosin concentration are
investigated.

2. Methods

2.1. Animal tissues

Pig transmural LV tissue specimens were collected from young female pigs (N= 4, 16 weeks
old) and old male pigs (N= 3, 4-5 years old), provided by the Experimental Surgery Service of
the Biomedical Research Center of Aragón (CIBA, Zaragoza, Spain) and a local slaughterhouse
(The Pink Pig, Zaragoza, Spain), respectively. The samples were obtained 10-15 minutes after
the sacrifice with a disposable biopsy needle and processed as explained in detail in [6,44].
Routine hematoxylin-eosin staining was performed to select only tissue specimens that presented
the myocardial fibers in their longitudinal axis in order to correctly visualize the SHG signal
from myosin [14]. Each adjacent tissue section (5-µm in thickness) was left unstained and was
mounted on a microscope slide for MP imaging.

This experiment was approved by the Ethics Committee on Animal Experimentation, (CEAEA)
of the University of Zaragoza. All animal experiments followed the guidelines of the local animal
welfare committee for the care and use of experimental animals and complied with the Directive
2010/63/EU of the European Parliament on the protection of animals used for scientific purposes.

2.2. Multiphoton microscope

Figure 1 shows a schematic of the home-made inverted MP microscope used for the purpose
of this work [45]. The illumination source is a Ti:Sapphire femtosecond laser (λ= 800 nm,
76 MHz repetition rate, 120 fs pulses) which passes through a neutral density filter (NDF), a beam
expander (BE) and a XY scanning unit (composed of two non-resonant galvanometric mirrors).
The beam is then reflected by a dichroic mirror (DIC), travels through a long working-distance
objective (Numerical Aperture [NA]= 0.5, 20x) and reaches the sample. The emitted signal
(TPEF and/or SHG) is collected by the same objective, passes the spectral filters, finally reaching
the detection system (photomultiplier tube, PMT). The spectral filters were used to isolate each
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MP signal: SHG (narrow band filter, 400± 10 nm) and TPEF (broadband filter, 435-700 nm).
The experimental setup was fully controlled through a LabView software.

4

Fig. 1. Schematic representation of the MP microscope used in this work. See text for details.

2.3 Image processing

2.3.1 Image segmentation

For each sample, series of SHG-TPEF image pairs from different and randomly chosen 
locations were recorded (42 and 52 pairs in young and old hearts, respectively). In particular, 
two tissue structures of interest within the cardiac tissue were considered: (#1) the interstitial 
areas (zones corresponding to the collagen within the cardiac intercellular space) and (#2) the 
cardiac muscle fibers (myosin within cardiomyocytes). All images were 180x180 μm2 in size 
(256x256 px2). To isolate the MP signals from those two regions, a custom software in 
MATLABTM was developed. 

For tissue component #1, we operated as follows. From each SHG-TPEF image pair, the 
algorithm generated the spatial resolved parameter called Index of Aging (INAG) defined as 
[26]:

𝐼𝑁𝐴𝐺 =  
𝐼𝑆𝐻𝐺 ― 𝐼𝑇𝑃𝐸𝐹

𝐼𝑆𝐻𝐺 + 𝐼𝑇𝑃𝐸𝐹
, (1)

 
with ISHG and ITPEF being the (point-by-point) intensity of the SHG and TPEF images, 
respectively. Then, this map was thresholded to create a binary mask of region #1 (BWINAG). 
This map highlights the SHG signal generated at the interstitial region (at that location this 
signal is dominant since no TPEF signal was detected). Finally, the product of the original SHG 
image and the mask provides the final segmented SHG image (SHGINTER) that corresponds 
exclusively to the interstitial area. This segmentation procedure is based on the method reported 
by Otsu [46] and uses the local variances of the gray values of the histogram of the INAG image 
to determine the appropriate threshold before binarization. The flowchart describing the image 
process to isolate the SHG signal corresponding to the interstitial region is depicted in Fig. 2.

Once SHGINTER is known, the SHG signal density (SigD) was computed using Eq. (2):

𝑆𝑖𝑔𝑛𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑆𝑖𝑔𝐷) =  
𝐼𝑆𝐻𝐺_𝑡𝑜𝑡𝑎𝑙

𝑁𝑃𝑋
, (2)

 
where ISHG_total is the total SHG intensity (i.e., the sum of the intensity of each pixel in the 
segmented image) and NPX is the number of white pixels within the binary mask. Since the size 
and resolution of the image is known, this value can be expressed in m-2 units. In easy words, 
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2.3. Image processing

2.3.1. Image segmentation

For each sample, series of SHG-TPEF image pairs from different and randomly chosen locations
were recorded (42 and 52 pairs in young and old hearts, respectively). In particular, two tissue
structures of interest within the cardiac tissue were considered: (#1) the interstitial areas (zones
corresponding to the collagen within the cardiac intercellular space) and (#2) the cardiac muscle
fibers (myosin within cardiomyocytes). All images were 180× 180 µm2 in size (256× 256 px2).
To isolate the MP signals from those two regions, a custom software in MATLAB was developed.

For tissue component #1, we operated as follows. From each SHG-TPEF image pair, the
algorithm generated the spatial resolved parameter called Index of Aging (INAG) defined as [26]:

INAG =
ISHG − ITPEF

ISHG + ITPEF
, (1)

with ISHG and ITPEF being the (point-by-point) intensity of the SHG and TPEF images, respectively.
Then, this map was thresholded to create a binary mask of region #1 (BWINAG). This map
highlights the SHG signal generated at the interstitial region (at that location this signal is
dominant since no TPEF signal was detected). Finally, the product of the original SHG image
and the mask provides the final segmented SHG image (SHGINTER) that corresponds exclusively
to the interstitial area. This segmentation procedure is based on the method reported by Otsu [46]
and uses the local variances of the gray values of the histogram of the INAG image to determine
the appropriate threshold before binarization. The flowchart describing the image process to
isolate the SHG signal corresponding to the interstitial region is depicted in Fig. 2.

Once SHGINTER is known, the SHG signal density (SigD) was computed using Eq. (2):

Signal Density (SigD) =
ISHGtotal

NPX
, (2)
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SigD is a measure of the concentration of the collagen within the imaged tissue. Then, in general 
terms, the higher SigD, the higher the collagen accumulation.

Fig. 2. Image processing workflow to segment the SHG signal from the interstitial region. 
Scale bars: 50 m.

For tissue structure #2, the segmentation of the cardiac muscle fibers was performed in a 
similar way. First, the TPEF image was thresholded to generate a binary mask (BWTPEF, Fig. 
3a). This BWTPEF was multiplied by the inverse of mask BWINAG (Fig. 3b, see Fig. 2 above). The 
result is another binary mask (BWINTRA, Fig. 3c) where the white pixels correspond to the area 
containing the tissue components #2.

(a)                                          (b)                                           (c)
Fig. 3. Procedure to isolate the area occupied by cardiac muscle fibers. The TPEF binary image 
(BWTPEF, a) is multiplied by the inverse of the binary mask BWINTER, ((BWINTER)INV, b). The 
result is the mask corresponding to the myocardial fiber segmentation (BWINTRA, c).

Next, the product of the original SHG and TPEF images and the mask BWINTRA provided the 
final segmented images (SHGINTRA and TPEFINTRA) that corresponded exclusively to the cardiac 
muscle fiber region (Fig. 4). Since this area emits both TPEF and SHG signals [34,35], changes 
in SigD as a function of age can be studied using equation (2). Now, in that equation, ISHG_total 
(ITPEF_total) represent the total SHG (TPEF) signal of the non-null pixels of the segmented 
SHGINTRA (TPEFINTRA) images, and NPX is the number of white pixels of the new mask BWINTRA.

Fig. 2. Image processing workflow to segment the SHG signal from the interstitial region.
Scale bars: 50 µm.

where ISHG_total is the total SHG intensity (i.e., the sum of the intensity of each pixel in the
segmented image) and NPX is the number of white pixels within the binary mask. Since the size
and resolution of the image is known, this value can be expressed in µm−2 units. In easy words,
SigD is a measure of the concentration of the collagen within the imaged tissue. Then, in general
terms, the higher SigD, the higher the collagen accumulation.

For tissue structure #2, the segmentation of the cardiac muscle fibers was performed in a
similar way. First, the TPEF image was thresholded to generate a binary mask (BWTPEF , Fig. 3(a)).
This BWTPEF was multiplied by the inverse of mask BWINAG (Fig. 3(b), see Fig. 2 above). The
result is another binary mask (BWINTRA, Fig. 3(c)) where the white pixels correspond to the area
containing the tissue components #2.
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Fig. 3. Procedure to isolate the area occupied by cardiac muscle fibers. The TPEF binary
image (BWTPEF, a) is multiplied by the inverse of the binary mask BWINTER, ((BWINTER)INV,
b). The result is the mask corresponding to the myocardial fiber segmentation (BWINTRA,
c).

Next, the product of the original SHG and TPEF images and the mask BWINTRA provided
the final segmented images (SHGINTRA and TPEFINTRA) that corresponded exclusively to the
cardiac muscle fiber region (Fig. 4). Since this area emits both TPEF and SHG signals [34,35],
changes in SigD as a function of age can be studied using Eq. (2). Now, in that equation, ISHG_total
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(ITPEF_total) represent the total SHG (TPEF) signal of the non-null pixels of the segmented
SHGINTRA (TPEFINTRA) images, and NPX is the number of white pixels of the new mask BWINTRA.
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            (a)                                      (b)
Fig. 4. Representative examples of SHG (a) and TPEF (b) segmented images of the cardiac 
muscle fiber area.

2.3.2 Collagen organization

The spatial organization of the interstitial collagen fibers appearing in SHGINTER images was 
quantified by means of the Hough Transform (HT) [47]. HT is a well-established mathematical 
method able to detect different features within an image, in particular those associated with 
straight lines. Collagen distribution has been successfully analyzed with this technique in 
previous works and further details can be found in [48]. The algorithm (also developed in 
MATLABTM) provides a parameter known as the structural dispersion (SD). An example of the 
HT algorithm using an artificial image (composed of horizontal straight lines) is shown in Fig. 
5. In brief, the procedure was based on detecting lines within the image (with a certain length 
pre-defined in the calibration procedure [48]). Each time a new straight line is found, the HT 
accumulator’s bin increments the corresponding value. Green boxes in the HT accumulation 
matrix (right panel of Fig. 5) indicate the peak of lines found at a distance ρ from the origin at 
a given orientation, i. As expected, for this image, the value of the angles i detected are around 
zero. The SD of the collagen fibers is defined as the standard deviation of those i.  As a general 
idea, the higher SD, the lower the degree of organization of the collagen fibers. In particular, 
when SD≤20º the sample presents a fairly organized structure. This will be non-organized if 
SD>40º. The range in between corresponds to partially organized arrangements. 

Fig. 5. Example of the use of the HT with an artificial image (left) and the corresponding HT 
accumulation matrix (right).

3. Results
A representative example of a pair of TPEF and SHG images of a transmural LV section from 
a young pig is presented in Fig. 6. Instead of individual frames, a 3x3 mosaic of images (one 
next to each other) was built. This allows the visualization of a bigger area within the tissue. A 
qualitative observation shows that, whereas SHG signals are generated in both interstitial and 

Fig. 4. Representative examples of SHG (a) and TPEF (b) segmented images of the cardiac
muscle fiber area.

2.3.2. Collagen organization

The spatial organization of the interstitial collagen fibers appearing in SHGINTER images was
quantified by means of the Hough Transform (HT) [47]. HT is a well-established mathematical
method able to detect different features within an image, in particular those associated with
straight lines. Collagen distribution has been successfully analyzed with this technique in previous
works and further details can be found in [48]. The algorithm (also developed in MATLAB)
provides a parameter known as the structural dispersion (SD). An example of the HT algorithm
using an artificial image (composed of horizontal straight lines) is shown in Fig. 5. In brief, the
procedure was based on detecting lines within the image (with a certain length pre-defined in the
calibration procedure [48]). Each time a new straight line is found, the HT accumulator’s bin
increments the corresponding value. Green boxes in the HT accumulation matrix (right panel
of Fig. 5) indicate the peak of lines found at a distance ρ from the origin at a given orientation,
θi. As expected, for this image, the value of the angles θi detected are around zero. The SD of
the collagen fibers is defined as the standard deviation of those θi. As a general idea, the higher
SD, the lower the degree of organization of the collagen fibers. In particular, when SD ≤ 20° the
sample presents a fairly organized structure. This will be non-organized if SD> 40°. The range
in between corresponds to partially organized arrangements.
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Fig. 5. Example of the use of the HT with an artificial image (left) and the corresponding
HT accumulation matrix (right).

3. Results

A representative example of a pair of TPEF and SHG images of a transmural LV section from a
young pig is presented in Fig. 6. Instead of individual frames, a 3× 3 mosaic of images (one
next to each other) was built. This allows the visualization of a bigger area within the tissue. A
qualitative observation shows that, whereas SHG signals are generated in both interstitial and
cardiac muscle fiber areas, TPEF signals can only be seen in the latter. For these images the
average TPEF signal (501± 39 a.u.) was 16 times higher than that of SHG signal (38± 21 a.u.).
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average TPEF signal (501±39 a.u.) was 16 times higher than that of SHG signal (38±21 a.u.).

SHG signal in the interstitial area is generated by the collagen fibers there located 
[34,39,43]. In the cardiac muscle fiber region, both MP signals are produced: whereas SHG 
arises from the myosin lattice of muscle cells [14], TPEF signal might come from different 
cardiomyocyte autofluorescent cellular components (mostly proteins) [33]. The choice of the 
spectral filters used in our experimental system avoids contamination of TPEF signals in the 
SHG channel. Then, SHG signal from the cardiac muscle fiber is associated to pure myosin 
signal.

                                              (a)                                            (b)

3.1 Changes in the interstitial region

3.1.1 Interstitial collagen concentration

SHG images of the interstitial region were obtained using the procedure explained in the 
Methods section. As described above, the cardiac interfibrillar areas with collagen content were 
isolated. Representative SHG images for two samples from each age group are presented in 
Fig. 7.

Fig. 7. SHG images from the isolated interstitial region with collagen content. Left and middle 
panels: young specimens presented using different color scales (as indicated with the bars at the 
bottom). Right panels: old specimens. Scale bar: 50 m.

Fig. 6. TPEF (a) and SHG (b) images (3× 3 mosaic, 540× 540 µm2) of a non-stained young
pig transmural LV tissue section. For a direct comparison, both images share the same color
scale. Labels have been included in Fig. 6(a) for a better identification of the two regions of
interest. Bar length: 50 µm.

SHG signal in the interstitial area is generated by the collagen fibers there located [34,39,43].
In the cardiac muscle fiber region, both MP signals are produced: whereas SHG arises from
the myosin lattice of muscle cells [14], TPEF signal might come from different cardiomyocyte
autofluorescent cellular components (mostly proteins) [33]. The choice of the spectral filters used
in our experimental system avoids contamination of TPEF signals in the SHG channel. Then,
SHG signal from the cardiac muscle fiber is associated to pure myosin signal.
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signal.
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3.1 Changes in the interstitial region

3.1.1 Interstitial collagen concentration

SHG images of the interstitial region were obtained using the procedure explained in the 
Methods section. As described above, the cardiac interfibrillar areas with collagen content were 
isolated. Representative SHG images for two samples from each age group are presented in 
Fig. 7.

Fig. 7. SHG images from the isolated interstitial region with collagen content. Left and middle 
panels: young specimens presented using different color scales (as indicated with the bars at the 
bottom). Right panels: old specimens. Scale bar: 50 m.

Fig. 7. SHG images from the isolated interstitial region with collagen content. Left and
middle panels: young specimens presented using different color scales (as indicated with the
bars at the bottom). Right panels: old specimens. Scale bar: 50 µm.

3.1. Changes in the interstitial region

3.1.1. Interstitial collagen concentration

SHG images of the interstitial region were obtained using the procedure explained in the Methods
section. As described above, the cardiac interfibrillar areas with collagen content were isolated.
Representative SHG images for two samples from each age group are presented in Fig. 7.

Panels in central and right columns correspond to young and old specimens, respectively.
However, since the SHG signal in the former is noticeable lower than in the latter, when both are
represented using the same color scale, collagen features are not visible in samples from young
animal models (see middle panels and color bars in Fig. 7). Left panel are the same than those
in the central column but presented with a different color scale (in order to observe biological
details).

Once all the SHG images were segmented, SigD corresponding to interstitial collagen was
computed. Averaged values for both age groups are shown in Fig. 8. As expected from the
previous figure, an increment in the interstitial collagen density of ∼3.6x was found when
comparing young and old samples. Although old samples present a higher variance, differences
with age were statistically significant (p< 0.001, Welch’s t test).

3.1.2. Interstitial collagen organization

An objective analysis of the interstitial collagen arrangement was also carried out by means of the
HT algorithm (see section 2.3.2). This allows quantifying its degree of organization as depicted
in Fig. 9. The plot depicts the averaged SD values for both groups of age. A noticeable higher
collagen organization level (i.e., lower SD) was found for old specimens (∼2-fold). The statistical
analysis shows significant differences among the two sets of specimens (p< 0.001, Welch’s t
test).

For the sense of completeness, Fig. 10 presents two illustrative examples of the results obtained
using the HT in a young and an old heart sample. Green boxes in the accumulation matrices
(right panels) indicate the orientations corresponding to the segments marked in the SHG images
(left panels). For the old sample it can be observed that the segments (i.e. collagen fibers) are
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Fig. 8. Interstitial collagen SigD values for young (blue) and old (red) samples for the interstitial 
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areas. Error bars are the standard deviation (the error bar for the young samples is smaller than 
the blue symbol). 
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higher collagen organization level (i.e., lower SD) was found for old specimens (~2-fold). The 
statistical analysis shows significant differences among the two sets of specimens (p<0.001, 
Welch’s t test).
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and imaged areas. Error bars are the standard deviation (the error bar for the young samples
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mainly lying along a preferential orientation. This leads to a SD value of 21°, what is associated
with a fairly organized structure [48]. On the opposite, for the young specimen these fibers are
not that well organized, and the value of SD (42°) corresponds to a non-organized structure.

3.2. Changes in the cardiac muscle fibers

Figure 11 shows SHG images of the cardiac muscle fibers from a young and an old pig heart.
These images are a result of the procedure described above, which is able to isolate that tissue
component through the use of the BWINTRA mask. As stated above, this SHG signal arises from
the myosin located within the cardiomyocytes. Images are represented with the same signal
intensity scale for direct comparisons. A direct observation reveals noticeable differences in the
SHG intensity between both images. In particular, the SHG signal was ∼3.5 times higher in the
old specimen compared to the young one. A similar behavior was found for the corresponding
TPEF images.

To explore in detail the differences between the two sets of samples involved in the present
study, Fig. 12 depicts the intracellular SigD values as a function of age for both MP signals.
Each symbol represents the value averaged across all specimens and imaged areas. SHG
experimental data show a statistically significant difference between both age groups (p< 0.001,
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matrices (right panels) indicate the orientations corresponding to the segments marked in the 
SHG images (left panels). For the old sample it can be observed that the segments (i.e. collagen 
fibers) are mainly lying along a preferential orientation. This leads to a SD value of 21º, what 
is associated with a fairly organized structure [48]. On the opposite, for the young specimen 
these fibers are not that well organized, and the value of SD (42º) corresponds to a non-
organized structure.

 
Fig. 10. SHG images of the interstitial collagen in a young (a) and an old sample (c). Overlapped 
yellow lines represent the lines detected by the HT algorithm. (b, d) Corresponding HT 
accumulation matrices for both images. Green boxes indicate the orientation of the lines detected 
within the images. Bar length: 50 m.

3.2 Changes in the cardiac muscle fibers

Figure 11 shows SHG images of the cardiac muscle fibers from a young and an old pig 
heart. These images are a result of the procedure described above, which is able to isolate that 
tissue component through the use of the BWINTRA mask. As stated above, this SHG signal arises 
from the myosin located within the cardiomyocytes. Images are represented with the same 
signal intensity scale for direct comparisons. A direct observation reveals noticeable differences 
in the SHG intensity between both images. In particular, the SHG signal was ~3.5 times higher 
in the old specimen compared to the young one. A similar behavior was found for the 
corresponding TPEF images.

Fig. 11. SHG images of the cardiac muscle region in a young (a) and old (b) sample. For visual 
comparisons, both images are presented with the same the color scale bar scale (see inset). Scale 
bar: 50 m.

To explore in detail the differences between the two sets of samples involved in the present 
study, Fig. 12 depicts the intracellular SigD values as a function of age for both MP signals. 

Fig. 10. SHG images of the interstitial collagen in a young (a) and an old sample
(c). Overlapped yellow lines represent the lines detected by the HT algorithm. (b, d)
Corresponding HT accumulation matrices for both images. Green boxes indicate the
orientation of the lines detected within the images. Bar length: 50 µm.
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in the SHG intensity between both images. In particular, the SHG signal was ~3.5 times higher 
in the old specimen compared to the young one. A similar behavior was found for the 
corresponding TPEF images.

Fig. 11. SHG images of the cardiac muscle region in a young (a) and old (b) sample. For visual 
comparisons, both images are presented with the same the color scale bar scale (see inset). Scale 
bar: 50 m.

To explore in detail the differences between the two sets of samples involved in the present 
study, Fig. 12 depicts the intracellular SigD values as a function of age for both MP signals. 

Fig. 11. SHG images of the cardiac muscle region in a young (a) and old (b) sample. For
visual comparisons, both images are presented with the same the color scale bar scale (see
inset). Scale bar: 50 µm.

Mann-Whitney U). TPEF SigD also differed significantly between young and old specimens
(p< 0.001, Mann-Whitney U).
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Each symbol represents the value averaged across all specimens and imaged areas. SHG 
experimental data show a statistically significant difference between both age groups (p<0.001, 
Mann-Whitney U). TPEF SigD also differed significantly between young and old specimens 
(p<0.001, Mann-Whitney U).

Fig. 12. Averaged values of SigD for SHG (a) and TPEF (b) signals in young and old samples 
for the cardiac fiber tissue component. Error bars: standard error of the mean. The labels are the 
same as in previous figures.

4. Discussion and conclusions
Treating and preventing heart disease is a major societal and health challenge. Aging 
emphasizes cardiac problems and better ways to manage CVD are urgently required. Imaging 
technologies are helping to analyze morphological changes in cardiac tissues. These include 
near-infrared spectroscopy, optical coherence tomography and fluorescent lifetime procedures, 
among others [49]. MP imaging procedures have been shown to be useful in imaging very 
different types of tissues, both healthy and pathological [15,18-25]. In particular, this method 
has also been employed to extract qualitative structural information from cardiomyocytes [34-
36]. Moreover, the combination of TPEF and SHG signals has proved to be a useful tool to 
evaluate age-related changes in tissues from different organs in a label free manner [26,27,29].

As cardiac tissue ages, a variety of alterations occur [50]. Whereas some are related to 
normal physiological age-related changes, others are associated with disease. In the process of 
getting old, cardiac tissues suffer from abundant interstitial fibrosis, a process that involves 
excess deposition of collagen type I [3]. This fibrosis impairs cardiac muscle relaxation and 
may result in heart failure. LV collagen deposition was reported to be higher in elderly 
individuals than in young individuals [5, 51,52]. This increase in the degree of LV fibrosis was 
also shown to lead to ventricular dysfunction [53]. Apart from the collagen amount, its 
arrangement and spatial distribution play a role in cardiac function [54]. In addition to 
myocardial collagen content increase, evidence of aging-related cardiomyocyte alterations has 
been reported [2]. Cardiac growth and structural maturation in aged hearts also exhibit 
cardiomyocyte senescence even in the absence of underlying pathology [2,49].

Therefore, it is crucial to improve existing methods by developing alternative tools to 
conduct more reliable assessment of cardiac age-related changes. TPEF images were subtracted 
from SHG images to differentiate control and diseased hearts following hypertrophic 
remodeling [40]. Since interstitial collagen and intracellular myosin are strong SHG emitters 
[34,39,43], and TPEF signal is only produced by cardiomyocytes [33], herein we have proposed 
a procedure based on the combination of SHG-TPEF image pairs to objectively assess 
differences in cardiac remodeling, applied to the study of the effect of age in LV tissues. The 
approach is able to accurately segment interstitial and cardiac muscle areas and compute the 
density of both MP signals independently.

In the present study, interstitial collagen SHG signal in old specimens was on average 3.8x 
larger than that corresponding to young ones. Interestingly, the SHG signal can also be analyzed 
to extract quantitative information on collagen spatial arrangement. The algorithm uses the HT 
to automatically identify collagen fibers and assess their organization (as measured with the 

Fig. 12. Averaged values of SigD for SHG (a) and TPEF (b) signals in young and old
samples for the cardiac fiber tissue component. Error bars: standard error of the mean. The
labels are the same as in previous figures.

4. Discussion and conclusions

Treating and preventing heart disease is a major societal and health challenge. Aging emphasizes
cardiac problems and better ways to manage CVD are urgently required. Imaging technologies
are helping to analyze morphological changes in cardiac tissues. These include near-infrared
spectroscopy, optical coherence tomography and fluorescent lifetime procedures, among others
[49]. MP imaging procedures have been shown to be useful in imaging very different types
of tissues, both healthy and pathological [15,18–25]. In particular, this method has also been
employed to extract qualitative structural information from cardiomyocytes [34–36]. Moreover,
the combination of TPEF and SHG signals has proved to be a useful tool to evaluate age-related
changes in tissues from different organs in a label free manner [26,27,29].

As cardiac tissue ages, a variety of alterations occur [50]. Whereas some are related to
normal physiological age-related changes, others are associated with disease. In the process
of getting old, cardiac tissues suffer from abundant interstitial fibrosis, a process that involves
excess deposition of collagen type I [3]. This fibrosis impairs cardiac muscle relaxation and may
result in heart failure. LV collagen deposition was reported to be higher in elderly individuals
than in young individuals [3,5,51]. This increase in the degree of LV fibrosis was also shown
to lead to ventricular dysfunction [52]. Apart from the collagen amount, its arrangement and
spatial distribution play a role in cardiac function [53]. In addition to myocardial collagen content
increase, evidence of aging-related cardiomyocyte alterations has been reported [2]. Cardiac
growth and structural maturation in aged hearts also exhibit cardiomyocyte senescence even in
the absence of underlying pathology [2,49].

Therefore, it is crucial to improve existing methods by developing alternative tools to conduct
more reliable assessment of cardiac age-related changes. TPEF images were subtracted from
SHG images to differentiate control and diseased hearts following hypertrophic remodeling
[40]. Since interstitial collagen and intracellular myosin are strong SHG emitters [34,39,43], and
TPEF signal is only produced by cardiomyocytes [33], herein we have proposed a procedure
based on the combination of SHG-TPEF image pairs to objectively assess differences in cardiac
remodeling, applied to the study of the effect of age in LV tissues. The approach is able to
accurately segment interstitial and cardiac muscle areas and compute the density of both MP
signals independently.

In the present study, interstitial collagen SHG signal in old specimens was on average 3.8x
larger than that corresponding to young ones. Interestingly, the SHG signal can also be analyzed
to extract quantitative information on collagen spatial arrangement. The algorithm uses the
HT to automatically identify collagen fibers and assess their organization (as measured with
the parameter SD) [48]. Young LV tissues were found to exhibit a non-regular distribution of
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interstitial collagen fibers. In terms of SD, the values in young specimens were mostly above 40°,
indicating the absence of a preferential orientation. On the opposite, the values in old tissues
were around 20°, what represent high-organized collagen arrangements.

The developed method allows to extract novel information regarding collagen and myosin
features during cardiac aging beyond the currently described ones relative to amount and spatial
distribution [6]. In addition to the known increase in collagen content with age, our current data
indicate that collagen density also increases. Since collagen is a main structural component of
the extracellular matrix, the density increase probably leads to more compact bundles, which
may lead to changes in the physical properties of the myocardium, e.g. reducing its elasticity.
This agrees with the well-known increase in LV wall stiffness occurring in elderly hearts, both
in animal models and humans [2,3]. Also, the increased organization with age aligns with the
expected effect of the increase in collagen density. The result of the spatial conformational
changes in the collagen fibers gaining directionality could led to increased strength of the collagen
bundles, and thus higher LV wall stiffness.

Results for myosin reveal that SHG signal density is significantly higher in cardiac tissue samples
from old versus young pigs (>6-fold on average). For cardiomyocyte TPEF signal, differences
between young and old tissue specimens, were smaller (∼3x) but still statistically significant.
This would suggest a remodeling of the myosin compartment with age, which could have an
effect on the LV functionality given the main role of MYH6/7 in cardiac contraction, especially
in relation to the well-known age-related diastolic dysfunction [2]. Whether the variations in
the SHG signal are due to an altered balance of MYH6/7 or the structural arrangement of these
sarcomeric proteins requires further investigation.

This study is a proof-of-concept to demonstrate the reliability of the method to extract
quantitative differences in porcine heart tissues having extreme young and old phenotypes. The
number of samples used is reduced, however, our goal was not to characterize the effects of age
on cardiac tissue but to develop a useful procedure to objectively analyze myosin concentration
and structural arrangements of interstitial collagen through the analysis of TPEF and SHG signals
in cardiac tissue.

In conclusion, here we acquire biological data in a label free fashion and develop a method
to quantify novel features related to cardiac remodeling. This is a proof-of-concept study to
demonstrate the utility of the developed methodology to underscore phenotypic changes present
with age in a limited number of pig LV samples. Further characterization of the age-related
cardiac remodeling in this model system of the human LV [5] would require a larger number of
specimens. Of note, the reported procedure can be applied to study other cardiac pathologies
related to collagen and sarcomeric alterations.
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