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Abstract: Multiphoton microscopy using laser sources in the mid-infrared range (MIR, 1,300 
nm and 1,700 nm) was used to image atherosclerotic plaques from murine and human 
samples. Third harmonic generation (THG) from atherosclerotic plaques revealed 
morphological details of cellular and extracellular lipid deposits. Simultaneous nonlinear 
optical signals from the same laser source, including second harmonic generation and 
endogenous fluorescence, resulted in label-free images of various layers within the diseased 
vessel wall. The THG signal adds an endogenous contrast mechanism with a practical degree 
of specificity for atherosclerotic plaques that complements current nonlinear optical methods 
for the investigation of cardiovascular disease. Our use of whole-mount tissue and backward 
scattered epi-detection suggests THG could potentially be used in the future as a clinical tool. 
© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement  
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1. Introduction 

Atherosclerosis is characterized by the thickening and gradual accumulation of fat within the 
artery wall [1,2] and is a major cause of heart and cerebrovascular diseases worldwide [3,4]. 
Therefore, a greater understanding of the cellular mechanisms responsible for this condition, 
as well as less invasive and more sensitive technologies to monitor plaque formation in vivo, 
are needed. 

Current clinical techniques used to evaluate atherosclerosis include x-ray angiography [5–
7], magnetic resonance imaging [8–10], intravascular ultrasound (IVUS) [11–13], and optical 
coherence tomography (OCT) [14–16]. Although these imaging strategies provide clinical 
information such as vessel morphology and, in some cases, thickness of the vessel wall, they 
are limited in their capacity to provide cell-scale resolution. For example, angiography, which 
shows the vessel lumen shape using an injected contrast agent, often fails to detect early wall 
composition changes that do not obstruct the lumen [17]. OCT and IVUS are able to detect 
changes within the vessel wall, but spatial resolutions are not quite sufficient to detect sub-
cellular alterations during early plaque formation (axial resolutions of 150 – 200 µm and 10 – 
18 µm for IVUS and OCT, respectively [13, 14]). OCT and third harmonic generation (THG) 
signals both depend on index of refraction changes at interfaces. THG also depends on the 

(3) (3 ; , , )χ ω ω ω ω  tensor, suggesting an additional mechanism based on chemical composition 

for contrast with THG [18]. 
The scientific understanding of atherosclerosis has primarily relied on histopathology and 

electron microscopy of post-mortem tissue [14,19–22]. Although high resolution and 
chemically specific, these techniques involve extensive tissue processing and cumbersome 
histological sectioning that may alter the structure and biochemical properties of the tissue. 
Multiphoton microscopy has emerged as an ideal imaging modality that is sensitive to 
specific molecules and structures in biological tissues [23–25] and can be used in vivo [26–
31]. 

THG is an endogenous contrast mechanism, which facilitates in vivo experiments and 
opens up the possibility for clinical use. THG occurs when three photons at the excitation 
laser frequency are converted to one photon at three times the excitation frequency [32,33]. 
THG has been used in conjunction with two-photon excited fluorescence (2PEF) to image 
cellular lipid droplets [34], and myelin, a dense lipid sheath around axons, in the mouse brain 
and spinal cord [35]. It has been previously demonstrated that pure free fatty acid samples 
generate THG [36]. Seeger and colleagues have shown THG detection in a cross-sectional 
view of a histological section of atherosclerosis, but a better understanding of the signal 
source is needed [37]. We hypothesized that lipid structures in atherosclerotic plaques are an 
ideal target for THG imaging. Such imaging would be impactful in many applications due to 
the high prevalence and clinical significance of lipid bodies [1,38]. 

In this work, we demonstrate imaging of atherosclerotic lesions using label-free 
multiphoton microscopy with excitation in the MIR range. Using a genetic knockout mouse 
model of atherosclerosis and diseased human coronary artery samples, we show the ability to 
produce detailed, three-dimensional and high resolution optical sections of atherosclerotic 
plaques. In addition to THG microscopy of lipid bodies, simultaneous SHG and 
autofluorescence show anatomical structures within label-free images. This technology is an 
important addition to the microscopy tool kit for studies of atherosclerosis. 
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2. Materials and methods 

2.1 Mouse model of atherosclerosis 

Test samples were harvested from mice lacking the apolipoprotein E gene (ApoE−/−) which 
develop hypercholesterolemia and spontaneous atherosclerosis that closely mimics the human 
disease [39]. 2 – 4-month-old male and female ApoE−/− mice (n = 4) (Jackson Labs Stock 
#002052) were fed a high fat diet (HFD) for 16-weeks (Harlan TD.88137: protein 17.3%; 
carbohydrate 48.5%; fat 21.2% by weight). C57BL/6, age-matched, wild type (WT) mice (n = 
3) fed a normal chow diet were used as controls. All animal care and experimental procedures 
were approved by the Institutional Animal Care and Use Committee of Cornell University 
and comply with the Guide for the Care and Use of Laboratory Animals by the National 
Institutes of Health. 

2.2 Preparation of mouse aorta for imaging 

To collect aortas, free-breathing mice were anesthetized with a mixture of 3% isoflurane gas 
in oxygen. A thoracotomy was performed, the right atrium punctured, and blood removed 
from the heart and aorta by perfusion of cold phosphate buffered saline (PBS) through the left 
ventricle until the perfusate was clear. This was followed by perfusion of cold 4% 
paraformaldehyde (PFA) in PBS. The heart and attached aorta (arch, thoracic and abdominal 
segments) were dissected and immersed in 4% PFA in PBS overnight, followed by 30% 
sucrose in PBS at 4°C. For whole mount imaging, the aortic arch was micro-dissected from 
the heart and thoracic aorta, then split lengthwise to expose the luminal surface. The aorta 
was placed on a glass slide, immersed in PBS with the luminal surface facing upwards and 
covered with a coverglass. For cryosections, aortas were frozen in Optimal Cutting 
Temperature compound (Tissue-Tek, Sakura Finetek Inc.) and sectioned in a cryo-microtome 
with 7-μm or 20-μm thickness. 

2.3 Preparation of human coronary artery for imaging 

Human coronary arteries were provided by Anabios Corporation. All human tissues used for 
this study were obtained in the U.S.A. from organ donors following legal consent. Tissues 
were collected from one normal and one atherosclerotic heart. Tissues were derived from 
brain dead donors and the hearts removed at the same time as transplantable organs within an 
hour post cross-clamp. At the time of harvest, the human hearts were perfused with an ice-
cold proprietary cardioplegic solution. Upon arriving in the laboratory, the heart was re-
perfused with a proprietary recovery solution. Subsequently, sections of the coronary arteries 
were dissected using micro-scissors and tweezers, immediately fixed in 10% buffered 
formalin and then transferred to 70% ethanol after 24 hours and stored at 4° C. 
Approximately 12 months had passed from when the tissue had been placed in 70% ethanol. 
Prior to imaging, samples were immersed in 30% sucrose in PBS at 4° C for 1 week. 
Approximately 1-cm long sections of arteries were dissected from the provided sample, and 
macroscopic areas of plaque deposition were identified under a stereoscope. Sections of 
artery were further dissected around regions of plaque to obtain a flat sample. A coverglass 
was placed on the luminal surface and held in place with tape. PBS was added underneath the 
coverslip to prevent the sample from drying during imaging. After multiphoton imaging, 
samples were frozen and sectioned for histology. 

2.4 Histology and immunofluorescence 

Serial cross-sections of human and mouse aortas were stained with hematoxylin and eosin 
(H&E) and Masson’s Trichrome for collagen using standard procedures [40]. For Nile-Red 
staining of lipids, 20-μm sections of aortas from ApoE−/−-HFD were immersed in 5 μg/mL 
Nile-Red diluted in PBS for 30 min at room temperature. Sections were washed thoroughly in 
PBS and then coverslipped in PBS. CD68 immunofluorescence was performed on 7-μm 
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human coronary artery sections to identify regional macrophage and foam cell location and its 
relationship to THG signal. Sections were incubated in 1% sodium dodecyl sulfate in PBS for 
5 min. To block non-specific binding, blocking buffer (3% bovine serum albumin, 10% goat 
serum, 0.1% Triton X-100 in PBS) was added for 30 min. Sections were then incubated with 
CD68 primary antibody (1:50, sc-20060; Santa Cruz Biotechnology Inc.) diluted in blocking 
buffer overnight at 4°C. Following three washes in PBS, goat anti-mouse Alexa-Fluor 594 
secondary antibody (1:200, A11005; Thermo Scientific) was applied diluted in PBS for 30 
min at room temperature. Slides were then washed, and mounted with aqueous mounting 
medium containing DAPI for cell nuclei (Vectashield, H-1200; Vector Laboratories). 
Confocal microscopy was performed on a Zeiss LSM880 Confocal inverted microscope using 
a Zeiss plan apochromatic 40x 1.4 NA oil objective controlled by ZEN 2.1 SPC software. 
Laser lines for DAPI and Alexa-594 were 405 nm and 561 nm respectively, and signal was 
collected between 410 and 496 nm (DAPI) and 588–733 nm (Alexa-594). 

2.5 Multiphoton microscopy 

Imaging was conducted using a custom multiphoton microscope equipped with four epi-
detection backward scattered channels, the option of two MIR sources used for harmonic 
generation, as well as a Ti:Sapphire oscillator (Chameleon, Coherent) for 2PEF. 1,700-nm 
laser light (~100-fs pulse length, 40-nm full-width-half-max (FWHM) bandwidth) was 
produced through a soliton self-frequency shift of 1,550-nm femtosecond pulses from a 
commercial fiber laser (FLCPA-02CCNU15, Calmar Lasers) through a photonic crystal rod 
with a fundamental mode area of 3500 μm2 (NC420-152-EE45, NKT Photonics). For 1,700-
nm lasers, dispersion is compensated using stacked silicon wafers (University Wafer ID# 
2808) set at Brewster’s angle [41]. To generate 1,300 nm laser light, an optical parametric 
amplifier (OPA) (Coherent, Opera-F) was seeded by a diode-pumped femtosecond laser (60 
µJ/pulse at 1 MHz; Coherent, Monaco). Dispersion for 1,300-nm excitation was compensated 
with an SF10 prism pair [27]. For imaging, the excitation laser was scanned with a line rate of 
~1kHz with galvanometric scanners. Images were acquired with an Olympus XLPlan N 25x 
1.05 NA objective customized for MIR excitation wavelengths. Images of 0.175 ± 0.005 µm 
diameter microspheres (PS-Speck Microscope Point Source Kit P7220) had intensities 
profiles with the full-width half max of 3.39 µm axial and 0.85 µm lateral with 1,300 nm, and 
2.64 µm lateral and 2.02 µm axial with 1,700 nm. When imaging with 1,700 nm, heavy water 
(D2O) was used for index matching between the coverglass and the objective in order to 
minimize absorption of the excitation light [41]. For two-photon excited fluorescence (2PEF) 
microscopy of Nile-Red, images were acquired using a Ti:Sapphire laser with the wavelength 
centered at 810 nm using an off-the-shelf Olympus XLPlan N 25x 1.05 NA objective. Signal 
was collected using custom detections optics using a primary dichroic suited for either MIR 
or NIR (near-infrared) laser transmission (BLP01-980R-49x70, FF705-Di01-49x70, 
Semrock), secondary dichroic (FF01-593/LP-90x108, Semrock), two tertiary dichroic 
(FF801-Di02-90x108, Di02-R488-90x108, Semrock), and bandpass filters on each detection 
channel (FF01-433/24-25, Semrock, FF01-560/25-25, Semrock, NC528423 – ET645/65m, 
Chroma, and FF01-834/LP-25, Semrock). For each ApoE−/− mouse or human coronary artery 
sample, 3 – 6 z-stacks were taken within different regions of the same sample. 512 x 512 
pixel frames were acquired at 1.8 frames/sec (dwell time of 2 µs/pixel). Therefore a 0.067 
cm3 volume took approximately two minutes to complete. All images were processed using 
ImageJ (National Institutes of Health). Projections were maximum intensity projections over 
thicknesses noted in the caption. Images for display were background subtracted (rolling ball 
radius, 50 pixels) and a median filter (2 pixels) was applied. Contrast was adjusted for each 
image manually by adjusting the maximum and minimum displayed values while maintaining 
a linear intensity relationship within the displayed range. 
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3. Results 

3.1 THG of atherosclerotic plaques 

We imaged whole-mounted aortas, illuminated from either the luminal or abluminal side of 
the tissue, from a mouse model of atherosclerosis fed a high-fat diet for 16 weeks in regions 
where plaques were visible by eye and similar regions from wild type mice fed normal diets 
as control. All ApoE−/− (4 mice) samples contained atherosclerotic plaques and no WT 
samples (3 mice) contained atherosclerosis. Only atherosclerotic regions in ApoE−/− mice 
were imaged. Using multiphoton microscopy excited with 1,700 nm excitation (1 MHz, less 
than 35 mW at surface) several nonlinear optical processes provide contrast that distinguish 
morphological features throughout the healthy and diseased vessel wall. In both 
atherosclerotic and control samples, SHG, detected at 802-835 nm, was present at the outer 
adventitial surface and was spatially and morphologically consistent with collagen fibers (Fig. 
1(a) and 1(c)). A striated pattern with the broad spectral emission of elastin autofluorescence 
was visible within the vessel walls at 613–678 nm and within the THG range (548–573 nm) 
(Fig. 1(c-ii)). Aortas from ApoE−/−-HFD mice had distinct, bright, globular structures in the 
THG spectral emission range of 548-573 nm near the luminal surface (Fig. 1(a-i)) and deeper 
within the vessel wall at levels with the elastin autofluorescence (Fig. 1(a-ii)). Comparison to 
histological sections of the same treatment group (Masson’s Trichrome and H&E staining, 
Fig. 1(b)) revealed lipid deposits within the tunica intima that appear similar in morphology 
to deposits in multiphoton microscopy cross-sectional views. Such structures were not present 
in WT-Normal aortas (Fig. 1(c) and 1(d)). 
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Fig. 1. Multiphoton microscopy shows vessel wall structures consistent with atherosclerotic 
lesions in whole-mounted aortas extracted from a murine model of atherosclerosis. (a) Aorta 
from an apolipoprotein E knockout mouse fed a high fat diet (ApoE−/−-HFD) shown with 
cross-sectional and enface views (i and ii) through a region with strong emission at the third 
harmonic generation (THG) wavelengths. Laser excitation was at 1,700 nm, incident on the 
lumen. (b) Histology with Masson’s trichrome and H&E staining of aorta from an ApoE−/−-
HFD mouse. (c) Aorta from a wild type mice fed a normal chow diet (WT-Normal) and cross-
sectional and enface views (iii and iv). (d) Histology of aorta from a WT-Normal mouse. 
Cross-sectional views in a and c are maximum intensity projections through the y-axis. Second 
harmonic generation (SHG); autofluorescence (AutoF). Scale bars are 50 µm. 

To confirm that the source of THG is from lipids, Nile-Red was used to stain lipids in 
ApoE−/−-HFD tissue sections (3 ROI from 2 mice). Imaging of the same region of interest 
using 2PEF for Nile-Red (Fig. 2(a): Ex: 810 nm; Em: 612–677 nm) and 1,700 nm excitation 
light for THG (Em: 535–585 nm), demonstrated that the structures with strong THG signal 
also have strong Nile-Red signal (Fig. 2(b)), suggesting that the source of THG is the lipids 
within atherosclerotic plaques. 

                                                                           Vol. 9, No. 1 | 1 Jan 2018 | BIOMEDICAL OPTICS EXPRESS 221 



Multiphoton microscopy using 1,300 nm excitation showed similar structures as 1,700 nm 
excitation in the vessel wall and at the luminal surface in the THG spectral range of 421–445 
nm (Fig. 3(a) and 3(b)). Unlike fluorescence, the wavelength of THG depends on the 
excitation wavelength. Therefore, to identify the features giving rise to THG, 1,300-nm and 
1,700-nm excitation were used to image the same ApoE−/−-HFD sample at a region that had 
atherosclerotic features. Emission channels that included the THG wavelengths, 421–445 nm 
for 1,300 nm and 548–573 nm for 1,700 nm, generated similar images, while the alternate 
channels showed little signal (Fig. 3(c) and 3(d)). This change in emission wavelengths is 
consistent with THG. 

Nile-Red 2PEF THG Ex: 1700 nma b

 

Fig. 2. Correlation between third harmonic generation (THG) and lipid stain. (a) Frozen 
section (20-µm thickness) of aorta from ApoE−/−-HFD stained for lipids using Nile-Red and 
imaged using two-photon excited fluorescence (2PEF) at 810 nm excitation. Displayed image 
shows fluorescence channel for Nile-Red (612–677 nm). (b) Same section imaged with 1,700 
nm excitation showing the THG channel detected with 548–573 nm band pass filter. Scale bars 
are 50 µm. 

WT-Normal aortas generally appeared similar, even between different mice (Fig. 4(a) and 
Fig. 1(c)). Consistent structures included the medial layer that primarily consists of smooth 
muscle cells and elastin that generated autofluorescence and a weak THG signal (Fig. 4(a-ii)). 
Collagen of the tunica adventitia produced SHG in both normal and atherosclerotic samples 
(Fig. 4(a-iii) and 4(b-iii)). THG on the abluminal side of the vessel was due to adventitial fat 
that was sometime present following aorta dissection (Fig. 4(b)) and was closely associated 
with SHG in the adventitial layer. 
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Fig. 3. Optical properties of atherosclerotic lesions in mouse aorta. (a and b) 1,300 nm 
excitation produces signals at third harmonic generation (THG) and second harmonic 
generation (SHG) wavelengths as well as autofluorescence (AutoF) at an atherosclerotic 
lesion. Cross-sectional, maximum projected (a) and enface (b) views of ApoE−/−-HFD aorta. 
Line in a shows location of b. (c) 1,300 nm excitation of a region within ApoE−/−-HFD aorta 
that has atherosclerotic features, produces a strong signal in the THG emission range (421–445 
nm). (d) 1,700 nm excitation of the same region shows the same features in the THG emission 
range (548–573 nm). Scale bars are 50 µm. 

ApoE−/−-HFD arteries displayed highly variable morphologies and features even within 
the same mouse. In an example of pathology that extended across a wide area, THG appeared 
in scattered, smaller patches throughout the luminal half of the vessel wall (Fig. 4(b)). THG 
clearly identified an area of intimal thickening of ApoE−/−-HFD vessel wall by the presence of 
punctate regions indicating lipids (Fig. 4(b-i)) that are not present in WT-Normal (Fig. 4(a-i)). 
Different samples revealed a variety of plaque features that could be detected with THG 
imaging (Fig. 4(c)-4(f)). Furthermore, different sizes and structures of plaque development 
can be observed between the same sample within different regions. THG signals varied from 
continuous large deposits near the lumen (Fig. 4(c)) to punctate regions of lipid deposits 
about 8 µm in size within deeper layers of the intima (Fig. 4(d) and 4(e)). Images from a 
region of vessel bifurcation from the aortic arch (Fig. 4(f)), revealed similar structures and 
signals within the tissue - THG at the luminal surface, then elastin and collagens revealed by 
autofluorescence and SHG towards the abluminal surface, respectively. Occasionally, SHG 
was detected in close association within larger THG regions of plaques (Fig. 4, arrows). 
Figure 4(f) also shows the detection of SHG (collagen) within the medial layer in close 
association with autofluorescence. Both 1,300 nm and 1,700 nm excitation sources were able 
to image through the entire vessel wall of ApoE−/− and WT mice (70 – 150 µm). 
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Fig. 4. Third harmonic generation (THG) microscopy using 1,700 nm excitation reveals 
varying features of atherosclerotic lesions. (a) WT-Normal and (b) ApoE−/−-HFD mouse aortas 
shown in cross-sectional projections and enface views, show second harmonic generation 
(SHG) of the tunica adventitia (a-iii and b-iii), autofluorescence (AutoF) in the media (a-ii and 
b-ii) and a strong THG signal within the thickened intimal layer of ApoE−/−-HFD (b-i) that is 
not present in WT-Normal (a-i). Single z-slices through different lesions (c-f) show variability 
in structures producing THG signal and the association between SHG, THG and AutoF. (c) 
Large deposit of THG signal 38 µm below lumen. (d) Small punctate regions of THG signal 48 
µm below lumen, with SHG positioned in close association with THG (arrows). (e) Image 
from near the abluminal edge of aorta showing THG and SHG deposits. (f) Plaque near a 
vessel bifurcation off of the aortic arch. Scale bars are 50 µm. 

3.2 Human coronary artery THG imaging 

We used THG microscopy (1,300 nm) to demonstrate the capability to image atherosclerosis 
within a human coronary artery (Fig. 5). Two different human coronary artery samples were 
imaged with THG microscopy, a healthy coronary artery (Fig. 5(a)) and a coronary artery that 
had been classified as coronary artery disease and had macroscopically visible plaques (Fig. 
5(b)). When mounted with the lumen side towards the objective, we were able to image 
through the entire 270-µm thickness of the healthy coronary artery wall from the intima to the 
adventitia. Intrinsic contrast mechanisms showed characteristic features of the vessel wall 
similar to mouse aorta. This included SHG of collagen fibers within the adventitia, and 
autofluorescence from elastin that was particularly evident within the internal elastin lamina 
(Fig. 5(a-ii)). 
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Fig. 5. Third harmonic generation (THG) microscopy of human coronary artery. (a) In a 
healthy coronary artery imaged from the luminal side with 1,300 nm excitation, a cross-
sectional projection and enface planes (i and ii) show second harmonic generation (SHG) and 
broad autofluorescence (AutoF) throughout the intimal layer. (b) An artery sample with 
coronary artery disease imaged from the luminal side with 1,300 nm. i and ii show images 
from levels indicated in cross-sectional view. Yellow box shows location of magnified view. 
(c) Photograph and epi-fluorescence image of sample imaged in (b). Magenta box shows the 
locations of magnified regions. A small laser burn (red box) was induced during THG 
microscopy at a measured displacement to the imaged region in (b) indicated with an orange 
circle to aid in image registration. A 23-gauge needle was used to make a fiduciary mark 
(arrows). (d) Bright-field image of region imaged with multiphoton microscopy from a section 
of the tissue with fiduciary mark (black arrow). (e) Higher magnification images from the 
region imaged with multiphoton microscopy stained with H&E and (f) Masson’s Trichrome. 
Open, nucleated spaces (arrows) are consistent with lipid deposits. Sections from a sample 
with no atherosclerosis (healthy) are shown below. (g) Confocal microscopy of 
immunostaining for CD68 in a section from the same region. Unless otherwise noted, scale 
bars are 50 µm. 

In the coronary artery disease sample, the imaging depth when imaged from the lumen 
was limited to the intima and media layers and reached 400 µm in depth. Like in the mouse 
aorta, THG appeared in distinct patches within intimal layers. Some THG patches showed 
granular structures (~3-µm nodules) with THG signal suggesting a sub-cellular source (Fig. 
4(b-i) and 4(b-ii)). Throughout intimal and medial layers, weak, diffuse SHG and 
autofluorescent signal were present in regions around THG-emitting deposits. In some 
locations in the intima, SHG appeared in clusters of bright, 30 – 70 µm spots (Fig. 5(b-ii)). To 
confirm the presences of atherosclerotic lesions in this tissue, we sectioned and stained the 
sample. For registration of the multiphoton microscopy images to histological sections, a 
small laser burn was induced at a measured displacement from the imaged region during THG 
imaging (Fig. 5(c)). Wide-field fluorescence microscopy of the intrinsic autofluorescence was 
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used to find the marked region. With this image for positioning, a 23-gauge needle was 
inserted into the side of the tissue as a fiducial to identify sections taken through the imaged 
region for histological processing (Fig. 5(d)). H&E staining revealed clear spaces within the 
imaged region, characteristic of macrophage foam cells that previously contained lipids in 
vivo and are marked by a remaining nucleus (Fig. 5(e)) [42]. Masson’s Trichrome staining 
revealed similar structures and collagen throughout the lesion (Fig. 5(f)). Healthy control 
tissue did not show these features. Immunofluorescence confirmed the presence of CD68-
positive macrophage foam cells within the imaged region that showed similarly-shaped, 
THG-positive structures (Fig. 5(g)). H&E, Masson’s Trichrome and CD68 
immunofluorescence was performed on two additional histological sections and the same 
result was observed (data not shown). 

4. Discussion 

Despite significant advances in the understanding and clinical monitoring of vessel wall 
pathology in coronary artery disease, atherosclerosis remains a major health problem. We 
have demonstrated that a strong THG signal is generated from atherosclerotic plaques in both 
rodent and human artery samples. Used in conjunction with other nonlinear optical processes 
such as SHG and autofluorescence, this technique could be used to characterize 
atherosclerotic lesions in label-free tissue. 

We observed a range of structures with THG signal in diseased vessels that resemble 
features found in standard histological classification of atherosclerotic plaques [2,43,44] (Fig. 
6). The THG-producing structures that we observed are similar in morphology to lipid-
containing features found in the earlier stages. Intimal macrophages play a key role in the 
pathogenesis of atherosclerosis, especially during the initial stages of development [45]. Sub-
cellular, punctate THG signal was observed within the intima of mouse (Fig. 1 and 3) and 
human coronary artery (Fig. 5(b)), near the junction of the media, and appeared similar to 
small lipid deposits reported within early macrophage foam cells in intimal xanthomas and 
pathologic intimal thickening [44]. Histological staining in both mouse and human samples 
confirmed the presence of macrophages in regions with THG structures. The gradual 
accumulation of lipids within macrophages in accompanied by increased expression of 
surface scavenger receptors such as CD68 [45]. In both mouse and human, THG puncta also 
clustered in groups forming patches of 50 – 100 µm. We found CD68-positive macrophages 
near THG deposits that had similar morphology to these patches. Continual uptake of lipids 
increases the size of macrophage foam cells leading to the degradation of macrophage cell 
components and development of extracellular lipids pools [46]. Intermediate lesions and 
fibrous cap atheromas are identified by extracellular lipid pools within the intima [44], which 
have a similar morphology to that detected by THG microscopy in some samples (Fig. 3(c)). 
SHG detected in some regions of plaques (Fig. 4(d) and 5(b)) could be due to accumulated 
cholesterol crystals. Work by Suhalim and colleagues [47], demonstrated that SHG can arise 
from chiral cholesterol molecules in the crystal lattice of cholesterol crystals within 
atherosclerotic plaques. Alternatively, SHG is strongly generated by collagen and advanced 
lesions consist of fibrous connective tissue primarily composed of collagens overlying a lipid 
pool [43]. However, SHG detected in these regions did not take the shape of a collagen-rich 
cap on top of lipid, thus may represent the early stages of collagen deposition. 
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Fig. 6. Summary of morphological features revealed by third harmonic generation (THG) 
microscopy. Small lipid deposits accumulate in monocytes of the intima during the initial 
stages of atherosclerosis and can be detected with THG as punctate regions within the intima. 
Continual uptake of atherogenic lipids increases the size of cellular lipid deposits leading to the 
formation of foam cells, that are characterized by a cytoplasm filled with lipids. Extracellular 
lipid pools develop following the breakdown of cellular components and appear with THG 
imaging as larger regions. Second harmonic generation (SHG) within extracellular lipid pools 
are most likely cholesterol crystals. Additional nonlinear optical processes simultaneously 
provide contrast of components of the medial layer (elastin and smooth muscle) and collagens 
within the adventitia. Red is THG, green is SHG, and blue is autofluorescence. Scale bars are 
50 µm. 

SHG [48] and 2PEF microscopy [49,50] have previously been used to study 
atherosclerosis, but imaging with a laser source that enabled efficient higher order nonlinear 
processes added novel contrast mechanisms. We demonstrated that autofluorescent signals in 
both rodent and human atherosclerotic samples using MIR excitation showed structures 
similar to those seen with 2PEF using NIR and therefore can be used to provide anatomical 
cues and reference points [24,49–51]. Similar to 2PEF, the likely source of autofluorescence 
within the medial layer of vascular tissue is elastin. Elastin is arranged circumferentially 
around the vessel lumen in an undulatory pattern [49], has broad emission [24], and the signal 
matches histology of mouse and human tissue. NADH within smooth muscle cells 
interspersed with elastin may also contribute to the autofluorescent signal [51]. This source of 
autofluorescence adds further contrast, aiding the interpretation of atherosclerotic pathology 
of the vessel wall. For experimental studies of atherosclerosis, exogenous dyes and transgenic 
rodent models have been used to label structural components and cell types with 2PEF 
[49,52–54], and may also be used with THG-compatible sources with both two- and three-
photon excitation. Previously, two-photon excited autofluorescence of oxidized low-density 
lipoproteins has been demonstrated and is likely a contributing signal within the 
atherosclerotic plaque [55]. THG is strongly enhanced at discontinuities in refractive index, 
so that the strength of the signal in atherosclerotic plaques may in part come from interfaces 
and structures within the plaques. Some caution is required in interpretation of the THG 
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signal, because it is not specific only to lipids and the signal from atherosclerotic plaques is 
likely a combination of THG and fluorescence from various sources [24,55]. Seeger and 
colleagues used THG to discern tissue morphology in a histological cross-section of human 
carotid artery atheroma using 1,043 nm excitation [37]. However, this system utilized forward 
scattering THG signal collection, presumably due to stronger attenuation of the shorter 1,040-
nm excitation and the resulting third harmonic, and required a thin 10-µm histological cross-
section, rather than the whole tissue preparation used in the current study. The use of higher 
wavelength excitation at 1,300 nm and 1,700 nm significantly improves the THG signal due 
to decreased attenuation at these wavelengths. This enables imaging through the vessel wall 
in both murine and human models which is important for the in vivo use and translatable 
potential of this technology. 

Although there are differences between mouse models and human, we were able to see 
similar structures in both species [39] which suggests that this imaging modality could be 
used for label-free imaging in clinical applications. THG microscopy using high peak-power, 
low repetition-rate lasers may offer an alternate and advantageous approach in the clinical 
observation of atherosclerosis. Intravascular OCT has had significant adoption for the clinical 
detection and study of atherosclerosis and can image at sufficient depths (1 – 3 mm) [14–16], 
however is limited in its diagnostic capabilities to define key plaque features such as lipids, 
that present as low OCT signal. The capability of OCT to differentiate non-necrotic 
intracellular and extracellular lipid accumulations from necrotic core lipid remains a 
challenge [56]. The ability to detect these lipid features would aid the classification of 
vulnerable lesions. A number of studies have combined OCT with 2PEF of endogenous 
species, which has improved the structural and molecular analysis of atherosclerotic plaques, 
often detecting autofluorescence of oxidized lipids within plaques of vulnerable regions 
[57,58]. While THG-imaging using MIR excitation provides similar information, it does so 
with enhanced imaging depth that may be needed to assess thicker atheromas which may 
circumvent the need to combine with another imaging modality. Coherent anti-Stokes Raman 
(CARS) microscopy has also been shown to be effective at detecting lipid-rich structures [59] 
including lipids within atherosclerotic plaques and has better chemical specificity than THG 
since it is based on specific chemical bonds [52,60]. Unfortunately, CARS requires spatial 
and temporal overlap of two picosecond lasers at different wavelengths [61,62] which 
remains a technical challenge that limits the widespread uptake of CARS as an in vivo 
imaging modality. Furthermore, intimal xanthomas represent early vessel pathology [44] that 
can only be detected microscopically. Study of these lesions are often restricted to post-
mortem sampling, therefore a significant void exists in understanding the initiating cell 
interactions during these early stages in vivo. 

Multiphoton microscopy with THG is just one among several technologies which have the 
potential to study atherosclerosis in vivo. Time-resolved laser-induced fluorescence 
spectroscopy has been successfully used to detect the biochemical properties of 
atherosclerotic plaques in patients, cadaveric, and animal samples [63–67]; novel contrast 
agents such as plasmonic gold nanorods have been used to monitor macrophage distribution 
in vulnerable plaques [68–70]; and a wide variety of strategies combining different imaging 
modalities such as OCT, 2PEF, optoacoustic microscopy, and CARS have been used 
successfully [57,58,71–73]. However, associated toxicities of contrast agents, as well as 
technical complexity of combining multiple imaging systems, has slowed the practical uptake 
of new imaging modalities for in vivo detection of atherosclerosis. An imaging modality that 
utilizes endogenous contrast mechanisms from a single excitation source presents an 
attractive option for in vivo atherosclerosis imaging. 

Although THG imaging has been demonstrated previously, new MIR femtosecond laser 
sources now make THG imaging feasible for widespread adoption. Advantages of new lasers 
include a higher peak power, which is critical for higher-order nonlinear excitation, and 
longer wavelengths, both of which enable greater depth of imaging [74,75]. Laser sources 
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based on photonic crystal fibers around emitting 1,700 nm have been developed specifically 
for these applications [76]. Additionally, new and commercially available excitation sources 
provide turn-key optical parametric amplifiers which allow labs with limited technical 
knowledge to tune from 1 – 2 µm, that has been unachievable until recently. 

THG imaging will likely be readily used in experimental multiphoton microscopy. 
However, clinical translation will require new advancements to overcome limitations of the 
current study. This includes the fact that imaging was performed on ex vivo post-fixed tissue 
under a microscope, and our acquisition scheme was not optimized for intravascular imaging. 
Improvement in the depth of imaging may also be achievable with currently available 
methods [74,77,78]. The potential of THG microscopy as a clinical tool depends on the 
continued progress in development of MIR laser scanning probes [57,58,79–82]. 

5. Conclusion 

New imaging technologies are required that provide high resolution three-dimensional 
information at sufficient depth to understand and diagnose the heterogeneity of 
atherosclerosis. Using high peak power, low-repetition laser sources in the MIR range of 
excitation, it is possible to generate THG from cellular and extracellular lipids in 
atherosclerotic plaques. Similar studies of atherosclerosis have combined nonlinear optical 
process (e.g. SHG and endogenous fluorescence) with another imaging modality, such as 
CARS, to image lipid content. The advantage of the current technique is that the nonlinear 
optical processes are generated from a single laser source, thereby decreasing the complexity 
and increasing practicality. THG could be useful for studies that aim to understand the 
cellular basis for atherosclerosis and lipid deposition. Given the increased practicality of THG 
imaging and our demonstration of its use in human coronary artery disease, this technique 
holds potential to be investigated as a clinical tool. 
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