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Abstract

Calcifications occur during the development of healthy bone, and at the onset of calcific aortic-

valve disease (CAVD) and many other pathologies. Although the mechanisms regulating early 

calcium deposition are not fully understood, they may provide targets for new treatments and for 
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early interventions. Here, we show that two-photon excited fluorescence (TPEF) can provide 

quantitative and sensitive readouts of calcific nodule formation, in particular in the context of 

CAVD. Specifically, by means of the decomposition of TPEF spectral images from excised human 

CAVD valves and from rat bone prior to and following demineralization, as well as from calcific 

nodules formed within engineered gels, we identified an endogenous fluorophore that correlates 

with the level of mineralization in the samples. We then developed a ratiometric imaging approach 

that provides a quantitative readout of the presence of mineral deposits in early calcifications. 

TPEF should enable non-destructive, high-resolution imaging of three-dimensional tissue 

specimens for the assessment of the presence of calcification.

Calcific aortic valve disease (CAVD) is characterized by a progressive thickening of the 

aortic valve leaflets and subsequent calcific nodule growth.1 Currently, over 450,000 people 

in the United States, ages 65–74, have CAVD with aortic stenosis (AS);2 many will require 

valve replacement surgery to prevent heart failure. Unfortunately, the primary method of 

diagnosis by echocardiography is only effective when AS is present in the valve,3 which is 

frequently at advanced stages of the disease.4 Given the significant mortality and morbidity 

associated with cardiovascular procedures in the elderly, the development of new non-

surgical treatment methods (e.g. pharmaceuticals) for CAVD is of critical importance; 

however a more thorough understanding of the mechanisms associated with CAVD 

development is required. Current studies on CAVD mechanisms are limited to observations 

of either end-stage diseased valves, genetic mouse models that may not accurately describe 

human disease pathology, or in vitro model systems that induce calcification in conditions 

that attempt to mimic the in vivo disease.4,5 Even in the latter two cases, where nodule 

formation and growth can be observed experimentally, quantification of calcification relies 

on destructive assays with finite spatial resolution that do not permit serial imaging of the 

same sample. The ability to study early calcifications with a non-destructive, high (micron-

level) resolution method may help elucidate key mechanisms in the beginning stages of the 

disease, and factors influencing the propensity for disease progression. Such knowledge 

could have a significant impact on the development and assessment of critically needed 

interventions.

Current imaging methods used to study and diagnose CAVD include computed tomography 

(CT),6 ultrasound,7 magnetic resonance imaging (MRI),8 molecular imaging with 

fluorochromes,9 and second harmonic generation (SHG) imaging.10–12 The use of positron-

emission tomography can provide information on relevant biological processes in vivo, such 

as measuring both inflammation and active calcification in CAVD patients as a predictor of 

disease progression,13 through the use of radioisotopes. Recent studies have highlighted the 

use of 18F sodium fluoride (NaF)14 as a means to quantify calcifications in the valves and 

predicting areas of calcification that could later be identified with CT.15 Despite such 

promising results, the resolution of this imaging approach is approximately 4–5 mm,16 

which limits its ability to detect the presence of micron scale nodules. Further, the uptake of 

the 18F NaF is reliant on actively calcifying cells, decreasing its ability to assess less 

dynamic calcifications in the valve.14 Additionally, while electron beam CT imaging can 

provide high resolution images (0.24–0.33 mm for bone in humans17) with dual-scan 

contrast agents,18 this modality still carries the risk of radiation exposure.19 Molecular 
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imaging in the near-infrared region (700 nm to 1000 nm) has also been utilized in in vivo 
models to measure inflammation and bone mineralization,20 but always with the use of 

exogenous chromophores,9,21 adding complication and expense to the procedure. Non-

destructive echocardiograms and MRI are limited by their spatial resolution (about 0.5 mm).
9,17,22 SHG imaging, which collects signals emitted from non-centrosymmetric structures, 

such as collagen fibers, has been a powerful tool for characterizing collagen fiber alignment 

and structure in tissue engineered viable heart valves,10 and ex vivo animal or human heart 

valve tissue.11,12 A recent study reported that CAVD was associated with layer-specific 

alterations in collagen architecture.23 They used SHG imaging to quantify organizational 

changes of collagen fibers in human CAVD valves versus healthy ones, and found that the 

majority of changes in CAVD, including the fiber number, width, density and alignment, 

occurred in the layer of spongiosa, in contrast to relatively few changes in the layer of 

fibrosa.23 However, using SHG imaging solely was not sufficient to provide a thorough 

understanding of mineralization, an important hallmark of CAVD. While many advances in 

imaging have been developed, all of these fail to fully describe microscopic morphological 

and functional changes within the valve tissue during CAVD development or to detect the 

early presence of calcification in a non-destructive manner. Interestingly, a recent study of 

human valve tissue found that many individuals classified as “healthy” can have 

microcalcifications (about 100nm to 5μm in size) present on their aortic valve leaflets; it was 

hypothesized that these tiny calcifications could develop into full aortic stenosis from CAVD 

and that understanding growth of these nodules may lead to clearer understanding of CAVD 

progression.24 The study, which relied on ex vivo scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) to gain the resolution necessary for imaging the 

microcalcifications, highlights the need for an imaging modality that does not damage the 

sample so that these nodules can be observed within the context of living tissues and intact 

extracellular matrix to elucidate potential mechanistic pathways of CAVD progression.

In contrast to the above-mentioned imaging modalities, nonlinear, multiphoton optical 

microscopy is a non-destructive, micron-scale resolution imaging approach with intrinsic 

depth sectioning that has been used extensively to image a variety of tissues.25,26 

Specifically, two-photon excited fluorescence (TPEF) utilizes near-infrared light (NIR) to 

excite endogenous tissue fluorophores with emission in the visible range.26–28 For example, 

TPEF has been used to quantify elastin and collagen in mouse valve tissue29 and used to 

assess the state of tissue engineered heart valves.30 Other studies have indicated the presence 

of single-photon excited autofluorescence from calcified tissue in the 515 nm emission 

regime, although this signal was never fully quantified.31 This suggests that TPEF could be 

used to image calcifications in a non-destructive manner within the context of fresh tissue 

samples. While this endogenous signal could also be exploited using standard fluorescence 

confocal imaging to acquire high 3D resolution assessments of calcifications, nonlinear 

microscopy enables such measurements over more extended depths and is less susceptible to 

photo-bleaching.32,33 However, further characterization of this signal is necessary since 

other molecules, such as collagen, also autofluoresce in this wavelength range.34 The 

distinction of mineralization associated fluorescence (MAF) from that of collagen is 

potentially easier using non-linear instead of linear interactions in two respects: a) for 

reasons that are not clearly understood the TPEF cross-section of collagen is relatively low 
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compared to its single-photon excited fluorescence cross-section,35 and b) SHG signal of 

collagen fibers can be easily collected at the same time as TPEF to identify their location 

with high specificity.36 In fact, the acquisition of co-registered TPEF and SHG images for 

the study of calcifications in the context of extracellular matrix remodeling is one of the 

leading advantages of non-linear microscopic imaging compared to more established 

modalities such as CT and PET. In this study, we acquired TPEF spectral images from a 

range of calcified samples, including excised valves from human CAVD patients, rat bone 

fragments, and calcific nodules generated in vitro using polyacrylamide (PAAM) gels to 

identify endogenous TPEF readouts of calcification. Examination of spectral differences 

enabled us to identify two components, one attributed to collagen, the second to 

mineralization associated fluorescence (MAF). Further analysis, led to a simple, yet 

quantitative imaging scheme optimized to highlight regions rich in calcified deposits. Thus, 

our results indicate that TPEF imaging may provide a new tool to non-destructively quantify 

mineralization with high sensitivity and spatial resolution during CAVD progression.

Results

Comparison of Imaging Techniques for Calcification

To assess the potential of detecting mineralized deposits using TPEF, we compared 

multiphoton images with histological images of the commonly utilized calcification stain 

Alizarin Red. Representative endogenous TPEF images acquired with 800nm excitation and 

at 525 ± 25 nm emission from human CAVD patient valves, from rat tibia bone samples, and 

from calcified nodules grown in vitro using PAAM-collagen gels were compared with 

corresponding images acquired from the same samples after Alizarin Red staining (Figure 

1). The endogenous TPEF signal patterns are generally consistent with those of the stain, 

suggesting that mineralized deposits exhibit enhanced TPEF in this spectral region. The 

similarities observed are remarkable given that the Alizarin Red stained images are 

transmission images, relying on absorption contrast from the entire tissue sample, while the 

TPEF images represent either single optical sections or 3D projections of a 315 μm thick 

TPEF stack for the human CAVD nodule, a 110 μm thick TPEF stack of rat bone, or a 265 

μm thick TPEF stack of the PAAM gel nodule. The intensities of TPEF and Alizarin Red 

images of CAVD, bone, and PAAM gel nodules are significantly correlated, further 

supporting that the enhanced TPEF signal in these images is associated with the levels of 

mineralization (Supp. Figure 1A, R2=0.7334, p=0.0002).

To illustrate the capability of TPEF imaging capability to highlight fine structural 

mineralization features, such as ridge edges and surface roughness, CAVD valves, rat bone 

tibia, and PAAM gel nodules were imaged using SEM and TPEF. Structural similarities are 

observed between representative SEM images and TPEF optical sections and 3D 

projections. The human CAVD nodule, rat bone, and PAAM gel nodule 3D reconstructions 

are composed of images from a 160 μm thick, a 115 μm thick, and a 147 μm thick TPEF 

stack, respectively (Figure 2). The sections demonstrate that the TPEF signal is not limited 

to superficial features. Thus, unlike SEM imaging, TPEF images provide structural details of 

the mineralized deposits throughout their imaged volume. Further, texture analysis of the 

SEM and TPEF images taken from CAVD valves and bone reveals that the organization 
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features of the two types of images are strongly correlated (Supp. Figure 1B; R2=0.8157, 

p=0.002). Thus, these comparisons indicate that endogenous TPEF images provide useful 

information regarding mineralization content and organization that are typically acquired 

using invasive microscopic imaging procedures.

Spectral Analysis of Mineralized Tissue

Collagen is abundant in valve tissue and is the primary component of the fibrosa layer of the 

aortic valve, the region of the leaflet where the majority of calcifications begin.1 Collagen 

fibers are strong sources of a nonlinear (two-photon) scattering process, referred to as 

second harmonic generation (SHG), because of their non-centrosymmetric structure37. SHG 

has been used extensively to assess collagen fiber organization and structure.38–41 

Additionally, TPEF and SHG imaging can be performed simultaneously, and their combined 

use could enable assessment of calcific nodule formation in the context of collagen 

organization and remodeling. However, collagen fibers are also natural TPEF emitters, with 

the signal emanating primarily from collagen crosslinks.42,43 Thus, in order to exploit TPEF 

as a sensitive biomarker of calcification, it is important to identify differences in its TPEF 

emission from that of collagen.

To gather further evidence that the TPEF signal detected in the 500–550 nm region 

originates primarily from calcified deposits within the samples, we acquired and compared 

images from CAVD and rat tibia bone tissue samples prior to and following treatment with 

EDTA, a known Ca2+ chelator.44 Overlaid with the TPEF images (red) are corresponding 

SHG images (blue) acquired from the same field of view to demonstrate that the TPEF 

signal is not simply collagen autofluorescence (Figure 3). Specifically, we observe that the 

pattern of the bright TPEF signal is quite distinct from the SHG producing collagen fibers, 

and the prevalence of the TPEF signal decreases upon EDTA treatment for both the CAVD 

and bone samples. We do not detect any SHG signal in the PAAM gels, since they consist of 

disorganized, solubilized collagen. Representative TPEF stacks from all imaged tissue types 

can be seen in Supp. Videos 1–6.

FT-IR spectra of bone and CAVD samples confirm the reduction of mineralization with 

EDTA treatment (Figure 3F). Specifically, a decrease in the phosphate peak (1000 cm−1 – 

1200 cm−1), which is an important hydroxyapatite component,45 is seen with EDTA 

treatment in both sample types.

Previously, endogenous autofluorescence in the 450–700 nm range has been described as 

deriving from lipids,31,46 elastin,31,46 collagen,46 and ceroid deposits47 found in 

atherosclerotic plaques. In fact, single photon autofluorescence of calcifications has been 

reported in plaques collected using 515 nm and 610 nm barrier filters,31 which is consistent 

with our mineralization associated TPEF signal. However, endogenous TPEF emission 

excited at 800 nm and detected at 520 ± 40 nm from calcified plaques has been attributed, at 

least partly, to lipids whose presence was confirmed by Coherent Anti-Stokes Raman 

Scattering (CARS) imaging.48 Careful inspection of the images of that study indicates that 

there was additional autofluorescence signal surrounding the CARS-identified lipid, which 

could have been originating from within the mineralized deposit, but this possibility was not 

explored.
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To better understand and characterize the origins of the observed TPEF signal in our 

samples, we collected full spectral images; i.e. we gathered forty TPEF images, each 

representing the signal over a 20 nm bandwidth in the 400 to 700 nm range and centered 

approximately 7 nm apart from each other (Supp. Figure 2). Thus, each pixel contained a 

full TPEF emission spectrum. The mean spectra collected from each sample type are shown 

in Figure 4 A–C, along with the corresponding fits to these spectra resulting from non-

negative linear factorization analysis, which revealed major contributions from two 

components (Figure 4D). The two-component model provided a good fit to the spectra of 

each sample group (human CAVD valves: R2=0.997 ± 0.006, rat bone specimens: R2=0.973 

± 0.034, and PAAM gel specimens: R2=0.990 ± 0.005). The first component has an emission 

peak at approximately 480 nm, which is consistent with collagen TPEF excited at 800 nm42. 

The second component is associated with the mineralized deposits, as indicated by: a) the 

significant decrease in the relative contribution of this component upon EDTA treatment 

with the CAVD and tibia bone specimens (p=0.088 for CAVD and p<0.001 for tibia bone 

samples; Figure 4E), and b) its almost exclusive (93 ± 6%) contribution to the TPEF 

emission collected from the nodules grown on PAAM gels, which aren’t expected to have 

any collagen-associated TPEF.49 Similar spectral components were produced at 860 nm 

excitation (Supp. Figure 3). Notably, the spectra for the MAF component are nearly identical 

for both excitation wavelengths, with a peak at approximately 530 nm. On the other hand, 

the peak for the collagen-associated TPEF component had a slight red shift, which has been 

reported previously for collagen emission.42 Additionally, the detected 525 nm signal 

attributed to mineral deposits is highly unlikely to emanate from lipids. End-stage human 

CAVD and tibia bone samples are heavily calcified and are expected to have minimal lipid 

content.50 While the identity of the MAF component is not clearly recognized, the fact that 

its emission spectrum does not shift as a function of excitation wavelength, suggests that it is 

a single biochemical moiety. Since, we do not have a means of establishing the 

concentration of the MAF component, it is not possible to quantify its TPEF cross-section. 

However, we have made quantitative comparisons between the collagen and mineralization 

rich regions and have found the mean MAF TPEF intensity per pixel to be 2.5 ± 0.6 times 

higher the mean collagen TPEF intensity at 800 nm excitation. While the relative MAF 

TPEF intensity tended to be lower for the EDTA treated samples, there were no statistically 

significant differences in the mean MAF to collagen TPEF intensity ratio for any of the 

sample groups examined.

Using a Ratiometric Approach to Enable Rapid MAF Imaging

While preforming a full spectral analysis on a range of samples that are expected to have 

varying contributions from a set of fluorophores is an important first step in determining the 

spectral emission properties of these components, it is extremely time-consuming; this 

would be especially challenging in an in vivo setting and would require specialized 

instrumentation that could hinder the usability of this technique. However, quantifying the 

emission spectra of the two components and exploiting their differences, enabled us to 

develop a simple yet quantitative approach for extracting the relative contribution of the 

MAF component, relying on only two images (see Methods). These TPEF images are 

acquired at two distinct emission bands centered at 460 and 525 nm (shown as a highlighted 

regions on top of the two component spectra of Figure 4D). Representative overlays from 
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TPEF images in these two ranges along with the SHG image from the same field of view are 

shown in Figure 5A and C from CAVD samples prior to and following EDTA treatment. 

Images from the individual channels can be found in Supp. Figure 4. Corresponding 

processed images highlighting the extracted relative contribution of the MAF component 

(Figure 5B and D) demonstrate the ability of this approach to enhance visualization of 

mineral deposits. In addition to such qualitative visual assessments, we can extract 

quantitative, significant differences in the levels of the MAF upon EDTA treatment for both 

CAVD (p=0.002) and bone tissue samples (p=0.045; Figure 5E).

CARS Imaging Confirms Hydroxyapatite Origins of MAF Signal

As a further confirmation that the observed fluorescence is associated with mineralization, 

CARS imaging was performed on both CAVD valves and rat bone to look for evidence of 

hydroxyapatite formation. CARS is a parametric nonlinear optical imaging technique where 

the contrast arises from the intrinsic vibrational modes of a given chemical group.51 The 

3570 cm−1 vibrational band of OH− in hydroxyapatite was imaged using CARS microscopy 

and overlaid with the calculated MAF images for both the valve and bone samples (Figure 

6), showing a strong correlation between MAF and CARS samples. The strong overlap 

between the CARS and MAF signals indicates the MAF signal is likely emanating from 

hydroxyapatite in the valve.

Applying the Ratiometric Method to ApoE−/− Mouse Model

To demonstrate that the optical imaging approach we developed to detect and monitor valve 

mineralization in a quantitative and sensitive manner is applicable to a wide range of 

samples that are relevant to tissue calcification, we used the same image acquisition and 

analysis protocol to assess the relative MAF contributions within freshly excised valves 

acquired either from WT or ApoE−/− mice, which were fed a high fat diet to increase valve 

mineralization. This mouse model is the most frequently used animal model of CAVD 

disease and has played an important role in identifying mechanisms relevant to CAVD 

development and treatment.52,53 While there are limitations to using a genetic mouse model 

to study CAVD, several studies have shown that they are an adequate platform for studying 

the underlying osteogenic pathways associated with CAVD, even if they have fallen short in 

the transition to clinical trials.54 In particular, ApoE−/− mice exhibit upregulation of many 

osteogenic markers and form lesions that express bone makers such as ALP, Runx2, and 

osteocalcin.55 In our study, we simply exploit the previously documented formation of 

mineral deposits in the valves of these mice as an example of preclinical studies in which 

our approach can be used to detect the level of mineralization. Spectral image analysis 

confirmed that the collagen and MAF components described the TPEF emission recorded 

from these samples well (R2=0.976 ± 0.005 for the ApoE−/− mouse valves and R2=0.981 

± 0.010 for WT mouse valves). Another fluorescent component may be present in these 

tissues in the 650–700 nm region, but that is clearly distinct from the signals we detect in the 

460 and 525 nm regions of the spectrum which are fit with high accuracy by the two-

component model (Supp. Figure 3). Thus, TPEF images were taken using the same protocol 

as the one used for our previous samples. Overlays of the collected images are shown with 

the corresponding processed images that highlight the relative prevalence of the MAF 

component in the different tissue samples in Figure 7. Images used for the overlays are 
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included in Supp. Figure 5. An increase in the MAF component is immediately evident 

within the ApoE−/− mouse valves upon visual inspection of the images (Figure 7 B, D). 

Quantitative evaluation of these images reveals indeed a significant increase in the relative 

MAF contribution from the WT to the ApoE−/− mice (p=0.0525; Figure 7E).

Time Lapse Imaging Tracks Nodule Growth

To demonstrate the sensitivity and potential of the described MAF-based method to track 

mineral deposition from its onset, we monitored the growth of calcific nodules in a PAAM 

gel system seeded with valve interstitial cells (VICs) over 5 days. The PAAM gel was 

imaged every 8 hours for 120 hours (Supp. Video 7) and the growth of individual nodules 

was assessed. For each time point, the 460 and 525 nm TPEF images were processed to 

generate a stack of images of the relative MAF contribution. This stack was then integrated 

in the Z direction to yield a 2D projection at each time point (Figure 8A shows the 

projection at the start of the experiment). Images from each time point are stacked and 

regions of interest (ROIs) are cropped from the entire image stack. Four ROIs from this 

projected image were analyzed for nodule growth as shown in Figure 8A and B, time lapse 

videos in Supp. Video 8–11, and representative images of a single ROI in Supp. Figure 6A 

(see Supp. Figure 6B for additional detail of the method). A representative image of the 

summed slices of one ROI is shown in Figure 8C, while Figure 8D shows the respective line 

plots of the intensities of Figure 8C. The line plots were generated by integrating each ROI 

along the × direction; we generated one dimensional plots characterizing the nodule MAF 

intensity at each time point. The FWHM of these plots are associated with the cross-

sectional width of the nodules (Figure 8E) and their integral represents the nodule MAF 

volumetric intensity (Figure 8F), which is a measure of its overall mineral content. The 

calculated FWHM and the nodule volumetric intensity show nodule growth for all ROIs, 

except for ROI 3 which displays a decrease in volumetric intensity, though still an increase 

in nodule width.

Interestingly, nodule growth was not uniform with ROI 3 decreasing in size overall (based 

on the nodule volumetric intensity plot) even as it grew outwards along the PAAM gel (as 

shown by an increase in the FWHM). This exemplifies how nodule development may not be 

uniform within mineralized tissue and that active changes in calcification could add another 

layer of consideration to CAVD diagnosis. While the overall mineral content increased over 

the experimental time course, the MAF-based imaging method was able to detect small 

changes in the manner in which individual nodules grew. Understanding the dynamic 

changes that occur at calcification foci could be a key step in understanding the development 

of mineralization or their response to treatment.56

Discussion

The lack of clinical success in non-surgical treatment of CAVD highlights the need for 

improved understanding of the underlying disease mechanisms. Recent literature suggests 

that optical methods in particular could have a large impact on preclinical research.9 Such 

methods offer the potential for imaging at high, micron-level resolution that may enable 

identification of CAVD lesions at the early stages of the disease, when therapy may be more 
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effective. In this study, we show that calcified nodules exhibit endogenous fluorescence 

signatures that can be exploited by TPEF imaging to enable non-destructive visualization of 

calcifications with micron-level resolution. Specifically, we find that endogenous TPEF with 

a peak emission at 530 nm is detected from mineral-rich specimen regions when excited at 

800 or 860 nm. This emission is distinct from that of collagen crosslink TPEF, which, as 

expected, has a peak that becomes red-shifted as the excitation wavelength increases.57

The characterization of the detailed spectral emission profile of the MAF and its comparison 

to the emission from collagen fibers, which are typically present in mineralized samples, 

enabled us to develop a simple, and fast, yet robust approach to quantify the relative MAF 

contributions within a specimen. This method relies on the collection of two images centered 

at 460 and 525 nm upon excitation at 800 nm, which can be combined to provide a 

quantitative readout of the relative prevalence of the MAF. We validate the sensitivity of this 

approach by demonstrating that we detect a decrease in the relative MAF levels upon EDTA 

treatment of both human CAVD and rat tibia bone samples. We further confirm the 

biochemical origins of MAF using FT-IR and co-registered CARS and TPEF measurements. 

To demonstrate that this simple imaging protocol is relevant to the analysis of a broad range 

of specimens, we apply it to the characterization of valve samples from wild type and ApoE

−/− mice, a widely used animal model for CAVD studies.58 Analysis of these samples 

further validates the sensitivity of this optical imaging scheme to the enhanced levels of 

mineral deposits that are formed in the knockout mice valves.58 While there are clearly 

limitations in terms of the clinical relevance of the ApoE−/− mouse model of CAVD, our 

approach should be applicable and potentially very useful in assessing CAVD progression in 

emerging pre-clinical disease models. These include in vitro models of calcification59 and 

new genetic mouse models of CAVD.60 In addition to potential in vivo imaging strategies in 

animal models, we showed that MAF quantification can be used to track nodule growth, 

non-invasively, over time in in vitro conditions. Nodules smaller than 10 microns in their 

cross-sectional width were imaged and showed growth overtime which we tracked in all 

three spatial dimensions over time.

Given the micron-level resolution of TPEF imaging, the approach we describe bears great 

promise as a tool that may be used to detect and monitor dynamically the development of 

mineralized deposits from a very early stage using pre-clinical CAVD models. Such 

advances are expected to have a significant impact on our understanding of the disease and 

the development of more effective treatments. While advances in micro-CT/PET imaging 

methods have led to better predictive capabilities of CAVD progression in patients, more 

could be learned with a better understanding of ECM changes and mineralization at a 

cellular level within the valve. NIR imaging techniques that use dyes to visualize the 

development of mineralization are able to detect small ossification before even high 

resolution micro-CT, which provides an even better understanding of calcification 

development.61 Direct clinical translation of TPEF imaging to monitor CAVD may be 

initially complicated by the need to perform such measurements through millimeter sized 

endoscopes. Such multiphoton endoscopes are not immediately available for intravascular 

use, but we expect that continuous advances in probe development and human in vivo TPEF 

measurements will ultimately make such measurements a real possibility.62,63 Currently, the 

2014 American Heart Association/American College of Cardiology guidelines recommend 
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the use of cardiac catheterization to measure blood hemodynamics for patients that cannot 

be diagnosed through echocardiographic imaging64; the use of an imaging probe either in 

place of or in conjunction with a catheter is therefore a reasonable goal. Additionally, 

because of the increased resolution capabilities of capturing MAF over current imaging 

modalities, high risk patients such as those with a bicuspid aortic valve,65 could be imaged 

to look for potential CAVD mechanisms early in the disease process. MAF could also be 

used with CT/PET imaging methods on patients testing positive for CAVD to look for 

smaller nodules within the context of ECM changes. The development of single-photon 

excitation-based measurements of MAF are also possible, because in most cases the single 

and two-photon excited fluorescence emission spectra of molecules are highly overlapping. 

A number of optical probes have been used for intravascular imaging using different 

modalities, such as optical coherence tomography (OCT), photoacoustics, and fluorescence, 

alone or in combination.66–68 In addition, confocal microendoscopy probes as small as 0.6 

mm in diameter have already been developed.69 Thus, an endogenous fluorescence-based 

high-resolution imaging system developed and optimized for mineral deposition detection in 

human valves is technologically highly feasible. Of course, thorough studies that establish 

the sensitivity and specificity of this approach will be needed. Finally, we should note that 

such a probe may also be more broadly applicable for the detection, characterization or 

monitoring of other conditions affected by the presence of calcifications, including 

atherosclerotic plaques70 and breast cancer.71 While direct translation of this approach to the 

clinic will require addressing significant challenges associated with miniature probe 

development and minimizing the optical impact of blood, its relevance to more fundamental 

studies with in vitro and ex vivo tissues to improve our understanding of the disease is 

immediate.

Methods

All animal experiments were approved by the Institutional Animal Care and Use Committee 

at Tufts University and performed in agreement with Tufts University guidelines and the US 

Animal Welfare Act. Human samples of valves taken from patients undergoing replacement 

surgery for advanced CAVD were acquired under a protocol approved by the Tufts 

University School of Medicine Institutional Review Board (IRB number 10273). The tissues 

were considered discarded tissues (not removed for research purposes) and obtained only 

with patient consent.

Human CAVD Valve Samples

All male patients were used; ages ranged from 56–72 years. Within 24 hours of extraction, 

samples were frozen to −80°C until imaging. Eight samples were acquired for this study.

Rat Valve Interstitial Cell (VIC) and Bone Isolation and Culture

Aortic valve leaflets were surgically removed from Sprague Dawley rats within 30 minutes 

of euthanasia and used to isolate VICs for the formation of calcified nodules in vitro. The 

valve leaflets were placed in a 12 well plate with standard culture media [Dublecco’s 

Modified Eagle’s Medium (DMEM; ThermoFisher Scientitfic, Waltham, MA [10566016]), 

1% Fungizone (ThermoFisher Scientific, Waltham, MA, Antibiotic-Antimycotic 
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[15240062]), and 10% fetal bovine serum (FBS, ThermoFisher Scientific, Waltham, MA 

[16000-044])]. Tissue samples were placed in an incubator at 37°C with 5% CO2 for 10 

days, with media changed every 2–3 days. Cells were allowed to migrate out of the tissue 

and adhere to the plate. VICs isolated in this manner were passaged and expanded in 

traditional culture flasks in standard culture medium. VICs that had been passaged 2–6 times 

were used for experimentation.

Male Sprague Dawley rat tibia bones were also isolated from sacrificed animals. Skin and 

muscle tissue were removed from the hind leg of three rats with a scalpel and 5 × 5 mm 

bone sections were removed from the tibia. Samples were washed and stored in 1X PBS for 

less than a week before imaging or fixation.

Polyacrylamide (PAAM) Gel Preparation

Before the creation of PAMM gels, 22 mm × 22 mm glass cover slips were activated to 

create binding sites as previously described.49 To increase hydrophilicity, cover slips were 

passed through an open flame and then covered with 0.1M NaOH (Millipore, Billerica, MA 

[SX0607H-3]). After the slips dried, 3-aminopropyltrimethoxy was smeared onto the cover 

slips and allowed to dry. Slips were then placed into 6-well plates and washed three times in 

diH2O using an orbital shaker before being smeared with 0.5% glutaraldehyde (Sigma-

Aldrich, St. Louis, MO [E6758]) and allowed to set for 30 minutes. After aspirating off the 

glutaraldehyde, the slips were again washed in diH2O three times for five minutes. Activated 

cover slips were stored in diH20 at 4°C until use.

To create the PAAM gels, acrylamide and bis- acrylamide were combined with 400 μg of rat 

tail collagen (ThermoFisher Scientific, Waltham, MA [A1048301]) and acrylic-acid-N-

hydroxysuccinimide (NHS; Sigma-Aldrich, St. Louis, MO [A8060-1G]) ester (used to create 

covalent linkages between amine groups on the collagen and the PAAM gel). 1 N HCl was 

added to the solution to lower the pH to 6.8–6.9 before acrylamide to bis-acrylamide cross-

linking was initiated using tetramethylethylenediamine (TEMED; Sigma-Aldrich, St. Louis, 

MO [411019]) and 10% ammonium persulfate (APS; Sigma-Aldrich, St. Louis, MO 

[A3678]).72 By altering the ratio of acrylamide to bis acrylamide, the PAAM gels were 

created to have a stiffness of 35 kPa to mimic CAVD mechanical physiology.73 To create a 

stiffness of 35 kPa a solution containing 10% w/w acrylamide and 0.1% w/w bis acrylamide 

was used.

Activated cover slips were dried in a sterile cell culture hood and 80 μL of each gel solution 

was placed onto the cover slips. A non-activated cover slip was then placed directly onto the 

gel solution to reduce airflow and promote polymerization while creating an even gel 

surface. After 30–45 minutes, the top cover slip was removed from the polymerized gels 

using a razor blade. The gels were moved to sterile 6-well plates and washed three times for 

5 minutes each with sterile 1X PBS (ThermoFisher Scientific, Waltham, MA [BP3994]).

Following creation of the PAAM gels, isolated VICs, were seeded at a density of 50,000 

cells/gel and allowed to adhere to the gels for 24 hours before being moved to separate 

culture plates to avoid potential paracrine signaling from cells adhering to the tissue culture 

plastic during seeding. PAAM gels were dosed with 1.25 ng/mL TGF-β1 (Peprotech, Rocky 
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Hill, NJ [100-21]) for 24 hours in an incubator at 37°C with 5% CO2. After 24 hours, media 

was replaced with the standard culture media described above and the PAAM gels were 

allowed to develop nodules for 14 days; media was changed every 2–3 days.

Demineralization with EDTA

Following TPEF imaging, samples fixed with 4% paraformaldehyde (in order to maintain 

collagen structure) and placed in 0.02% w/v ethylene-diamine-tetra-acetic acid (EDTA; 

Sigma-Aldrich, St. Louis, MO [E6758]) on an orbital shaker at room temperature for three 

weeks for demineralization, as previously described.44 The samples (4 human CAVD and 3 

rat bone) were then washed with 1X PBS and imaged using both the Leica TCS SP2 and our 

custom laser scanning microscopes. Every attempt was made to acquire images from similar 

locations within the same samples before and after EDTA treatment.

Alizarin Red Staining

A 0.02% wt/v Alizarin Red (Sigma-Aldrich, St. Louis, MO [A5533]) solution (pH 4.2 with 

NaOH) was used to stain the PAAM gel nodules, bone samples and human CAVD valves 

after TPEF imaging. After fixation with 4% w/v paraformaldehyde (Sigma-Aldrich, St. 

Louis, MO [158127]) for 10 minutes and washing with 1×PBS, the PAAM gels were placed 

in to the Alizarin Red solutions for 45 minutes. The same procedure was followed for the 

bone and human sample, but with longer fixation (20 minutes) and staining (1.5 hours) 

times. All samples were then washed with diH2O several times (until the wash water was 

clear at the end of the rinse; about 8–10×) before imaging using an Olympus FSX100 

(Tokyo, Japan).

For comparison imaging of the same fields, small portions of each sample were fixed to a 

glass slide with a clear adhesive. The samples were first imaged using the Leica TCS SP2 

microscope and the image locations were carefully noted. The slides were then stained with 

Alizarin Red as described above, and imaged a second time with the Olympus FSX100 with 

the same fields of view that were taken with the Leica microscope described below.

Intensity correlation analysis between TPEF and Alizarin Red staining images

In order to quantitatively compare the TPEF and Alizarin Red stained images, we assessed 

the correlation in the intensity of corresponding fields imaged by the two approaches. First, 

five-level Otsu intensity thresholding74 was applied to both TPEF and Alizarin Red stained 

images corresponding to similar fields. The lowest level was designated as low intensity 

background noise, while regions assigned to the upper four quantized levels in TPEF or 

Alizarin stained images were used to define the tissue areas from which the mean intensities 

were calculated. Four CAVD samples, four bone samples and five PAAM samples were used 

for this intensity correlation analysis, which was carried out in Excel.

Scanning Electron Microscope Imaging

Samples were prepared by gold sputter coating and imaged using a Carl Zeiss (Jena, 

Germany) EVO MA10 scanning electron microscope.
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Micro-Structure Correlation Analysis between TPEF and SEM images

In order to assess if TPEF images enable characterization of similar micro-structure features 

as SEM images, we used a Fourier-based analysis approach we developed previously.75–78 

Briefly, the image intensity patterns within the tissue regions, as determined by the Otsu 

intensity thresholding method described in the previous section, were cloned and randomly 

positioned in the image background to create a new image without distinct borders and only 

tissue patterns covering the entire field. Then, we acquired the power spectral density (PSD) 

of the two-dimensional Fourier transform of this image, which represents the level of 

autocorrelation of the intensity fluctuations within the image over a range of relevant spatial 

frequencies. This curve exhibited an inverse power law behavior, which was fit using an 

equation of the form R(k)~k−β, where k is spatial frequency. The value of β depends on the 

texture features of the images and was determined for both TPEF and SEM images 

corresponding to the similar field of the same specimen from 4 CAVD samples and 4 bone 

samples. To image in the same region of each sample with both imaging modalities, small 

pieces of samples were glued to a glass slide so that each image location could be mapped 

during the TPEF imaging process and then found during SEM imaging. It was not possible 

to analyze PAAM gel samples in the same way because the dehydration prior to SEM 

imaging significantly alters the PAAM gel nodule structures. The correlation analysis was 

done in Excel.

Fourier Transform Infrared (FT-IR) Spectroscopy

Three rat tibia bones and four CAVD valves were split into two pieces of roughly the same 

size. The two groups of samples were placed on an orbital shaker, at 4°C, either in the 0.02% 

EDTA solution used to reduce mineralization or in standard 1× PBS. After 3 weeks on the 

shaker, the samples were dried for 4 hours in a VirTis Genesis 25L Super XL Freeze-Dryer 

(SP Scientific, Stone Ridge, NY) and measured using FT-IR [JASCO FTIR 6200 

spectrometer (JASCO, Tokyo, Japan) equipped with a MIRacle™ attenuated total reflection 

(ATR) Ge crystal cell in reflection mode]. Spectra were taken between 600 cm−1 and 3400 

cm−1 with 1cm−1 increments. A linear baseline was fit to the regions of the FTIR spectra 

devoid of significant absorbance peaks (1800 cm−1 to 2500 cm−1) and subtracted from the 

spectra. The spectra were then normalized using the total area under the curve. The CAVD 

and EDTA CAVD spectra were then shifted up the y axis to more clearly show the two 

sample types. The standard error of the mean was also calculated and plotted for each group.

Two-Photon Excited Fluorescence Imaging

TPEF spectral images were taken on a Leica TCS SP2 (Wetzlar, Germany) confocal 

microscope equipped with a Ti:sapphire laser (Spectra Physics, Mountain View, CA) and a 

dry Leica 20×/0.7 NA objective. To obtain spectral emission data, the laser was tuned to 

either 800 nm or 860 nm and images were collected between 400 nm and 700 nm in 40 

equal increments (7.2 nm steps), each with a bandwidth of 20 nm. Using the Rayleigh 

criterion, the computed lateral resolution for this objective is 0.697 μm and the axial 

resolution is 3.265 μm.3D image renderings were created using ImageJ (NIH, Bethesda, 

MA).
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Fluorescence spectra from all tissues were decomposed in two components using a blind 

spectral unmixing algorithm. This data set included 6 spectra from human CAVD valves, 8 

spectra from EDTA treated human CAVD valves, 7 spectra from rat bone, 5 spectra from 

EDTA treated rat bone, and 3 spectra from nodules grown on 35 kPa PAAM gels. 

Specifically, non-negative matrix factorization was performed through an alternating least 

squares algorithm using a modification of the nnmf.m function in MATLAB. A two 

component model was used with random initial guesses for component concentrations. To 

avoid convergence to a local minimum, factorization of the component spectra and their 

relative concentrations in each tissue was performed 1000 times and the solution providing 

the smallest norm of the residual was selected. A two component model was selected based 

on its ability to describe 99.46% of the variance in emission spectra data. The relative 

contribution of component 2 was calculated for each spectrum and the calculated average for 

each sample specimen was used for statistical analysis (4 CAVD valves, 3 rat bones, and 3 

PAAM gel nodules).

The rat bone and the human CAVD valve samples were further imaged using a custom-built 

laser scanning multiphoton microscope, which enabled simultaneous image acquisition by 

three non-descanned detectors equipped with filters at 400 nm ± 10 nm (ET400/20X), 460 

± 20 nm (HQ460/40m-2p), and 525 ± 25 nm (ET525/50M-2P). TPEF and SHG images were 

acquired at 800nm excitation. A Leica 20×/0.7 NA objective was used for image acquisition 

of four human CAVD samples and three rat bone samples. For each sample, both before and 

after treatment with EDTA, 3 images were taken from three distinct regions on the sample. 

The calculated MAF values were averaged to give a single measurement for each biological 

replicate (4 for the human CAVD valve and 3 for the rat bone samples) for statistical 

analysis.

Image-Based Quantitative Assessment of Mineralization Associated Fluorescence (MAF)

Based on the spectra of the collagen and the MAF components extracted from the spectral 

decomposition described above, we developed a simple method to enable us to quantitatively 

extract the relative MAF contribution based on image acquisition at two distinct spectral 

bands: 460 nm ± 20 nm and 525 nm ± 25 nm. The TPEF image intensity at these two 

bandwidths can be expressed as:

(1)

(2)

where ξ460 and ξ525 are the quantum efficiencies of the detectors at 460 nm and 525 nm, 

and C1 and C2 are the concentration of component 1 and 2, respectively. α460 and α525 are 

the fluorescence yields of component 1 at 460 nm and 525 nm respectively, and β460 and c 
are those corresponding to component 2. χ is a factor accounting for the difference of 

fluorescence efficiency of the two components. According to equations (1) and (2), the 

formalism for the concentration ratio of these two components is as follows:
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(3)

where C = C2/C1, ξ = ξ460/ξ525, and I = I460/I525. We obtain the α460, α525, β460 and β460 

from the spectra of component 1 and 2, which are 0.3394, 0.3590, 0.0812 and 0.3614 

respectively. The ξ value of 0.8573 is acquired based on TPEF images acquired from 

extracted pure rat tail collagen fibers using the same excitation/emission data acquisition 

settings, and the χ value of 0.1520 is acquired by the raw intensity images of the 

experimental samples. Since the I values corresponding to each sample are readily 

accessible, we obtain the C values specific to each sample, and, finally, the relative 

contribution of the MAF component, C2 as C2/(C1+ C2), which in this form is a value that 

always varies between 0 and 1.

MAF TPEF Intensity Analysis

To assess the TPEF MAF intensity (800 nm excitation) relative to that of collagen, we 

extracted the TPEF intensity ratio within the mineralization-rich and collagen-rich regions 

from each field of all the CAVD and bone samples we examined. To identify the collagen-

rich regions, we manually selected regions with strong SHG signal, such as the blue areas 

within the RGB images shown in Figure 5A, C). We then calculated the mean TPEF 

intensity within this region, which we attributed to collagen. To identify the mineralization-

rich regions, we first acquired the MAF ratio map for each field, identified pixels with the 

top 10% MAF ratio values, and calculated the mean MAF TPEF intensity within each such 

region. Given the spectral characteristics of collagen and MAF TPEF relative to the 

bandpass or our 525 nm emission filter, we estimated the expected collagen and MAF TPEF 

intensity based on the full spectral emission of each component. In this manner, we acquired 

for each field an intensity ratio representing the MAF TPEF intensity relative to that of 

collagen. As we can’t really measure the concentration of the molecule that leads to MAF, 

we cannot really acquire a more quantitative metric of MAF TPEF efficiency. Four fields 

from each of the four CAVD and three bone samples were imaged before and after EDTA 

treatment.

Imaging of Genetic Mouse Model

Three male apolipoprotein E knockout mouse hearts (ApoE−/−, age 10 months, on a 

C57BL/6 background, Jackson Laboratory, Bar Harbor, ME) and three, 2 month old female 

wild type (WT) mouse hearts (C57BL/6 mice, Jackson Laboratory, Bar Harbor, ME) were 

donated by the Jaffe Lab at Tufts Medical Center. The hearts were stored in 1× PBS during 

transport, valve isolation and imaging, which occurred within 24 hours from mouse 

sacrifice. The ApoE−/− mice were fed a high fat diet for 9 weeks before being sacrificed. 

This model has been previously shown to induce heart valve calcification as measured by 

von Kossa53 and alkaline phosphatase-positive staining.79 TPEF image stacks were acquired 

at 460 ± 20 nm and 525 ± 25 nm from two distinct regions of the aortic valve of each mouse 

using the Leica TCS SP2 microscope at an excitation of 800 nm. Each image stack consisted 

of 5 to 34 optical sections acquired with a step size of 5 μm. The relative MAF contribution 
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for each section was calculated and then averaged from all sections of a given image stack. 

MAF values for each of the six valves (three ApoE−/− and three WT valves) were calculated 

by averaging measurements from both Z stacks.

Coherent Anti-Stokes Raman Scattering (CARS) Microscopy with TPEF Imaging

CARS microscopy was performed using a dual output femtosecond pulsed laser system 

(Spectra-Physics Insight DeepSee, Santa Clara, CA, USA) and a customized confocal 

microscope (Olympus FV1000, Center Valley, PA, USA) using a 1.20 NA 60× water 

immersion objective (Olympus UPLSAPO 60XW, Center Valley, PA, USA). The fixed 1040 

nm laser output was used as the Stokes beam while the widely tuneable output was set to 

758 nm and used as the pump beam in order to probe the 3570 cm−1 vibrational band of OH
− in hydroxyapatite. A coherent anti-Stokes signal was thus generated at 596 nm, detected in 

the epi-direction using a photomultiplier tube (Hamamatsu H7422P-50, Hamamatsu City, 

Japan). A 750 nm shortpass filter was used to remove any residual excitation light (Chroma 

ET750SP-2P8, Bellows Falls, VT, USA), followed by a bandpass filter from 590 to 650 nm 

(Chroma HQ620/60M, Bellows Falls, VT, USA) To control laser power, a half-wave plate 

and a Glan-Laser polarizer were placed in front of each laser output port, and total incident 

power at the sample was maintained below 50 mW for all experimental conditions.

TPEF microscopy was performed using the same system as described above for CARS 

imaging. In this scenario however, the TPEF signal was generated by setting the tuneable 

output to 800 nm, where the fluorescence signals were collected in the epi-direction using a 

pair of thermoelectrically cooled photomultiplier tubes (Hamamatsu H7422P-40 and 

H7422P-50, Hamamatsu City, Japan). The fluorescence signal was first filtered using a 750 

nm shortpass filter to remove any residual excitation light (Chroma ET750sp-2p8, Bellows 

Falls, VT, USA). The signal was then incident on a 480 nm dichroic mirror, where reflected 

shorter wavelengths were filtered once more through a bandpass filter (Chroma 

HQ475/60M, Bellows Falls, VT, USA) such that the effective fluorescence detection ranged 

from 445 to 480 nm; transmitted longer wavelengths were filtered through a separate 

bandpass filter (Chroma HQ525/50M, Bellows Falls, VT, USA) for detection ranging from 

500 to 550 nm.

Time Lapse Imaging and MAF Quantification

PAAM gels were created, as described above on the activated glass of a 35 mm MatTek 

glass bottom dish (Ashland, MA). VICs were seeded at 100,000 cells/mm2 and dosed with 

1.25 ng/mL TGF-β1 for 24 hours in an incubator at 37°C with 5% CO2 before being 

cultured for 4 additional days in normal culture medium. The dish was then moved to the 

Leica TCS SP2 microscope and incubated using similar culture conditions for the duration 

of the experiment. TPEF images were acquired at 460 ± 20 nm and 525 ± 25 nm emission 

channels using 800 nm excitation and a 20×/0.7 NA air objective. A Z stack of 19 images, 

using the same imaging parameters for the duration of the experiment, was taken for a single 

field of view every 8 hours for 120 hours.

Following acquisition, images from each channel were processed to extract the related MAF 

contribution images. For each time point, the MAF image stacks were integrated along the Z 
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direction to create a 2D projection. The Template Matching and Slice Alignment ImageJ 

plugin was then used to align the 2D projections so that individual nodules could be tracked 

over time. For each time point, the 2D projection was then analyzed to examine individual 

nodules. Regions of interest (ROIs) were selected around mineralized nodules and a second 

integration along the × direction was performed for each time point. This led to a 1D 

intensity plot for each nodule that was used to calculate the full width at half maximum 

(FWHM), which related to the size of the nodules, and the integral, which represented the 

volumetric MAF nodule intensity. Four nodules, or ROIs, were analyzed for this study.

Statistical Analysis

One-way ANOVA with post hoc Tukey HSD tests were used to evaluate the differences 

between the human CAVD valves and rat bone before and after EDTA treatment using either 

the ratio of component 1 to component 2 (Figure 4) or the calculated MAF (Figure 5). 

Normality of the sample set was confirmed using the Shapiro-Wilk test, and equal variance 

was confirmed using the Brown-Forsythe test. A two-tailed, paired student T-test, confirmed 

with the same normality and variance testing, was used to determine significant differences 

between the ApoE−/− and wild type mice. No animal randomization was used for this study 

and the study was not blinded. As this type of optical characterization has not been done 

before, we could not perform rigorous a-priori calculations to estimate the sample size 

needed to detect significant differences. A two-tailed, paired student T-test was used to 

compare the mean MAF to collagen TPEF intensity ratio for CAVD and bone samples 

before and after EDTA treatment. Normality (Shapiro-Wilk) and equal variance (Brown-

Forsythe) were also confirmed prior to implementing the statistical analysis. EDTA 

treatment experiments were done one time with replicates of four and three for the human 

CAVD valves and rat bones, respectively. The time lapse experiment was performed on one 

PAAM gel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Visual analysis of TPEF images compared to Alizarin Red staining of a human CAVD 

nodule, a rat bone, and a PAAM gel grown nodule. Two-photon excited autofluorescence 

and Alizarin Red staining for mineralization within CAVD human valves (A, D, G), rat bone 

(B, E, H) and nodules grown on PAAM gels seeded with rat VICs (C, F, I). Projections of 

TPEF image volumes (A, B, C) were created by averaging individual depth-resolved optical 

sections (D, E, F). The endogenous TPEF patterns are consistent with the spatial distribution 

of subsequent Alizarin Red staining of the same region (G, H, I). Yellow arrows show 

features similar between the TPEF and Alizarin Red images. Scale bars are 50 μm.
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Figure 2. 
Representative images of human CAVD nodules, rat bone samples, and PAAM gel nodules 

taken using SEM and TPEF. SEM images of nodules from a human CAVD valve (A), rat 

bone (B) and PAAM gels (C) show the topography of the different types of calcific nodules. 

Representative TPEF slices (D, E, F) and intensity projections of the image volumes (G, H, 

I) also demonstrate the ability to identify textural patterns between calcified samples. Scale 

bars are 100 μm.
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Figure 3. 
Effect of EDTA treatment on endogenous TPEF. Representative optical sections of a human 

CAVD valve before (A) and after (B) EDTA treatment, as well as rat tibia bone before (C) 

and after (D) EDTA treatment suggest that 525nm TPEF emission (red) is associated with 

mineralization. Collagen SHG (blue) is not attenuated by EDTA treatment. No collagen 

SHG is observed in PAAM gels (E). FT-IR spectra taken before and after EDTA treatment 

for the CAVD (F) and bone (G) samples show changes in absorbance with loss of 

mineralization. Scale bars are 100 μm. Error bars show standard error of mean.
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Figure 4. 
Analysis of TPEF emission spectra reveals emission spectrum of mineralization associated 

fluorescence. Representative TPEF emission spectra of (A) human CAVD valves before and 

after EDTA treatment, (B) rat bone before and after EDTA treatment, and (C) nodules grown 

on PAAM gels indicate a blue shift with EDTA treatment. For A-C, representaive data sets 

are delineated using either triangles, squares, or dots; representiave fits are shown using a 

solid line. Spectral unmixing through non-negative matrix factorization indicated two 

spectral components (D), which provided a good fit to the data in A-C. Shaded regions in 

(D) represent the emission filter bands employed in TPEF imaging. (E) The relative 

contribution of component 2 derived from spectral unmixing and associated with 

mineralization is reduced upon EDTA treatment (*P=0.088, **P<0.001 based on ANOVA 

and post-hoc Tukey test). Averaged spectra are shown from 4 CAVD valves, 4 CAVD EDTA 

valves, 3 bone samples, 3 EDTA bone samples, and 3 PAAM gel nodules.
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Figure 5. 
MAF images enable enhanced visualization of mineralized sample regions. Human CAVD 

valve (A) intensity overlay of 525nm TPEF (red), 460nm TPEF (green), and SHG (blue), as 

well as (B) calculated MAF images. EDTA treatment causes an overall reduction in TPEF 

intensity (C) and a reduction in the relative 525nm emission resulting in a lower MAF 

contribution (D). The relative MAF contribution (E) is significantly decreased with EDTA 

treatment to remove calcification (*P=0.002; **P=0.045 based on ANOVA and post-hoc 
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Tukey Test). Data is shown from 4 CAVD and CAVD EDTA samples and 3 bone and EDTA 

bone samples. Scale bar is 100 μm.
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Figure 6. 
MAF signal overlaps with CARS images. TPEF images taken on a an Olympus FX1000 

with CARS imaging with CARS imaging capabilities were used to calculate the MAF for 

CAVD valves (A) and bone (B) samples. Corresponding CARS images of the same fields 

were taken (C,D) and merged (E,F). Scale bars are 100 μm.
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Figure 7. 
An ApoE−/− mouse model confirms the use of the MAF as a quantifiable metric for 

calcification. TPEF imaging of aortic valves from aged ApoE−/− mice with an (A) intensity 

overlay of 525nm TPEF (red), 460nm TPEF (green), and SHG (blue), as well as (B) the 

calculated MAF concentration highlights distinct calcified nodules relative to wild type mice 

(C, D). The relative contribution of the MAF (E) is significantly increased in ApoE−/− 

mouse valves (P=0.0525). Data is shown for 3 ApoE−/− valves and 3 WT valves. Scale bar 

is 100 μm.

Baugh et al. Page 29

Nat Biomed Eng. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Time lapse experiment of calcification on PAAM gels shows measured change in nodule 

size. (A) The 525nm/460nm image ratio at time zero of a 120 hour time lapse experiment 

showing 4 regions of interest (ROIs) used for analysis. (B) Representative time points of 

each ROI showing the regions that were analyzed. After taking the summed 3D projections 

and the 525nm/460nm ratio and calculating the MAF contribution, the sum along the image 

plane can be used to find the nodule volumetric intensity shown for the image stacks (B) and 

the individual line plots for the nodule volume over time (C). These images were then used 
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to calculate the full with at half maximum (FWHM; E) and the area under the curve of the 

intensity profile of the 3D summed projections, or the volumetric intensity (F).
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