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Abstract

Significance: For use in medical balloons and related clinical applications, polymers are usually
designed for transparency under illumination with white-light sources. However, when illumi-
nated with ultraviolet (UV) or blue light, most of these materials autofluoresce in the visible
range, which can be a concern for modalities that rely on tissue autofluorescence for diagnostic
or therapeutic purposes.

Aim: A search for published information on spectral properties of polymers that can be used
for medical balloon manufacturing revealed a scarcity of published information on this subject.
The aim of these studies was to address this gap.

Approach: The autofluorescence properties of polymers used in medical balloon manufacturing
were examined for their suitability for hyperspectral imaging and related applications.
Excitation-emission matrices of different balloon materials were acquired within the 320- to
620-nm spectral range. In parallel, autofluorescence profiles from the 420- to 620-nm range
were extracted from hyperspectral datasets of the same samples illuminated with UV light.
The list of tested polymers included polyurethanes, nylon, polyethylene terephthalate (PET),
polyether block amide (PEBAX), vulcanized silicone, thermoplastic elastomers with and without
talc, and cyclic olefin copolymers, known by their trade name TOPAS.

Results: Each type of polymer exhibited a specific pattern of autofluorescence. Polyurethanes,
PET, and thermoplastic elastomers containing talc had the highest autofluorescence values,
while sheets made of nylon, PEBAX, and TOPAS exhibited negligible autofluorescence.
Hyperspectral imaging was used to illustrate how the choice of specific balloon material can
impact the ability of principal component analysis to reveal the ablated cardiac tissue.

Conclusions: The data revealed significant differences between autofluorescence profiles of the
polymers and pointed to the most promising balloon materials for clinical implementation of
approaches that depend on tissue autofluorescence.

© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original pub-
lication, including its DOI. [DOI: 10.1117/1.JBO.25.10.106004]

Keywords: autofluorescence; medical balloons; catheter design; hyperspectral imaging.

Paper 200216R received Jul. 9, 2020; accepted for publication Oct. 6, 2020; published online
Oct. 20, 2020.

1 Introduction

Polymers provide great benefits such as durability, biocompatibility, disposability, and scalabil-
ity. For use in medical balloons and related clinical applications, polymers are usually designed
for transparency under illumination with white-light sources. However, when illuminated
with ultraviolet (UV) or blue light, most of these materials autofluoresce in the visible range,
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which can be a concern for modalities that rely on tissue autofluorescence for diagnostic or
therapeutic purposes.

One such modality is hyperspectral imaging based on tissue autofluorescence (Auf-HSI).
This modality can be useful for a variety of clinical targets and has been widely explored for
diagnostics of skin cancer,1 lymphoid tissue analysis,2 colon and gastric surgery,3 diabetes
vasculopathies,4 and many other conditions.5–7 This is because many biological fluorophores
have specific autofluorescence footprints in the 400- to 600-nm spectral range.8,9 Therefore,
by assessing changes in tissue autofluorescence profiles within this critical range, one can
monitor a wide range of pathophysiologic processes. Such processes include a buildup of
the reduced form of nicotinamide adenine dinucleotide (NADH) during the ischemia,10,11

accumulation of collagen upon scar formation,12,13 age-related alternation in elastin-collagen
content,14,15 buildup of lipofuscins in atherosclerotic plaques,16 and many other conditions.
Thermal ablation, by causing acute changes in the tissue autofluorescence profile, is another
example. Radiofrequency, cryo- or laser-based ablation irreversibly destroys cells causing
an immediate drop in NADH autofluorescence.17,18 Observing this drop allows one to monitor
the success of surgical ablation procedures performed both externally and internally, including
endocardial surfaces of the heart.19,20 In the latter case, optically dense blood must be displaced
from an optical path, either by influx of saline or via an inflatable balloon.21,22

Such balloons must exhibit minimal levels of fluorescence within optical ranges of biological
fluorophores. Otherwise, they can diminish Auf-HSI’s ability to reveal the target tissue due to
inherent autofluorescence of their material. Our search for published information on spectral
properties of polymers that can be used for manufacturing of suitable medical balloons revealed
only a few papers,23–25 but even those do not directly relate to this subject. Instead, manufac-
turer’s material sheets and peer-reviewed articles describe a myriad of mechanical and/or bio-
logically-relevant properties, such as material hardness, tensile strength, degree of elongation,
thermal stability, dielectric constant, hydrophobicity, photodegradation, and so on.26–28 As of
today, to the best of our knowledge, very limited information, if any, is available on endogenous
fluorescence of polymers from which one can manufacture transparent balloons for Auf-HSI or
any other autofluorescence-based diagnostic modalities.29

Experiments detailed in this paper attempt to start filling the above-described knowledge gap.
The selection of the polymers was based on their potential to create transparent balloons for
medical applications. Balloon-equipped catheters are a staple of modern medicine and are used
to treat numerous target organs. They are used to perform minimally invasive ablations,30,31

deliver drugs,32 position stents,33 and occlude or dilate vessels and cavities.34,35 In most of these
procedures adding imaging capabilities to these catheters can be greatly beneficial.36 The list of
materials examined in this study included polyurethanes,37,38 nylon,39 polyethylene terephthalate
(PET),23 polyether block amide (PEBAX),40 thermoplastic elastomers (TPEs),41 vulcanized
silicone,42 and cyclic olefin copolymers.43 All these materials can be used, in one form or
another, to create transparent balloons for intravascular or intracavital use.

Medical balloons can be divided into three general types.44,45 Noncompliant, high durometer
balloons are used for applications in which the balloon needs to expand to a specific diameter
and exert high pressure to open a blockage or dilate the vessel or a cavity (compliance range 0%
to 10%). They are typically made of PET, polyester, or nylon. Semicompliant balloons are com-
monly made of PEBAX or higher-durometer polyurethanes (compliance range 10% to 20%).
They can create mid to high pressures but have more flexibility for easier delivery. Compliant
balloons are typically made of mid to low durometer polyurethanes or silicone. These balloons
are inflated by volume rather than pressure, enabling the balloon to conform to the anatomy of
the surface being treated or imaged (compliance range 20% to 200% or more). Newer formu-
lations, such as cyclic olefin copolymers43,46,47 or new combinations made of established
polymers38,41,48 continue to expand the range of materials that can be used for manufacturing
medical balloons.

For this study, we first acquired excitation-emission matrices (EEMs) from main types of
commercially available polymer sheets using spectrophotometry-based approach. We then
complemented these data with autofluorescence profiles of the same materials obtained from
the Auf-HSI datasets. The data revealed significant differences between autofluorescence
profiles of tested polymers and pointed to cyclic olefin copolymers (trade name “TOPAS”),
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as one of the most promising compliant balloon materials suitable for clinical implementation of
Auf-HSI and other imaging approaches that depend on tissue autofluorescence. Lastly, the supe-
riority of TOPAS sheets was confirmed by performing Auf-HSI of different cardiac tissues with
and without this polymer in the optical path.

2 Methods

2.1 Polymer Sheets

To identify commercially available polymers most suitable for assessment of biological auto-
fluorescence, we examined seven different classes of medical balloon materials. Specific sam-
ples of polymer sheets obtained from commercial sources are listed in Table 1.

2.2 Spectrofluorimetry

Excitation-emission matrix, commonly abbreviated as EEM, is a contour plot of excitation
wavelength versus emission wavelength versus fluorescence intensity that provides a material’s
spectral fingerprint. The EEM values found within a triangle formed by the diagonal reflectance
line, the emission, and the excitation axes show sample autofluorescence. EEMs were collected
via a bifurcated fiber-optic guide connected to a spectrofluorometer (HORIBA Jobin Yvon
FluoroMax-3, Edison, New Jersey). The fiber was placed in direct contact with the flattened
polymer mounted on a custom-made 3D-printed fixture sprayed with a non-fluorescent black
coating [Fig. 1(a)]. The lens on the tip of fiberoptic guide had ∼2-mm diameter, while the
dimensions of the mounted polymer surface were ∼2 × 2 cm. Emitted and reflected light were
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Fig. 1 Imaging setup and equipment. (a). Bifurcated optical fiber was pressed against polymer
surface stretched using a custom-made holder. EEMs were acquired using Fluoromax 3 spectro-
fluorimeter. (b) Nuance FX Hyperspectral system was used to collect a stack of 31 images from
the 420- to 720-nm spectral range. The Mightex 365-nm LED was used to illuminate excised
specimen with and without a polymer on their surface.
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delivered back to the detector through the same bifurcated fiberoptic as shown in Fig. 1(a). EEM
acquisition settings spanned from 320 to 720 nm. Since the 620- to 720-nm range did not have
autofluorescence signals, EEM values shown in the figures are from the 320- to 620-nm range.
Specular reflectance values were removed from the x and y coordinates of the same emission and
excitation wavelengths on the EEM plots (i.e., intensity value of returning light acquired at the
same wavelength as the sample was illuminated with). OriginPro2019 software was used to plot
EEM color maps and other graphs.

2.3 EEM Variability

When normalized to their peak fluorescence values, EEM profiles of each type of polymer were
highly consistent across individual studies with variability <10% of the peak value. The absolute
amplitude of autofluorescence signals, however, was much more variable. Such variability was
minimal when successive EEMs were taken on the same day from the same sample without
repositioning the probe. But, when EEMs were taken on different days using different samples
from the same material sheet, the absolute values of the EEM varied. This is shown in Fig. 2
using EEM data for a polyurethane sheet from Nordson Medical (22003305AC, 70D). All EEMs
shown in Fig. 2 were plotted using the same color scale. The upper two panels show two con-
secutive EEMs taken on the same day (labeled “study A”). The EEM plot labeled as “study B”
was taken from a different piece of the same polymer sheet more than a month after study A and
represents an extreme case of sample variability. The graph below displays the normalized auto-
fluorescence profiles extracted from the EEM plots at the 370-nm value of the excitation axis.
It illustrates that when normalized, the autofluorescence profiles are identical for all four EEMs
shown above.
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Fig. 2 EEM variability. (a) Illustrative EEMs from high durometer polyurethane sheet from
Nordson Medical (22003305AC, Shore 70D). All four EEMS use the same color scale. The upper
two panels show two consecutive EEMs taken on the same day (labeled study A). The plot labeled
as study B was taken during a different study day more than a month apart from study A and
represents an extreme case of EEM variability. LUT scale on the right of each EEM show photon
count. (b) Intensity profiles extracted from the above EEMs at the 370-nm excitation and normal-
ized from 0 to 1.
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Similar patterns held true for all examined polymers. Higher variability of absolute EEM
values can be explained by multiple factors, including minute differences in the stretch when
mounting the polymer sample, small variations in the distance and the orientation angle between
the material and the surface of the fiberoptic probe, and thickness inconsistency across different
pieces of the same material sheet. Notably, many manufacturers report not a single value, but
a range of thickness for each polymer (Table 1).

2.4 Hyperspectral Imaging Protocols

Polymers were placed on either black cloth or on the top of animal tissue samples followed
by illumination with 365-nm LED spotlight (Mightex, Pleasanton, California) oriented 5 to
8 cm from the sample surface [Fig. 1(b)]. Hyperstacks containing images from wavelengths
ranging from 420 to 720 nm were collected using a Nuance FX hyperspectral imaging system
(PerkinElmer, Waltham, Massachusetts) fitted with a Nikon AF Micro-Nikkor 60-mm f∕2.8D
lens. A 4 × 3 cm field of view was captured at 1392 × 1040 pixels, yielding a 30-μ∕pixel
spatial resolution. A region of interest-based selection, followed by the Nuance FX spectral
unmixing algorithm, was used to extract lesion component images from each hyperstack as
previously described in details.19 Alternatively, an automatic Nuance FX principal component
analysis (PCA) algorithm was applied to reveal targets with different spectral profiles.

2.5 Tissue Sources and Ablation Procedures

Experiments were performed using freshly excised heart tissue from three different species: rats,
pigs, and cows. Bovine and porcine hearts were obtained from a local abattoir or after surgical
training at the Washington Institute of Surgical Education and Research. The explanted hearts

Table 1 Tested classes of polymers and their physical properties as reported by the
manufacturer.

Polymer Company Serial number
Thickness

(mil) Material-shore hardness

Urethane very low durometer Nordson Medical 20005500AC 1.15 to 1.65 Pellethane 2363 – 80A

Urethane low durometer Nordson Medical 21003100AB 1.45 to 2.15 Pellethane 2363 – 90A

Urethane medium durometer Nordson Medical 20003203AA 2.5 to 3.5 Pellethane 2363 – 55D

Urethane high durometer Nordson Medical 22003305AC 2.0 to 2.6 Pellethane 2363 – 75D

PET Nordson Medical 20032506AA 1.0 to 1.5 CAS25038-59-9 PET
Homopolymer

Nylon Nordson Medical 25006505BA 1.5 to 1.8 Grilamid L25

PEBAX Nordson Medical 20032003AA 1.3 to 1.7 Pebax 70D

Topas E-140 TOPAS F12-36-3 2.0, 4.0 —

Topas 8007 TOPAS ETL 14-2-2 1.0 —

Vulcanized silicone Vesta SIMATRIX — 4.0 —

Urethane TSP1065 Polyzen — 2.5 —

Urethane TSP1031 Polyzen — 1.5 —

TPE NonTalc Polyzen — N/A —

TPE Talc Polyzen — N/A —

TPE – thermoplastic elastomer
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were transported to the laboratory on ice within a 2- to 3-h window after the excision, followed
by dissection to expose the relevant surfaces for ablation. RF energy was delivered with a non-
irrigated ablation catheter (EP Technologies, Boston Scientific, Marlborough, Massachusetts).
The 4-mm ablation tip was placed perpendicular to the endocardial surface, with ablation dura-
tions varying from 5 to 30 s and tip temperatures ranging between 50°C and 70°C. These settings
created lesions similar in size to those placed during clinical RF ablation therapy, as detailed
previously.19

2.6 Statistical Analysis

All values are presented as mean� SD, unless otherwise noted. Statistically different effects
(p < 0.05) between groups where determined according to one-way analysis of variance
(ANOVA). It was followed by Tukey HSD post-hoc tests for pairwise comparisons. Evaluation
of the correlation between EEM and HSI values was done by calculating the Pearson correlation
coefficient. Representative EEMs and Auf-HSI images are shown across the figures.

3 Results

3.1 Presence of Polymer Impacts the Autofluorescence Profile of
the Tissue to be Observed

The most abundant biological fluorophores in cardiac tissues include NADH, collagen, and
elastin. All of them have wide autofluorescence footprints in the 400- to 500-nm spectral
range.8,9 Although most medical-grade balloons are fully transparent visually, they can auto-
fluoresce in the same 400- to 500-nm spectral range impacting the autofluorescence profile
of tissue to be imaged. The experiment shown in Fig. 3 displays such spectral interference.
It shows a UV-illuminated, freshly excised rat heart with a large radiofrequency ablation lesion
on its surface. When a sheet of clear polyurethane is placed on the specimen, a smaller contrast is
observed between the native and ablated tissue [Fig. 3(a)]. This qualitative visual observation
can be quantified by comparing the differences in the spectral profiles of ablated and native tissue
in the presence or absence of the polymer [Fig. 3(b)]. The excitation-emission plots of the
polyurethane sheet and heart ventricular surface before ablation confirm that their autofluores-
cence profiles largely overlap [Figs. 3(c) and 3(d)]. Importantly, in this illustrative experiment,
spectral differences between ablated and unablated tissue were very pronounced while image
acquisition was done ex vivo, using a high numerical aperture lens, plenty of illuminating light,
and a long acquisition interval. All of which yielded spectra and images with high spectral and
spatial resolution. In the case of smaller differences between the spectra of interest and/or
when more challenging acquisition settings are to be used (i.e., during catheter-based signal
acquisition), the interference from balloon material autofluorescence can potentially interfere
with spectral unmixing that reveals the desired targets. The illustrative experiment shown in
Fig. 3 therefore highlights the need to identify materials more suitable for making compliant
balloons for Auf-HSI catheters and other imaging or diagnostic technologies that rely on tissue
autofluorescence.

3.2 Different Polyurethanes

One of the most commons classes of balloon materials is polyurethane.28 Polyurethanes contain
copolymer blocks of high molecular-weight polyols linked together by a urethane group. They
exhibit excellent biocompatibility and have the versatility of being rigid, semirigid, or flexible.
This enables creation of transparent polyurethane sheets with different degrees of hardness based
on material durometer values. Polyurethanes of different durometers have slightly different com-
position that is why polyurethane sheets from Nordson Medical with four different levels of
hardness were examined (described in material sheets as very low, low, medium, and high hard-
ness with shore values 80A, 90A, 55D, and 75D, respectively). EEMs of all tested polyurethane
samples, regardless of their hardness values, revealed significant autofluorescence with wide
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excitation/emission peaks of ∼360 to 370 nm and ∼420 to 430 nm, respectively [Fig. 4(a)].
The average peak amplitude of the polyurethane EEMs of different degrees of hardness did not
correlate with their thickness or durometer values (Table 1 and Fig. 4). Polyurethane sheets from
another manufacturer (Polyzen TSP1031 and TSP1065) have shown a similar autofluorescence
footprint [Fig. 4(a), bottom row]. The graph in Fig. 4(b) shows the mean autofluorescence pro-
files of the six polyurethane sheets extracted from the 370-nm excitation coordinate of their
respective EEMs. Figure 4(c) compares the total amount of autofluorescence from the entire
320- to 620-nm range (calculated as described in Ref. 49). Despite expected minor differences
in spectral profiles from individual polyurethanes, the total amount of fluorescence and the
overall spectral footprints were quite similar. Together, these data confirmed that polyurethanes
are poorly suitable for applications that rely on tissue autofluorescence since most common
biological fluorophores, such as NADH, collagen, and elastin, autofluoresce in the same spectral
range.

3.3 Comparing Spectral Properties of Different Polymer Classes

Next, we examined other classes of commercially available balloon materials. Figure 5 shows
representative EEM patterns from each of the seven classes tested. The panel on the left shows
EEM values using a linear scale, while the panel on the right show the same data using a log-
arithmic scale. To compare the EEMs quantitively, we extracted the intensity profiles of
returning light along the 370-nm excitation line [Fig. 5(b)]. Notably, 370 nm was not necessarily
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Fig. 3 Effect of transparent polyurethane sheet on tissue autofluorescence signals. (a) Visual
appearance of ablated rat ventricle illuminated with 365-nm UV light with and without a urethane
sheet on its surface. (b) Representative spectra extracted from Auf-HSI hyperstacks using regions
of interest shown in panel A. Presence of a polyurethane sheet (Nordson Medical, part 61)
increases the overall intensity of autofluorescence and decreases the difference in spectral pro-
files between the lesion site (dotted line) and the rest of the tissue (solid lines). Black lines are
from the experiment with no polymer, and gray lines are after the polymer was placed on top of
the heart. (c) On the left is an EEM acquired from the polyurethane sheet used in panel B. On
the right is an EEM from unablated rat ventricle showing broad NADH peak at ∼360 nm∕450- to
460-nm excitation/emission wavelengths. (d) A cartoon to shows the spectral overlap between
the main EEM peaks of the polymer (black dotted lines) and the unablated ventricle (red dotted
line).
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the excitation wavelength that yielded the maximum fluorescence for all polymers. For example,
looking at the EEM of PET, that wavelength will be closer to 320 nm or even lower. Thus, graphs
shown in Fig. 5(b) are just first-order estimates of the sample autofluorescence. We also calcu-
lated the total autofluorescence value for each type of polymer by summing the intensity values
from an entire 320- to 620-nm range. Therefore, when comparing any two polymers, a combi-
nation of color adjusted EEMs from Fig. 5(a) and graphs shown in Figs. 5(b) and 5(c) should
be used.

For example, samples of TPE from Polyzen exhibited moderate levels of autofluorescence
when illuminated with 370-nm light. Yet, when combined with talc (a clay mineral composed of
hydrated magnesium silicate), its fluorescent pattern shifted, and the material became highly
fluorescent when illuminated with 370-nm light. Polymer sheets made of nylon, silicone, and
PEBAX had the lowest fluorescence values.

Another promising material was TOPAS, a relatively new type of polymer made of cyclic
olefin copolymers.47 Multiple beneficial properties of TOPAS polymers are noted in their
material sheets from their manufacturer (TOPAS Advanced Polymers). They include high com-
pliance, superior chemical resistance, low water absorption, high UV transparency, and excep-
tional electrical insulation performance. All four different samples of TOPAS sheets that were
tested had negligible autofluorescence. These included two different lots of 1-mil-thick sheets of
TOPAS 8007 and two different sheets of TOPAS E140, one 2 mil, and another 4-mil-thick.

Statistical interpretation of EEM data can be done based on either total fluorescence values or
individual wavelength of interest. The latter will depend on a particular set of filters or spectral
acquisition settings that are user dependent. In the Supplementary Material, we included the
examples of ANOVA analysis with post-hoc Tukey for data shown in Figs. 4 and 5. It confirms
that total fluorescence of PET, TPE and TPE with talc significantly differ from that of nylon,
silicone, PEBAX, and TOPAS. The latter four can be classified as low fluorescence compounds.
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Fig. 4 EEMs of different polyurethane sheets (a) Representative EEMs for polyurethane sheets
with different durometer values. The upper four EEMs are for polyurethane samples from Nordson
Medical, and the bottom two EEMs are polyurethane sheets from Polyzen (details in Table 1).
(b) Autofluorescence profiles of the examined polyurethane polymers illuminated with 370 nm.
(c) The total amount of autofluorescence from the entire 320- to 620-nm range.
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Notably, summing up fluorescence values across the entire excitation/emission range, diminishes
the spectral differences between the individual polymers. More useful information can be gained
by comparing extracted fluorescence profiles for polymers of interest at specific wavelengths.
For example, when excited at 370 nm, ultra-low durometer polyurethane is about three times
more fluorescent compared to TOPAS and the difference between the two is highly significant
across the entire 400- to 500-nm range. Similarly, while TPE and PET do not differ as far as
their total fluorescence values, fluorescence intensity of PET is significantly higher than that of
TPE within 400- to 440-nm range.

3.4 Validation of EEM Data by Auf-HSI Imaging

To validate EEM-based comparison between the polymers we conducted additional experiments
using a hyperspectral imaging setup. The polymer pieces were either mounted into a round
holder [Fig. 6(a)] or placed on a black cloth and illuminated using 365-nm Mightex LED.
From a hyperstack of 31 images within the 420- to 620-nm range, the spectra from individual
ROIs were extracted and contrasted with the corresponding EEM values along the 370-nm exci-
tation line of the respective EEM. The graph in Fig. 6(b) compares the relative intensity values at
the 370∕420-nm excitation/emission point across nine different polymers obtained by either
EEM (black bars) or Auf-HSI measurements (gray bars). Fig. 6(c) shows the correlation plot
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Fig. 5 EEMs of different polymer classes. (a) Representative EEMs for different polymer classes.
The panel on the left shows EEM values using a linear scale, while the panel on the right shows the
same data using a logarithmic scale. (b) The mean intensity profiles of returning light along the
370-nm excitation line for each type of tested polymers. (c) The total amount of autofluorescence
from the entire 320- to 620-nm range calculated for each type of tested polymer.
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between these values (note: due to an inherently much larger dynamic range of the photomul-
tiplier tube versus the CCD camera, the two polymers with the highest fluorescence values—
PET and TPE with TALC were excluded from correlation analysis).

3.5 Confirmation of TOPAS Utility for Imaging of Biological Samples

Our next set of studies compared the usefulness of selected polymers as future balloon materials
for diagnostic methods that rely on autofluorescence of biological samples. Specifically, we
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Fig. 6 Validation of EEM data by Auf-HSI imaging. (a) Visual appearance of polymer sheets under
365-nm Mightex LED illumination when mounted into a round holder. Examples shown are poly-
mer materials with very high- and very low-autofluorescence levels. (b) Relative values of auto-
fluorescence intensity at the 370∕420-nm excitation/emission point of EEM (black bars) versus
corresponding intensity values from Auf-HSI of selected polymers samples. The latter values were
obtained by placing pieces of the polymers on a black cloth and illuminating them with 365-nm
Mightex LED from above (gray bars). The raw Auf-HSI values were multiplied by a constant to start
from the same value as EEM of the high durometer urethane (HD75, first column). (c) Correlation
plot between the arbitrary intensity values at the 370∕420-nm EEM excitation/emission point and
the corresponding intensity values from Auf-HSI profiles. Due to a much larger dynamic range of
photomultiplier tube, polymers with the highest fluorescence values (PET and TPE with TALC)
were excluded from the correlation analysis.
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acquired hyperspectral datasets from freshly excised and ablated cardiac tissues with and without
polyurethane or TOPAS sheets in the optical path. Figure 7 shows two types of tissue: an excised
porcine left atrium and a piece of porcine aorta, which were ablated using a standard radiofre-
quency catheter. When a sheet of TOPAS was placed on ablated tissue, it did not have any impact
on the ability of PCA to reveal the lesion. In contrast, use of a polyurethane sheet either dimin-
ished [Fig. 7(a)] or completely hindered [Fig. 7(b)] identification of ablated tissue. Figure 8(a)
shows a closeup of ablated ventricular muscle with strips of TOPAS and polyurethane on top of
it. The spectra acquired from the ablation site in the absence and the presence of the polymers

(a)

(b)

Fig. 7 Impact of polymer material on spectral unmixing of target tissue. (a) Piece of excised por-
cine left atrium with radiofrequency ablation lesion in the center. The left column shows the visual
appearance of the tissue under 365-nm Mightex LED illumination. Overabundance of endocardial
collagen obscures damage to the muscle below when observed visually. Use of Auf-HSI reveals
the lesion by applying PCA. The central column shows composite images with ablated tissue in
green, unablated in red. The right column shows lesion component in grayscale. The three rows
represent images from the sample without any polymer on its surface, with polyurethane (Nordson
Medical, 20003203AA, medium durometer 55D) and with TOPAS (#E140, 2 ml). (b) Similar experi-
ment using a piece of excised porcine aorta.
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show added fluorescent intensity from polyurethane, particularly in the 420- to 500-nm range,
and the absence of any additional fluorescence from the TOPAS sheet [Fig. 8(b)].

Lastly, we acquired hyperspectral datasets from ablated atrial tissue using a multimode im-
aging guide from a percutaneous catheter [Fig. 9(a)]. The image guide yields images with much
lower spatial resolution and with less photon count since its overall diameter is <1 mm (com-
pared to the Nikon AF Micro- Nikkor 60-mm f∕2.8D lens attached to the Nuance FX camera
used in experiments shown in Figs. 2, 6, and 7). This can make identification of target spectra
that differ only slightly, particularly challenging. Indeed, inclusion of urethane in the optical path
of the imaging guide, confounds spectral unmixing of the lesion site versus unablated tissue
[Fig. 9(b)]. When replaced with TOPAS, the lesion appearance become nearly identical to the
one without the polymer [Fig. 9(c)].

(a)

(b)

Fig. 8 Side-by-side comparison of two different polymer materials and their effect on spectral
unmixing of target tissue. (a) Two strips of polymers were placed on the top of a radiofrequency
lesion made on a wedge of ventricular muscle from a cow. Auf-HSI was done under UV illumi-
nation as shown in Fig. 1 (b). The spectral profiles where extracted frommultiple regions of interest
placed on the lesion without polymer (gray), with TOPAS (red), and with polyurethane (black).
(b) Autofluorescence profiles of the lesion site in the absence (gray trace) and presence of the
TOPAS (red trace) or polyurethane (black trace). Profile values in the presence of TOPAS did not
statistically differ from the lesion values across the entire tested range. Profile values in the pres-
ence of polyurethane were significantly different from that of the lesion across the 440- to 630-nm
range.
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(a)

(b)

(c)

Fig. 9 Testing balloon materials using image guide from percutaneous catheter. (a) Insertable
imaging guide from percutaneous hyperspectral imaging catheter (Details in Swift et al.22).
The image guides were assembled by Zibra Corporation, using Fujikura FIGH-17-600G coherent
imaging fiber which comprises of 17,000 individual fibers and together with the attached lens has
an outer diameter of 800 μ. (b) The upper left panel shows RGB image of an unprocessed hyper-
stack of ablated rat heart with polyurethane sheet on its surface. The hyperstack was acquired
using the percutaneous catheter assembly connected to the Nuance FX HSI system with illumi-
nation guide connected to the 355-nm argon laser. The top right image shows composite image
with ablated tissue in green, unablated in red. The bottom left image shows lesion component
using grayscale. The graph on the right shows the difference in normalized spectral profiles of
red and green components. The outcomes of unmixing using the same settings as in panel B
above, but when tissue was imaged in the presence of TOPAS (#E140, 2 ml).
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4 Discussion

Our goal was to survey the autofluorescence properties of commercially available polymers suit-
able for the fabrication of transparent balloons in medical applications. Admittedly, the list of
available polymers continues to expand, and our selection did not encompass all materials on the
market. Yet, we believe that the collected data includes the main classes of available polymers,
helping to fill the existing gap on this subject in the published literature. The EEM data shown in
the figures can be useful to many in the fields of optics and medical instrumentation.

Notably, we did not limit our experiments to high compliance balloon materials which are the
most suitable for imaging applications such as Auf-HSI. Instead, we included non-compliant
polymers such as PETor high-durometer polyurethane. This is because the list of so-called com-
bination or multimodality catheters has been expanding.50–52 These newer devices aim to achieve
several therapeutic goals at once by combining different diagnostic modalities. For example,
in addition to simply opening the vessel, the proposed device can also image the wall surface
or perform an ablation procedure. For these multimodal approaches, more properties of balloon
material must be taken into account, including the foreseen need for polymers with intrinsically
low-autofluorescence levels.

An increasing number of pre-clinical studies and an expanding range of clinical applications
are based on spectral analysis of tissue autofluorescence.53 The presented data furthers these
efforts by characterizing the fluorescence of the balloons required for visualization in diagnostic
and surgical purposes. Beyond cardiac applications, Auf-HSI can be applied to treating condi-
tions of the colon,54,55 for the diagnosis of atherosclerosis and neoplasia,56 to track the progress/
health of tissue transplants,57 to provide live guidance for surgeons,58 and contribute toward
developing and tracking cancer-specific target probes.59

The nylon and urethane polymers we studied are commonly used in medical devices and
therefore have more information about their physical and spectral properties25,60 than other mate-
rials considered in our studies. Our findings contribute to the knowledge about all of these poly-
mers, but in particular address the larger information gaps about Pebax, PET, TPEs, and
TOPAS.23,40,61 The data point to TOPAS polymers as the least autofluorescent material making
it most suitable for manufacturing compliant medical balloons. TOPAS is advertised as “glass-
clear plastic” and its advanced properties include high glass transition temperatures up to 170°C,
pronounced chemical resistance, low birefringence and very low water absorption (<0.01%).
In addition, the material’s low dielectric properties provide strong electrical insulation perfor-
mance. The material can withstand gamma or e-beam sterilization and can be injection-molded
or extruded into film, sheet, tubing, or other components using conventional processing equip-
ment. Our studies add the near absence of UV-elicited autofluorescence to the list of TOPAS’s
beneficial properties.

Surprisingly though, out of the four TOPAS sheets tested, the thinnest one was the most
autofluorescent. While we do not have specific information as to why, this unexpected finding
points to the fact that to improve certain properties of the polymers, such as durability, man-
ufacturers include additional components and/or modify polymer chemical structure to suit their
goals. This was further highlighted by a side-by-side comparison of TPE with and without talc,
a hydrated magnesium silicate (Fig. 5). Talc is commonly used to reinforce and improve
dimensional stability of plastics and improve their processing abilities and mechanical proper-
ties. Inclusion of talc increased fluorescence levels manifold, making TPE with talc the most
autofluorescent material on our list.

Today, a wide variety of coatings can be added to the surface of a medical balloon to enhance
or change its properties to meet customer’s requirements. This includes coatings that makes the
material more hydrophilic or hydrophobic, abrasion- and puncture-resistant coatings, conductive
coatings, antithrombogenic coatings, and drug-release or reflective coatings. Based on data pre-
sented in this paper, our recommendation will be to test relevant spectral properties of any chosen
polymer before proceeding with balloon design and implementation.

Disclosures

There are no conflicts of interest.

Asfour et al.: Autofluorescence properties of balloon polymers used in medical applications

Journal of Biomedical Optics 106004-14 October 2020 • Vol. 25(10)



Acknowledgments

We thank Tosin Omofaye for his help in 3D printing polymer holders and Sarah Ocampos
for creating MATLAB GUI used in an early set of studies. We gratefully acknowledge
Narine Muselimyan for her experimental assistance when imaging cardiac tissue samples.
These studies have been supported by the National Institutes of Health (NHLBI R42HL120511).

Code, Data, and Materials Availability

No proprietary or newly created materials were used in these studies. The commercial sources of
polymers are listed in Table 1. EEM data for specific polymer(s) are available upon email request
to the corresponding author.

References

1. S. Gaudi et al., “Hyperspectral imaging of melanocytic lesions,” Am. J. Dermatopathol.
36, 131–136 (2014).

2. D. Pantalone et al., “Multispectral imaging autofluorescence microscopy in colonic and
gastric cancer metastatic lymph nodes,” Clin. Gastroenterol. Hepatol. 5, 230–236 (2007).

3. Z. Huang et al., “Laser-induced autofluorescence microscopy of normal and tumor human
colonic tissue.,” Int. J. Oncol. 24, 59–63 (2004).

4. M. J. Noordzij et al., “Skin autofluorescence and risk of micro- and macrovascular com-
plications in patients with Type 2 diabetes mellitus—a multi-centre study,” Diabet. Med.
29, 1556–1561 (2012).

5. L. L. Randeberg, E. L. P. Larsen, and L. O. Svaasand, “Characterization of vascular struc-
tures and skin bruises using hyperspectral imaging, image analysis and diffusion theory,”
J. Biophotonics 3, 53–65 (2010).

6. S. Kiyotoki et al., “New method for detection of gastric cancer by hyperspectral imaging:
a pilot study,” J. Biomed. Opt. 18, 026010 (2013).

7. A. C. Croce and G. Bottiroli, “Autofluorescence spectroscopy and imaging: a tool for
biomedical research and diagnosis,” Eur. J. Histochem. 58, 320–337 (2014).

8. I. Georgakoudi et al., “NAD(P)H and collagen as in vivo quantitative fluorescent biomarkers
of epithelial precancerous changes,” Cancer Res. 62, 682–687 (2002).

9. R. Drezek et al., “Understanding the contributions of NADH and collagen to cervical
tissue fluorescence spectra: modeling, measurements, and implications,” J. Biomed. Opt.
6(4), 385–396 (2001).

10. M. W. Kay et al., “Locations of ectopic beats coincide with spatial gradients of NADH
in a regional model of low-flow reperfusion,” Am. J. Physiol. Hear. Circ. Physiol. 294,
H2400–H2405 (2008).

11. H. Asfour et al., “NADH fluorescence imaging of isolated biventricular working rabbit
hearts,” J. Vis. Exp. 65, 4115 (2012).

12. M. Pop et al., “Quantification of fibrosis in infarcted swine hearts by ex vivo late gadolinium-
enhancement and diffusion-weighted MRI methods,” Phys. Med. Biol. 58, 5009–5028
(2013).

13. S. D. Prabhu and N. G. Frangogiannis, “The biological basis for cardiac repair after
myocardial infarction,” Circ. Res. 119, 91–112 (2016).

14. D. W. Kitzman and W. D. Edwards, “Age-related changes in the anatomy of the normal
human heart,” J. Gerontol. 45, M33–M39 (1990).

15. A. Tsamis, J. T. Krawiec, and D. A. Vorp, “Elastin and collagen fibre microstructure of
the human aorta in ageing and disease: a review,” J. R. Soc. Interface 10, 20121004
(2013).

16. I. Perrotta, “Occurrence and characterization of lipofuscin and ceroid in human athero-
sclerotic plaque,” Ultrastruct. Pathol. 42, 477–488 (2018).

17. L. M. Swift et al., “Visualization of epicardial cryoablation lesions using endogenous tissue
fluorescence,” Circ. Arrhythm. Electrophysiol. 7, 929–937 (2014).

Asfour et al.: Autofluorescence properties of balloon polymers used in medical applications

Journal of Biomedical Optics 106004-15 October 2020 • Vol. 25(10)

https://doi.org/10.1097/DAD.0b013e31829bad10
https://doi.org/10.1016/j.cgh.2006.11.013
https://doi.org/10.3892/ijo.24.1.59
https://doi.org/10.1111/dme.12005
https://doi.org/10.1002/jbio.200910059
https://doi.org/10.1117/1.JBO.18.2.026010
https://doi.org/10.4081/ejh.2014.2461
https://doi.org/10.1117/1.1413209
https://doi.org/10.1152/ajpheart.01158.2007
https://doi.org/10.3791/4115
https://doi.org/10.1088/0031-9155/58/15/5009
https://doi.org/10.1161/CIRCRESAHA.116.303577
https://doi.org/10.1093/geronj/45.2.M33
https://doi.org/10.1098/rsif.2012.1004
https://doi.org/10.1080/01913123.2018.1544953
https://doi.org/10.1161/CIRCEP.114.001750


18. M. Mercader et al., “Use of endogenous NADH fluorescence for real-time in situ visuali-
zation of epicardial radiofrequency ablation lesions and gaps,” Am. J. Physiol. Heart Circ.
Physiol. 302, H2131–H2138 (2012).

19. D. A. Gil et al., “Autofluorescence hyperspectral imaging of radiofrequency ablation lesions
in porcine cardiac tissue,” J. Biophotonics 10, 1008–1017 (2017).

20. N. Muselimyan et al., “Seeing the invisible: revealing atrial ablation lesions using hyper-
spectral imaging approach,” PLoS One 11, e0167760 (2016).

21. K. Armstrong et al., “A percutaneous catheter for in vivo hyperspectral imaging of cardiac
tissue: challenges, solutions and future directions,” Cardiovasc. Eng. Technol. 11, 560–575
(2020).

22. L. M. Swift et al., “Hyperspectral imaging for label-free in vivo identification of myocardial
scars and sites of radiofrequency ablation lesions,” Hear. Rhythm 15, 564–575 (2018).

23. I. Ouchi et al., “Features of fluorescence spectra of polyethylene 2, 6-naphthalate films,”
J. Appl. Polym. Sci. 105, 114–121 (2007).

24. G. Khanarian, “Optical properties of cyclic olefin copolymers,”Opt. Eng. 40(6), 1024–1029
(2001).

25. Y. Zhang et al., “Fluorescence imaging enabled urethane-doped citrate-based biodegradable
elastomers,” Biomaterials 34, 4048–4056 (2013).

26. R. J. Zdrahala and I. J. Zdrahala, “Biomedical applications of polyurethanes: a review of
past promises, present realities, and a vibrant future,” J. Biomater. Appl. (1999).

27. S. K. Brauman, G. D. Mayorga, and J. Heller, “Light stability and discoloration of seg-
mented polyether urethanes,” Ann. Biomed. Eng. 9, 45–58 (1981).

28. J. O. Akindoyo et al., “Polyurethane types, synthesis and applications—a review,” RSC Adv.
6, 114453–114482 (2016).

29. D. Gorpas and L. Marcu, “Fluorescence lifetime spectroscopy and imaging techniques in
medical applications,” in Frontiers in Biophotonics for Translational Medicine: In the
Celebration of Year of Light, M. Olivo and U. S. Dinish, Eds., pp. 1–46, Springer, Singapore
(2015).

30. A. Metzner et al., “Balloon devices for atrial fibrillation therapy,” Arrhythmia
Electrophysiol. Rev. 4, 58–61 (2015).

31. M. R. Reynolds, Q. Zheng, and G. Doros, “Laser balloon ablation for AF: a systematic
review and meta-analysis,” J. Cardiovasc. Electrophysiol. 29, 1363–1370 (2018).

32. R. A. Byrne et al., “Drug-coated balloon therapy in coronary and peripheral artery disease,”
Nat. Rev. Cardiol. 11, 13–23 (2014).

33. R. A. Byrne et al., “Coronary balloon angioplasty, stents, and scaffolds,” Lancet 390,
781–792 (2017).

34. S. Kehl, C. Weiss, and W. Rath, “Balloon catheters for induction of labor at term after
previous cesarean section: a systematic review,” Eur. J. Obstet. Gynecol. Reprod. Biol.
204, 44–50 (2016).

35. M. Lang and S. E. Brietzke, “Systematic review of endoscopic balloon dilation of pediatric
subglottic stenosis,” Otolaryngol. Head Neck Surg. 150, 174–179 (2013).

36. M. Mauro et al., Image-Guided Interventions, 3rd ed., Saunders (2020).
37. J. L. Brash, B. K. Fritzinger, and S. D. Bruck, “Development of block copolyether-urethane

intra-aortic balloons and other medical devices,” J. Biomed. Mater. Res. 7, 313–334
(1973).

38. R. S. Ward and R. L. Jones, “Polyurethanes and silicone polyurethane copolymers,” in
Comprehensive Biomaterials II, D. W. Hutmacher et al., Eds., Elsevier (2017).

39. T. Gajewski et al., “The influence of the nylon balloon stiffness on the efficiency of the
intra-aortic balloon occlusion,” Int. J. Numer. Method. Biomed. Eng. 35, e3173 (2019).

40. J. A. Warner et al., “Characterization of Pebax angioplasty balloon surfaces with AFM,
SEM, TEM, and SAXS,” J. Biomed. Mater. Res.—Part B Appl. Biomater. 104, 470–475
(2016).

41. D. Whelan, “Thermoplastic elastomers,” Chapter 24 in Brydson’s Plastics Materials,
8th ed., M. Gilbert, Ed., pp. 653–703, Elsevier (2017).

42. F. C. Albuquerque et al., “Balloon-protected carotid angioplasty,” Neurosurgery 46,
918–923 (2000).

Asfour et al.: Autofluorescence properties of balloon polymers used in medical applications

Journal of Biomedical Optics 106004-16 October 2020 • Vol. 25(10)

https://doi.org/10.1152/ajpheart.01141.2011
https://doi.org/10.1152/ajpheart.01141.2011
https://doi.org/10.1002/jbio.201600071
https://doi.org/10.1371/journal.pone.0167760
https://doi.org/10.1007/s13239-020-00476-w
https://doi.org/10.1016/j.hrthm.2017.12.014
https://doi.org/10.1002/app.26085
https://doi.org/10.1117/1.1369411
https://doi.org/10.1016/j.biomaterials.2013.02.040
https://doi.org/10.1177/088532829901400104
https://doi.org/10.1007/BF02584557
https://doi.org/10.1039/C6RA14525F
https://doi.org/10.15420/aer.2015.4.1.58
https://doi.org/10.15420/aer.2015.4.1.58
https://doi.org/10.1111/jce.13698
https://doi.org/10.1038/nrcardio.2013.165
https://doi.org/10.1016/S0140-6736(17)31927-X
https://doi.org/10.1016/j.ejogrb.2016.07.505
https://doi.org/10.1177/0194599813510867
https://doi.org/10.1002/jbm.820070405
https://doi.org/10.1002/cnm.3173
https://doi.org/10.1002/jbm.b.33414
https://doi.org/10.1097/00006123-200004000-00027


43. R. R. Lamonte and D. McNally, “Cyclic olefin copolymers,” Adv. Mater. Process. 159,
33–36 (2001).

44. D. Kirsh, “Balloon catheters: what are some key design considerations?” https://www
.medicaldesignandoutsourcing.com/balloon-catheters-key-design-considerations/ (2016).

45. “Medical balloons technical information,” https://www.nordsonmedical.com.
46. J. U. Y. Shin et al., “Chemical structure and physical properties of cyclic olefin copolymers

(IUPAC technical report),” Pure Appl. Chem. 77(5), 801–814 (2005).
47. P. S. Nunes et al., “Cyclic olefin polymers: emerging materials for lab-on-a-chip applica-

tions,” Microfluid. Nanofluid. 9, 145–161 (2010).
48. F. Garbassi and R. Po, “Engineering thermoplastics, overview,” in Encyclopedia of Polymer

Science and Technology (2001).
49. R. S. DaCosta, H. Andersson, and B. C. Wilson, “Molecular fluorescence excitation-emission

matrices relevant to tissue spectroscopy,” Photochem. Photobiol. 78, 384–392 (2007).
50. M. Njeim, B. Desjardins, and F. Bogun, “Multimodality imaging for guiding EP ablation

procedures,” JACC Cardiovasc. Imaging 9, 873–886 (2016).
51. R. T. Zaman et al., “A dual-modality hybrid imaging system harnesses radioluminescence

and sound to reveal molecular pathology of atherosclerotic plaques,” Sci. Rep. 8, 8992
(2018).

52. G. J. Ughi et al., “Clinical characterization of coronary atherosclerosis with dual-modality
OCT and near-infrared autofluorescence imaging,” JACC Cardiovasc. Imaging 9, 1304–1314
(2016).

53. R. Richards-Kortum and E. Sevick-Muraca, “Quantitative optical spectroscopy for tissue
diagnosis,” Annu. Rev. Phys. Chem. 47, 555–606 (1996).

54. S. J. Leavesley et al., “Hyperspectral imaging fluorescence excitation scanning for colon
cancer detection,” J. Biomed. Opt. 21(10), 104003 (2016).

55. R. M. Schols et al., “Automated spectroscopic tissue classification in colorectal surgery,”
Surg. Innov. 22, 557–567 (2015).

56. D. Pantalone et al., “Colonic and gastric cancer metastatic lymph nodes: applications of
autofluorescence-based techniques,” Oncol. Rev. 4, 15–23 (2010).

57. P. Cen et al., “Noninvasive in-vivo tracing and imaging of transplanted stem cells for liver
regeneration,” Stem Cell Res. Ther. 7, 143 (2016).

58. T. Nagaya et al., “Fluorescence-guided surgery,” Front. Oncol. 7, 314 (2017).
59. T. E. McCann et al., “The use of fluorescent proteins for developing cancer-specific target

imaging probes,” Methods Mol. Biol. 872, 191–204 (2012).
60. W. Kang et al., “Endoscopically guided spectral-domain OCT with double-balloon

catheters,” Opt. Express 18(16), 17364–17372 (2010).
61. G. Emiliyanov et al., “Selective serial multi-antibody biosensing with TOPAS microstruc-

tured polymer optical fibers,” Sensors (Switzerland) 13, 3242–3251 (2013).

Huda Asfour gained her BSc and PhD degrees in electrical engineering from George
Washington University in 2006 and 2012, respectively. She completed her postdoctoral training
at Duke University before returning to the George Washington University as a research scientist
and an adjunct professor. She is a multidisciplinary researcher with training in optical imaging,
tissue engineering, signal and image processing. Her main research interests are developing soft-
ware and hardware solutions for advanced cardiac imaging.

Jeremy Otridge worked as a research intern at the Sarvazyan Lab at George Washington
University in 2017 and 2018. Currently, he is an undergraduate at Yale University, continuing
scientific research and pursuing a degree in sociology.

Robert Thomasian is currently a second-year MD candidate at the School of Medicine and
Health Sciences, George Washington University. He holds a BS degree in physiology and neuro-
biology from the University of Maryland. His research efforts in Sarvazyan Lab have focused
on using imaging technologies for real-time visualization of tissue injury.

Cinnamon Larson received her master’s and doctorate degrees in engineering from the
University of Florida. She has over 18 years of medical product development experience with

Asfour et al.: Autofluorescence properties of balloon polymers used in medical applications

Journal of Biomedical Optics 106004-17 October 2020 • Vol. 25(10)

https://www.medicaldesignandoutsourcing.com/balloon-catheters-key-design-considerations/
https://www.medicaldesignandoutsourcing.com/balloon-catheters-key-design-considerations/
https://www.medicaldesignandoutsourcing.com/balloon-catheters-key-design-considerations/
https://www.nordsonmedical.com
https://www.nordsonmedical.com
https://www.nordsonmedical.com
https://doi.org/10.1351/pac200577050801
https://doi.org/10.1007/s10404-010-0605-4
https://doi.org/10.1562/0031-8655(2003)0780384MFEMRT2.0.CO2
https://doi.org/10.1016/j.jcmg.2016.03.009
https://doi.org/10.1038/s41598-018-26696-8
https://doi.org/10.1016/j.jcmg.2015.11.020
https://doi.org/10.1146/annurev.physchem.47.1.555
https://doi.org/10.1117/1.JBO.21.10.104003
https://doi.org/10.1177/1553350615569076
https://doi.org/10.1007/s12156-009-0032-5
https://doi.org/10.1186/s13287-016-0396-y
https://doi.org/10.3389/fonc.2017.00314
https://doi.org/10.1364/OE.18.017364
https://doi.org/10.3390/s130303242


a focus on cardiac and electrophysiology devices and has designed multiple intravascular
implants and catheters for therapy as parts of a class 3 and class 2 medical device systems.
She is currently a project lead and director of Mechanical Engineering at Nocturnal Product
Development.

Narine Sarvazyan is a professor of physiology at the George Washington University School of
Medicine. She received her bachelor’s and master’s degrees from the Physics Department of the
Moscow State University and her PhD in biological sciences from the Institute of Experimental
Biology, Armenia. Her research interests encompass a variety of cardiovascular topics including
cardiotoxicity of plasticizers and anthracyclines, origins of ectopic arrhythmias, stem-cell based
cardiac regeneration and imaging modalities to examine pathophysiological tissue states.

Asfour et al.: Autofluorescence properties of balloon polymers used in medical applications

Journal of Biomedical Optics 106004-18 October 2020 • Vol. 25(10)


