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Introduction: Ascending aortic dilatation is a well-known risk factor for aortic rupture. In-
dications for aortic replacement in its dilatation concomitant to other open-heart surgery
exist; however, cut-off values based solely on aortic diameter may fail to identify patients
with weakened aortic tissue. We introduce near-infrared spectroscopy (NIRS) as a diag-
nostic tool to nondestructively evaluate the structural and compositional properties of the
human ascending aorta during open-heart surgeries. During open-heart surgery, NIRS

could provide information regarding tissue viability in situ and thus contribute to the de-

Keywords: cision of optimal surgical repair.

Aortic aneurysm Materials and methods: Samples were collected from patients with ascending aortic aneu-
Biomechanics rysm (n = 23) undergoing elective aortic reconstruction surgery and from healthy subjects
Histology (n = 4). The samples were subjected to spectroscopic measurements, biomechanical
Multivariate modeling testing, and histological analysis. The relationship between the near-infrared spectra and
Spectroscopy biomechanical and histological properties was investigated by adapting partial least

squares regression.

Results: Moderate prediction performance was achieved with biomechanical properties
(r = 0.681, normalized root-mean-square error of cross-validation = 17.9%) and histological
properties (r = 0.602, normalized root-mean-square error of cross-validation = 22.2%).
Especially the performance with parameters describing the aorta’s ultimate strength, for
example, failure strain (r = 0.658), and elasticity (phase difference, r = 0.875) were prom-
ising and could, therefore, provide quantitative information on the rupture sensitivity of
the aorta. For the estimation of histological properties, the results with a-smooth muscle
actin (r = 0.581), elastin density (r = 0.973), mucoid extracellular matrix
accumulation(r = 0.708), and media thickness (r = 0.866) were promising.
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Conclusions: NIRS could be a potential technique for in situ evaluation of biomechanical and

histological properties of human aorta and therefore useful in patient-specific treatment

planning.

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Cardiovascular disorders are the number one cause of global
mortality." Ascending aortic aneurysm (AA), also referred to
as the silent killer, is asymptomatic in up to 95% of the cases.?
The increased diameter of the AA is a well-known risk factor
for aortic rupture3; nevertheless, there is a growing interest in
the impact of aortic wall thickness and structure predisposing
to rupture. AA is often incidentally detected and due to its
high mortality in case of rupture, AAs are closely monitored*
and eventually, prophylactic aortic reconstructive surgery is
performed.

Current noninvasive imaging techniques of AA estimation
are computed tomography (CT) and magnetic resonance im-
aging (MRI).? Recently, AA has been investigated with novel
MRI sequences that have enabled the evaluation of blood flow
velocity and direction (4D flow sequence),” and thereby the
estimation of forces experienced by the aortic wall. However,
variations in tissue properties between patients (e.g., aortic
wall thickness and stiffness)® make patient-specific rupture
estimation challenging.

Currently, the tissue properties may only be destructively
determined from the extracted tissue samples by utilizing
in vitro techniques, such as biomechanical testing and histol-
ogy, making them unsuitable for clinical patients. A potential
technique for in vivo evaluation of tissue properties is near-
infrared spectroscopy (NIRS) — previously applied in ortho-
pedic surgeries”® and dermatological applications.” The
technique utilizes nonionizinglight and can enable subsecond
evaluation of tissue. However, the technique requires direct
contact between the measurement device and the target tis-
sue, thus making the technique only applicable during open-
heart surgeries.

Current guidelines recommend isolated ascending
aortic replacement when aortic diameter reaches 55 mm and
replacement of ascending aorta concomitant to aortic valve
surgery when diameter reaches 45 mm. Several risk factors
(e.g., bicuspid aortic valve (BAV) and genetic connective tis-
sue disorders) predispose earlier replacement; however, pa-
tients undergoing other open-heart surgery (e.g.,, mitral
valve repair or coronary artery bypass) are not included in
the current guidelines. In addition, patients close to
the diameter thresholds are often encountered and thus
patient-specific decision-making is crucial. The possibility to
evaluate the integrity of the ascending aorta in the operating
room (OR) would be especially beneficial for patients with AA
(diameter over 40 mm) but not meeting the current criteria
for the aortic replacement at the time of their other open-
heart surgery. The in vivo evaluation could also enable to
map the extent of the deterioration, thereby limiting the
amount of tissue to be replaced (e.g., only ascending aorta or
the whole aortic arch).

10,11

We hypothesize that NIRS could enable the characteriza-
tion of the biomechanical and histological properties of the
aorta. Application of the technique during open-heart surgery
could substantially contribute to the decision on the optimal
repair approach. To test the hypothesis, samples were
collected from patients undergoing elective ascending aortic
surgery and the extracted samples were subjected to vigorous
laboratory measurements to investigate their relationship
with near-infrared (NIR) spectra.

Materials and Methods

Ascending AA samples were collected from patients with
bicuspid (BAV) and tricuspid aortic valves (TAV) (n = 23
[npav = 8, nray = 15], age = 64.0 + 7.7) during an elective aortic
reconstruction surgery at Kuopio University Hospital, Finland
(Table 1).*? Patients with mechanical aortic valve or genetic
disorders were excluded. In addition, control samples were
collected from organ donors (n = 4, age = 59.3 + 9.7) with TAV,
no history of major cardiovascular diseases, and normal aortic
dimensions (based on CT after admission).’” None of the pa-
tients or controls had a ruptured or dissected AA. During the
surgery, a section of AA was resected and divided into prox-
imal (closer to heart) and distal (farther out from heart) arte-
rial rings which were subjected to spectral and biomechanical
measurements and histology, respectively. The proximal part
was immersed in saline and refrigerated, followed by post-
haste subjection to spectral and biomechanical measure-
ments. The distal part was fixed in 4% paraformaldehyde,
followed by histological preparation and analysis. All speci-
mens were treated identically during reference analysis. The
study was approved by the research ethics committee of the
Northern Savo Hospital District (permission number 200/
2017), had an organization permit of Kuopio University Hos-
pital for processing personal data, and followed the declara-
tion of Helsinki. Written informed consent was obtained from
every patient.

Near-infrared spectroscopy

From the proximal section, circumferential dumbbell-shaped
specimens (length ~ 10 mm) were extracted with a custom
punch tool from both the inner and outer curves (Fig. 1A). The
specimen type was chosen based on the hardware available
and the extensive previous research to validate our mea-
surement parameters.”®> The specimens were subjected to
spectroscopy measurements from five equidistant locations
(~2 mm apart). For each location, three spectra (each average
of 100 acquisitions) were recorded by aligning the optical
probe (Fig. 1B) in contact with the specimen adventitia. The
hardware consisted of two spectrometers (AvaSpec-ULS2048L,
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Table 1 — Patient demographics.

Patients BAV TAV Controls (TAV)
n 23 8 15 4
Age 64.0 £ 7.7 59.0 + 8.1 66.6 £6.1 59.3 + 84
Gender (male/female) 19/4 7/1 12/3 3/1
Body mass index 285+3.1 30.1+3.1 27.7 £2.7 NA
Hypertension (n) 15 (65.2%) 5 (62.5%) 10 (66.7%) 2 (50.0%)
Dyslipidemia (n) 13 (56.5%) 5 (62.5%) 8 (53.3%) 1 (25.0%)
Diabetes (n) 1 (4.3%) 0 (0.0%) 1(6.7%) 2 (50.0%)
Coronary artery disease (n) 2 (8.7%) 1(12.5%) 1(6.7%) 0 (0.0%)
Medication, statins (n) 12 (52.2%) 3 (37.5%) 9 (60.0%) 0 (0.0%)
The largest diameter of AA (mm) 52.9 + 4.0 49.8 + 3.5 54.6 + 3.1 36.1 +£3.9
Aortic regurgitation (n) 14 (60.9%) 5 (62.5%) 9 (60.0%) 0 (0.0%)
Aortic stenosis (n) 2 (8.7%) 2 (25.0%) 0 (0.0%) 0 (0.0%)

A = 0.35—-1.1 um, AX = 0.6 nm and AvaSpec-NIR256-2.5-HSC,
A = 1.0-2.5 um, AX = 6.4 nm, Avantes BV, Apeldoorn,
Netherlands), a light source (AvaLight-HAL-(S)-Mini,
A = 0.36—2.5 um, Avantes BV) and an optical probe. The robust
optical probe is sterilizable and has been previously applied in
ex vivo and in vivo arthroscopies.®'*

Reference analysis

For biomechanical measurements (Fig. 2), a dumbbell-shaped
specimen was attached to testing clamps of the commercial
mechanical tester (Mach-1 v500 css, Biomomentum Inc,
Laval, Canada) that was used with two load cells (17N,
MA239, and 250N, MA297, Biomomentum Inc). The speci-
men’s wall thickness and width were determined with a
caliper. The specimen was preloaded (stress = 10 kPa), pre-
conditioned (10 x 2% strain), and recovered before protocol
execution. The protocol consisted of sequential stress relax-
ation, sinusoidal, and quasistatic stages that were used to
calculate equilibrium modulus, dynamic modulus and phase
difference, and quasistatic material properties (e.g., failure
strain, linear modulus, and fitting parameters for the toe re-
gion), respectively.

Histological analyses were performed on the distal part of
the aorta with segments taken from the inner and outer
curves. Verhoeff—Van Gieson elastin staining (HT25 A, Merck,
Darmstadt, Germany) was performed according to the man-
ufacturer’s protocol from which medial degeneration was
scored on a scale of 0—3 according to Halushka et al.'® by
assessing the following parameters: mucoid extracellular
matrix accumulation, elastic fiber fragmentation and/or loss,
smooth muscle cell nuclei loss, and laminar medial collapse.
In addition, media thickness and the amount of elastin per
area (elastin density) were analyzed. Collagen content was not
determined as previous studies have highlighted elastin as a
more descriptive parameter for aneurysmal tissue.’® Primary
antibodies wused for immunohistochemistry were the
following: smooth muscle cell marker alpha-smooth muscle
actin («-SMA, M0851, Agilent Technologies, Santa Clara, CA),
T-cell marker CD3 (M7254, Agilent Technologies), and
macrophage marker CD68 (MO0814, Agilent Technologies).

Biotinylated horse antimouse IgG (BA-2000, Vector Labora-
tories, Burlingame, CA) was used as a secondary antibody.
Tissue sections were imaged with a Nanozoomer-XR Digital
slide scanner (Hamamatsu, Hamamatsu City, Japan) in Bio-
bank of Eastern Finland (Kuopio, Finland). Image analysis was
performed with Aperio ImageScope software (Leica Bio-
systems, Wetzlar, Germany).

Spectral preprocessing

Spectral preprocessing is essential when relating the spec-
trum with tissue properties due to, for example, noise and
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Fig. 1 — Near-infrared spectroscopy (NIRS) measurement
system. The dumbbell-shaped specimens were placed on a
sample holder of nonrefracting material and submerged to
keep the samples hydrated (A). A sterilizable and clinically
applicable custom probe was used to record spectra (B).
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scatter.” In this study, spectral resolution from the 1 spec-
trometer (AX = 0.6 nm) was downsampled to the same reso-
lution as the 2°¢ spectrometer (AX = 6.4 nm) and concatenated
to ease preprocessing. An open-source preprocessing module
nippy*® was used in Python 3.7 to explore the effect of pre-
processing on model performance. Smoothing, scatter
correction techniques, and trimming were included as oper-
ators. A 3'9-degree Savitzky—Golay filter with 0" (ie.,
smoothing), 1%, and 2°¢ derivatives with different filter
windows (7+8i, i = 1-5) were evaluated. For normalization,
standard normal variate (SNV) and localized SNV
(LSNV, windows = 2+4i, i = 1-4) were tested. The analysis
was tested with the following spectral regions: 0.40—2.50 pm,
0.40-1.90 pm, 0.40-1.375 pm and 1.525-1.90 pm, and
0.70—1.375 pm and 1.525—1.90 pm.

Outliers and multivariate modeling

Prior to modeling, univariate (i.e., biomechanical and histo-
logical properties) and multivariate (i.e., spectra) outliers
were investigated. For normal and non-normal data distri-
butions, univariate values with the offset of three or higher
standard deviations or median absolute deviations, respec-
tively, were further investigated. Two outlier spectra were
observed (hardware-related errors). In addition, the extended
isolation forest (EIF, trees = 500, sample = 100)"° was used to
investigate the presence of outliers in the preprocessed
spectra. EIF was used for each preprocessing normalization
window. The optimal EIF threshold for outliers was
investigated.

To avoid overfitting and bias in the modeling, 5-fold cross-
validation with stratified groups (i.e., patient’s measurements
together in a group) were used. In the modeling, the median
performance of partial least squares regression (PLSR) over 10
iterations (unique 5-fold cross-validation sets) was deter-
mined and the optimal preprocessing was chosen based on
the minimum root-mean-square error of cross-validation
(RMSECV). The models were trained with the average spec-
trum calculated from the nonoutlier spectra.

Statistical analysis

Statistical testing and model building was performed in Mat-
lab (R2020a, Mathworks, Natick, MA). Mann—Whitney U-test

was used to estimate statistical significance between patient
and control samples. Values are presented as median (inter-
quartile range, IQR).

Data of the current study is available from the author on a
reasonable request.

Results

Based on the patient demographics, AA was substantially
more common among men (Table 1). Due to the uneven
gender distribution with a relatively low number of patients,
statistical analyses related to patient demographics were not
performed.

As a result of the two sample reference processing pipe-
lines (histology and biomechanics) and two different load cells
in biomechanics, the number of measurements varied
depending on the reference variable (Table 2). Although some
reference values exceeded the threshold of 3 standard de-
viations or median absolute deviation, no value was excluded
after ensuring the data validity. For the exclusion of spectral
outliers (Fig. 3A-B), the EIF threshold of 0.7 was optimal based
on the overall validation performance, thereby resulting in 12
(14) outliers (median (IQR)).

Overall, NIR spectra were superior in predicting
AA’s biomechanical properties (r = 0.660, normalized
RMSECV = 17.8%) compared to the histological properties
(Table 2, r = 0.600, normalized RMSECV = 22.2%). Group
comparison (patient and control) revealed that on average the
relative validation error (group-specific RMSECV versus overall
RMSECV) was slightly higher with patients (+3%) compared to
controls (—9%). Most promisingly, the ultimate and dynamic
properties from biomechanical testing had moderate perfor-
mance and, therefore, provide quantitative information on
the rupture sensitivity (Fig. 4A and B). For estimation of his-
tological properties, especially the results on the a-SMA,
elastin density, mucoid extracellular matrix accumulation,
and media thickness are promising (Fig. 4C and D).

With measured reference values, statistical significance
was observed between patient and control groups with a-SMA
in the inner curve (P = 0.023) and with CD68 in the outer curve
(P = 0.036). Related to these references, statistical differences
were also observed with the predicted values of the models

B 2.5
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2.0} —— Control

Stress (MPa)
&

W
10 20 30 40 50 60 70 80 90

Strain (%)

Fig. 2 — Uniaxial biomechanical measurement system. The specimens were subjected to extensive reference analysis (i.e.,
biomechanics (A) and histology). The strain-stress curves of the ultimate biomechanical uniaxial test for each specimen are

presented (B).
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Table 2 — Performance metrics of the PLSR models.

Reference parameter N Median (IQR) n R RMSE RMSECV

Biomechanics
Equilibrium modulus (MPa) 40 0.224 (0.215) 2(1) 0.489 (0.073) 0.205 (0.009) 0.218 (0.013)
Dynamic modulus (MPa) 40 0.377 (0.545) 1 (0) 0.508 (0.003) 0.533 (0.002) 0.533 (0.021)
Phase difference (%) 40 3.950 (0.991) 3(0) 0.875 (0.003) 0.344 (0.006) 0.463 (0.048)
Toe fit - A 52 4.040 (4.947) 2(0) 0.565 (0.007) 3.315 (0.016) 3.525 (0.164)
Toe fit- B 52 —0.248 (0.271) 5 (4) 0.744 (0.182) 0.146 (0.046) 0.200 (0.009)
Toe fit - C 52 0.014 (0.019) 4 (0) 0.906 (0.005) 0.006 (0.000) 0.013 (0.002)
Linear modulus (MPa) 52 4.120 (2.306) 3(0) 0.905 (0.007) 0.960 (0.012) 2.064 (0.178)
Failure energy (my) 52 3.011 (5.459) 2 (0) 0.604 (0.002) 2.990 (0.012) 3.257 (0.063)
Failure energy per V (J/m3) 52 34.19 (65.86) 2(0) 0.543 (0.009) 47.45 (0.205) 50.33 (3.349)
Failure force (n) 52 2.329 (1.592) 2 (0) 0.646 (0.006) 0.996 (0.006) 1.113 (0.018)
Failure strain (%) 52 43.82 (20.22) 2(0) 0.667 (0.003) 11.80 (0.041) 13.04 (0.263)
Failure stress (MPa) 52 0.578 (0.490) 2 (0) 0.464 (0.006) 0.343 (0.002) 0.353 (0.012)

Histology
a-SMA 50 0.355 (0.105) 4(2) 0.581 (0.115) 0.075 (0.007) 0.085 (0.002)
cD3 50 1.325 (0.400) 1(0) 0.434 (0.006) 0.334 (0.002) 0.346 (0.011)
CD68 50 0.800 (0.400) 2(1) 0.451 (0.019) 0.320 (0.004) 0.344 (0.008)
Degeneration 52 2.00 (0.50) 1(0) 0.309 (0.004) 0.509 (0.002) 0.531 (0.014)
Elastin density 52 0.179 (0.087) 7 (3) 0.973 (0.023) 0.015 (0.006) 0.065 (0.009)
MEMA 50 1.50 (1.00) 4(1) 0.708 (0.054) 0.318 (0.025) 0.434 (0.008)
Media thickness (mm) 52 1.67 (0.30) 7 (2) 0.866 (0.044) 0.144 (0.023) 0.239 (0.022)
SMC nuclei loss 50 2.00 (1.00) 1(0) 0.369 (0.008) 0.603 (0.004) 0.658 (0.026)
SMC loss 50 1.667 (0.667) 1 (0) 0.439 (0.015) 0.335 (0.003) 0.346 (0.021)

The number of measurements and values (median with interquartile range ([IQR, in brackets]) for the reference properties is presented. For the
PLSR models, statistics (median and IQR (in brackets) of 10 iterations) for the number of components (n), Pearson correlation (r), root-mean-
square-error (RMSE) and RMSE of cross-validation (RMSECV) are presented.

(P =0.023 and P = 0.029, respectively), thus further validating
model performances.

The assessment of optimal preprocessing pipelines
revealed the importance of spectral normalization (86% of
models) with 92% of these using LSNV. In addition, the relative
performance (RMSECV/RMSE) was substantially better for the
models that did not utilize the spectral region 1.9-2.5 um.
Overall, the combination of spectral regions 0.7—1.375 um and
1.525—1.9 pm had the best performance.

Discussion

In this study, we hypothesized that NIRS could enable the
evaluation of biomechanical competence and histological
properties of the aorta. The spectral measurements were
performed with the sterilizable probe directly applicable in
open-heart surgeries. The results indicated that NIRS is
capable to estimate the biomechanical competence and to
some extent the histological properties of ascending aorta.
Therefore, NIRS could be valuable especially for the patients in
the gray zone according to current guidelines regarding
replacement of the AA, particularly simultaneous to other
open-heart surgery.'>*!

Current clinical imaging techniques are not directly
adaptable to evaluate the biomechanical®® or histological

properties of the aorta. Liu et al. demonstrated on two patients
that the combination of clinical CT images and modeling may
be suited for the estimation of AA wall properties.?’ Modeling
always, however, suffers from parameter assumptions and
compared to the resolution of CT scanners, reliable estimation
of aortic wall thickness may be challenging. In our
study, the wall thickness could be reliably assessed with
0.2 mm precision. Intraoperative speckle transesophageal
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Fig. 3 — The near-infrared (NIR) spectra of the specimens.
The raw (A) and preprocessed (B, optimal for failure strain)
spectra are presented with their means and the outliers
(determined with extended isolation forest).
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echocardiography was introduced by Alreshidan et al., but no
significant correlation was observed between the in vivo and
ex vivo stiffness.”” Another method is based on magnetic
resonance elastography, which may enable the evaluation of
aorta’s mechanical properties.”’ The imaging is known to be
challenging and requires long imaging time?’; however, a
correlation between magnetic resonance elastograph-derived
stiffness and elastin density has been reported.”” Here, we
demonstrated a high correlation between NIR spectra and
elastin density.

The demonstrated relationships between spectra and
reference properties arise from the light interactions with the
tissue.?* The most abundant chemical bonds of the aorta are
OH, CH, SH, and NH that associate with specific spectral re-
gions.”* The effect of water (OH bond) is the most pronounced
in the spectral response of the aorta (Fig. 3A, 1.45 and 1.95 pm).
Spectral changes (Fig. 3B) were especially observed in the
spectral regions of 0.92, 1.04, and 1.15 um which correspond to
the third overtones of CH/ROH, the third overtone of RNH2,
and the second overtone of CH3, respectively. For example in
elastin and collagen, these bonds are common, thereby
arguably contributing to the high prediction accuracy.

The spectral preprocessing had a substantial effect on
model performance, as also previously described.”’** The
most reliable performance was achieved by excluding/trim-
ming the spectral regions of water peaks where a relatively
poor signal-to-noise ratio was observed (Fig. 3B). Another key
aspect is the presence of outliers (especially for in vivo mea-
surements®) and their reliable exclusion. Here, a recently

introduced EIF algorithm was used with a nontraditional
threshold of 0.7. Previously, the threshold of one has been
used, but this threshold did not exclude abnormal spectra in
our study, thus highlighting the importance of spectral visu-
alization and outlier investigation.

Although the results of the current study are promising,
further validation is required in the form of additional refer-
ence information. In addition, the performance may improve
by adapting nonlinear algorithms®® or machine learning®®
approaches. The next logical step is to further validate the
models and employ these in a clinical situation, for example,
with patients undergoing a valve replacement with an aortic
diameter of 40—49 mm. Another intriguing possibility is
spectroscopic imaging,”” which does not require direct con-
tact with the tissue (but visualization) and enables swift im-
aging (one image) and thus quantification of the visualized
tissue. The number of patients recruited and especially the
uneven gender distribution is a limitation to this study.
Although the study does not focus on aortopathy prevalence
or progression, the reference information (i.e., biomechanics
and histology) better describes the characteristics of male
patients. Thus, further validation is required with more
gender-balanced datasets.

Based on the current guidelines, in vivo integrity evaluation
of the ascending aorta would be especially beneficial for pa-
tients with aortic diameter over 40 mm but not meeting the
current criteria for the aortic replacement at the time of their
other open-heart surgery. NIRS is a promising technique for in
situ evaluation of ascending aorta biomechanical and
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histological properties during the surgery and thereby could
enhance patient-specific treatment. This study highlights the
potential of NIRS for the estimation of the aorta’s biome-
chanical and histological properties. For future works,
acquiring additional data enables the usage of more sophis-
ticated algorithms, thereby arguably improving prediction
accuracy and, thus, enabling clinical in vivo estimation of
aortic properties.
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