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Abstract. We report that the pathologic components
present within the atheromatous plaques of ApoE knock-
out mice can reflect significant amounts of mid-infrared
(mid-IR) light. Furthermore, the reflected light spectra con-
tained the unique signatures of a variety of biologic fea-
tures including those found in unstable or “vulnerable”
plaque. This discovery may represent a unique opportu-
nity to develop a new intravascular diagnostic modality

that can detect and characterize sites of atherosclerosis.
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Vulnerable plaques (VPs) are metabolically active and his-
tologically complex atheromas that are prone to spontaneous
rupture often leading to sudden death." Coronary angiography
cannot distinguish between a VP and a stable plaque. Mid-
infrared (mid-IR) spectroscopy has been used previously to
characterize the biochemical changes within thin sections of
atheromas including VPs ex vivo.”> A variety of absorption
peaks and bands within the mid-IR transmission spectra have
been specifically linked to the vibrations of atoms within
atherogenic lipoproteins, phospholipid particles, cholesterol
esters, and fatty acids. Unfortunately, the high native water
content within the arterial wall and its strong interfering ab-
sorption has severely limited the use of mid-IR spectroscopy.
Alternative methods can circumvent these difficulties, includ-
ing spectral analyses of the absorption patterns from ‘“re-
flected” as opposed to “transmitted” infrared light, coupled to
a bright but harmless light emitter such as a synchrotron.6 In
this article, we describe how mid-IR light is reflected by
pathologic components in the diseased aortic intima of
ApoE(-/-) mice. The reflected light also contains the spectral
signatures of the pathologic molecules within atheromas
including VPs.

Reflection-based mid-IR spectroscopy is a well-established
technique, and due to its unique contrast mechanism, it has
been widely used for the characterization and structure-
property elucidation of multilayered materials.” We have pre-
viously extended this technique to measure the reflection-
absorption Fourier transform infrared spectra (FTIR) of
microbial communities located on geological materials that
contain multiple reflective interfaces of different optical
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properties.6 We postulated that this technique could also be
applied to whole tissues in which a subsurface change in re-
fractive index creates a reflective interface among the patho-
logic molecules of interest. This type of interface exists within
the intima of atherosclerotic vessels where non-native lipid
(average refractive indicies of 1.45 to 1.50, depending on
composition and sizes of lipid particless) and calcium deposits
like hydroxylapatite or calcium phosphate (average refractive
index of at least 1.63°) are found in great abundance. Normal
intimal tissues are ~80% water content, relatively uniform in
optical properties, and have an average refractive index of
approximately 1.35 to 1.38 (by extrapolation from the
literature).'>"! Although these refractive indices are for visible
light, they may approximate the differences within the com-
plex atherosclerotic matrix.

Conceptually, mid-IR light that enters an atheroma should
encounter multiple refractive boundaries, wherein some light
might be reflected and reemerge. From first principles, if the
surface roughness at the refractive boundary is larger than the
wavelength of the incoming light, the light that is not ab-
sorbed would undergo multiple diffuse reflections before re-
emerging. If the surface roughness is smaller than the wave-
length (nearly smooth), unabsorbed light can experience a
quasi-specular reflection before reemerging. The lack of infor-
mation about the wavelength-dependent refractive index, ab-
sorption coefficients, and the surface roughness of atheroscle-
rotic interfaces makes it difficult to predict reflectivity. Given
the morphologic complexity of most atheromas, the final sig-
nal would likely be the sum of these two modes of reflectivity.
It is also likely that the features of the reflected infrared spec-
tra would contain the absorption patterns generated by the
major pathologic components of an atheroma, namely, athero-
genic lipoproteins, extracellular phospholipid particles,
smooth muscle cells, foam cells, and disintegrating foam cells
as they undergo apoptotic cell death."?

We made infrared measurements on the explanted aorta of
a 9-month-old female adult ApoE(-/-) mouse. ApoE(-/-)
(Apoe™1Ure) and wild-type mice were obtained from Jackson
Laboratories (Bar Harbor, Maine). ApoE(-/-) mice were
placed on a high fat/cholesterol (1 to 2%) diet for 3 months
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Fig. 1 Typical intensity profiles of (a) the incoming synchrotron infra-
red beam, (b) reflected signals from atheromas, and (c) nonathero-
sclerotic sites. (d) The corresponding reflection-absorption spectra of
(b) shared spectral characteristics that were consistent with known
excitation effects by infrared photons on atoms of molecules that com-
pose atheromas. Each plot shows the averaged spectrum (black line)
+1.0 standard deviation (gray line); n=26.
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until sacrifice. We employed Beamline 1.4.3 at the advanced
light source (ALS) synchrotron at LBNL (http://
infrared.als.lbl.gov/). The synchrotron infrared beam has
brightness of approximately 10" to 7
X 10'? photons/s-mm? mrad-0.1%BW when focused to a
10-um spot. Specimens were placed luminal side up beneath
an infrared-transparent ZnSe window (International Crystal
Labs, New Jersy) inside a custom-built environmental cham-
ber kept at ~5°C to preserve the “freshness” of each speci-
men. FTIR measurements were recorded in the standard re-
flection mode in the mid-IR 4,000 to 650 cm™ region, and
consisted of 128 co-added spectra at a spectral resolution of
4 cm™!. We found that a highly focused beam (10 to 20 um)
was needed to avoid the interference of water from nondis-
eased regions and that a focal spot of 150 um or greater
could not resolve plaque spectra separate from water signal.
We also found that FTIR measurements could be obtained
even through a 10-um layer of water.

Figure 1 shows examples of the FTIR measurements from
a cluster of atheromas including VPs (confirmed later by his-
tologic examination) within the aortic arch. A significant num-
ber of mid-IR photons [Fig. 1(a)] that entered any given
atheroma were reflected and emerged from the tissue sample
[Fig. 1(b)]. In contrast, few were reflected from the nondis-
eased portions of aorta [Fig. 1(c)]. A striking feature was that
the reflected light contained the spectral features [Fig. 1(d)]
associated with atheromas.> For instance, the 3100 to
2800 cm™! region revealed similar spectral features that arise

from the carbon hydrogen bond stretching vibrations of fatty
acids and cholesterol esters, including the —-HC=CH- moiety
of their unsaturated hydrocarbon chains at ~3010 cm™! or
from their acyl CH, groups at ~2925 and ~2852 cm™!. The
strong absorption at ~1745 cm™! also matched the spectral
profile of the C=0 stretching vibrations of ester carbonyl
(>C=0) groups of atherogenic phospholipid. The broader
absorptions in the 1700 to 1500 cm™' region had comparable
features to those generated by the >C=0O stretching of the
amide I and of the N—H bending of the amide II modes
present in proteins. In the 1500 to 1000 cm™! fingerprint re-
gion, absorption characteristics at ~1465 and ~1375 cm™!
were similar to the known vibrations of the lipid acyl CH,
and to the symmetric bending of the lipid methyl CHj; groups,
respectively. The absorptions at ~1240 and ~1090 cm™!
matched the spectral patterns that arise from the asymmetric
and symmetric stretching modes of PO; in the phosphodiester
groups of phospholipids, whereas absorptions centered at
~1165 cm™" and ~1060 cm™! matched the ester C—O—C
vibrations of phospholipid, cholesterol ester and fatty acid.””

A dendrographic analysis of all FTIR measurements (em-
ploying d-value distances measure, Ward’s algorithm, to-
gether with the distribution of the z values, not shown) sug-
gested that our spectra data could be grouped into four
categories (I to IV) [Figs. 2(a)-2(d); black lines], based on
their similarity. To determine whether the observed spectral
patterns of reflected light could be linked to particular patho-
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Fig. 2 (a) Spectral variations in the type-l spectrum of atheromas (black line) can be explained (see text) by the two-component model spectrum
of mixed AL+PP (gray line). (b) Spectral variations in the type-ll spectrum of atheromas (black line) can be explained (see text) by the three-
component model spectrum of mixed AL+PP+FC (gray line). (c) Spectral variations in the type-lll spectrum of atheromas (black line) can be
explained (see text) by the four-component model spectrum of AL+PP+FC+SMC (gray line). Inset: a close-up comparison of the type-Ill spectrum
of atheromas (black line) with the composite spectrum of AL+PP+FC+SMC (gray line). The triplet of peaks in 1300 to 1200 cm~" and the doublet
of peaks in 1100 to 1000 cm™" closely match the typical spectral pattern of type-I collagen (see text). (d) Spectral variations in the type-1V spectrum
of atheromas (black line) can be explained (see text) by the spectrum of DFC (gray line). R, reflectance; AL, atherogenic lipoproteins; PP,
phospholipid particles; AM, activated macrophages; FC, late-stage foam cells; DFC disintegrating foam cells, and SMC, smooth muscle cells.
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Fig. 3 Photomicrographs and reflection-absorption FTIR spectra of
AL, PP, AM, FC, SMC, and DFC are displayed. Each spectrum is an
average of at least 20 different samples. Purified chicken egg yolk and
lipopolysaccharides from Salmonella minnesota were purchased from
Sigma-Aldrich (Missouri). J744A.1 murine macrophage cells were ob-
tained from the American Tissue Culture Collection (ATCC). Thin
films of egg yolk'* were prepared from the powder of the purified egg
yolk, which was suspended in distilled sterile water and dried under a
stream of nitrogen gas. We recorded the spectra of extracellular PL
and SMC that were isolated from transverse microdissections of frozen
ApoE(-/-) mouse tissues. To obtain spectra of macrophage and
macrophage-derived foam cells, we activated mouse macrophages
(J744A.1) in culture with bacterial molecules and obtained foam cells
by feeding the activated macrophages cholesterol-containing lipo-
somes. The spectra of each stage of foam cell evolution were mea-
sured at 24 h (early-stage cells), 48 h (mature), and 72 h (late). For
DFCs, we fed activated macrophages excess cholesterol-containing
liposomes for 96 h. Scale bars PP, 5 um; AM, FC, and DFC, 10 um;
and SMC, 15 um.

logic features, we conducted additional FTIR measurements
on several model systems, (Fig. 3) & [Figs. 2(a)-2(d); gray
lines].

We found that the type-1 spectrum [Fig. 2(a), black lines],
based on its spectral shape and the sharply defined high ab-
sorptions (at ~2925, ~2852, ~1745, ~1465, ~1375,
~1240, ~1165, ~1090, and ~1060 cm™"), indicates the
dominant presence of lipoproteins and phospholipids [Fig.
3(a); gray line]. For the type-II spectrum [Fig. 2(b); black
line], its overall spectral shape indicates the presence of foam
cells [Fig. 2(b); gray line] in addition to lipoprotein and phos-
pholipid; a characteristic of VPs. The type-III spectrum exhib-
its a fine structure of a triplet of peaks at ~1275, ~1235, and
~1205 cm™', and a doublet of peaks at ~1083 and
~1033 cm™! [Fig. 2(c); black line], are indicative of type-I
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collagen3’5 and possibly smooth muscle cells [Fig.2(c); gray
line]. Smooth muscle cells in VPs that have been reported to
orchestrate the assembly of type-I collagen."” Finally, the
type-IV spectrum [Fig. 2(d); black line] exhibits spectral fea-
tures in the region >1400 cm™! typical of the disintegrating
foam cells [Fig. 2(d); gray line], especially the spectral region
between 1200 and 1000 cm™, in which there was a conspicu-
ous absence of the PO, group absorption peaks that are char-
acteristic of nucleic acids and various oligo- and polysaccha-
rides, most of which were probably degraded during apoptotic
cell death.

We then repeated FTIR measurements on the diseased aor-
tas from another three ApoE(-/-) mice (3-month-old adult fe-
males) and two wild-type controls and found similar results.
Further studies are required to determine whether these new
findings can be translated to the diseased vessels of other
animal models or humans.
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