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13.1 Introduction

Small transgenic animal models are increasingly being employed to speed the
development of many new diagnostic technologies for cardiovascular disease
and their preclinical testing. Meanwhile the high intensity of light from a
synchrotron-based infrared (IR) source allows for the investigation of the
optical properties of gross specimens of whole tissues. In this chapter, we
describe a case study, combining these two different scientific disciplines, which
may represent a potential opportunity for the development of a new intra-
vascular diagnostic modality.
Cardiovascular disease is the leading cause of death in developed nations and

is rapidly becoming the leading cause of death in developing nations as well.
Every year, more than one million Americans and more than nineteen million
people world-wide experience a sudden cardiac event. In more than half of the
fatal cases, there were no documented coronary events prior to death.1 One
factor that makes prevention of sudden cardiac death (SCD) particularly
challenging is that those patients with a history of heart disease are the ones
least likely to experience SCD.2
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Until the last decade, atherosclerosis was thought of as little more than a
plumbing problem in which the progressive build up of fatty deposits
(arterial plaques) within the arterial walls resulted in a narrowing (stenosis) or
blockage (complete occlusion – thrombosis) of the arteries, often in the heart or
brain. The continued growth of these flow-limiting lesions would in time lead
to heart attack or stroke, respectively. However, this model failed to explain why
so many heart attacks occurred without warning and why commonly employed
therapies (such as the stenting of stenotic or occluded arteries) had little impact
on long-term survival rates. It is now well documented that the majority of acute
myocardial infarctions result instead from the spontaneous rupture of the thin
fibrous cap found on top of high-risk/vulnerable plaques (VPs), lesions that in
most cases do not limit blood flow before the acute event.3,4

Today it is known that atherosclerosis is really a chronic inflammatory
disease of arterial blood vessels. Atherosclerosis causes two main problems.
The first is stenosis, a narrowing of the blood vessel which results in a
restriction in blood flow; the second is the rupture of soft plaque (called vul-
nerable plaque), which causes the formation of a thrombus that can lead to
sudden death. Until recently, efforts to treat atherosclerotic disease tended to
focus on the detection and treatment of stenoses. However, more recent
research has shown that acute plaque rupture is the far more prevalent and
dangerous problem.5–10

The current diagnostic challenge is neatly summed up in a recent issue of
the journal Circulation in which a consensus statement co-authored by more
than three dozen leading researchers in the field states: ‘‘Despite major advances
in treatment of coronary heart disease patients, a large number of victims of the
disease who are apparently healthy die suddenly without prior symptoms.
Available screening and diagnostic methods are insufficient to identify the vic-
tims before the event occurs. The recognition of the role of the vulnerable plaque
has opened new avenues of opportunity in the field of cardiovascular medi-
cine.’’11 Clearly, conventional diagnostic techniques such as the stress test and
the coronary angiogram12–16 must be supplemented with newer methods to
achieve improved diagnosis and treatment of high risk plaques (VPs).
In an attempt to develop a new spectroscopic method to screen asympto-

matic patients for unstable plaques we undertook an in-depth examination of
the optical properties of the distinguishing histologic characteristics for each
grade of atheroma. As we began our studies of atheroma we observed that a
fractional amount of mid-IR light originating from a bright synchrotron source
was reflected by mouse atheromas in situ.17 In this chapter we describe the
details of our investigation of how the pathologic components present within
atheromatous plaques, including VPs of ApoE knock-out mice, can reflect
significant amounts of mid-IR light. Furthermore, the IR spectra contained
a variety of unique spectral signatures, corresponding to biologic features
often found in VPs. These data may lay the required foundation for the
development of a new intravascular diagnostic modality which can find and
fully characterize sites of atherosclerotic disease in the vessels of the heart
and brain.
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13.2 Existing Diagnostic Methods

Angiography is a well-established medical imaging technique in which
an X-ray picture is taken to visualize blood-filled structures, such as arteries
and veins. The procedure is performed by inserting a catheter into a
peripheral artery, which is then manipulated until it reaches the region of
interest. Iodinated contrast medium is then rapidly injected into the
blood stream, allowing visualization of the arterial lumen. However, as
discussed above, the morphology of the vessel lumen by itself does not provide
sufficient information for determining which plaques are at high risk of
rupture.
In an effort to characterize the pathophysiologic state of atherosclerotic

plaque as opposed to simply imaging the vessel lumen, a number of alternative
methods have been tried:

� Contrast enhanced and intravascular magnetic resonance imaging (MRI):
Since it is known that standard MR and CT angiography methods
underestimate the degree of atherosclerosis, some researchers are experi-
menting with contrast agents that non-selectively enhance atherosclerotic
plaques by taking advantage of the fact that atherosclerotic plaques are
more vascular and have increased capillary membrane permeability as
compared with normal vessels. While these methods have shown the
ability to image the walls of diseased vessels, they fall short with respect to
lesion characterization.18

� Optical coherence tomography (OCT): OCT obtains images based on light
reflection with an exceptional high resolution. However, it cannot obtain
images through blood. Furthermore, OCT cannot detect immature stages
of atherosclerosis.19 Recent results are more encouraging, but the sensi-
tivity and selectivity of OCT for fibrous plaques still have room for
improvement.20,21

� Thermography: Based on the observation that ‘‘temperature heterogeneity
may be associated with sites of an increased concentration of macrophages
and other inflammatory cells that may play a crucial role in heat release
within atherosclerotic plaques’’,22 vulnerable plaques may be detectable
using this method. One possible drawback to this method is that the
temperature differences are small, thus the process of scanning an artery is
likely to be fairly slow.

� Elastography: The basic concept is that the mechanical properties of a thin
fibrous cap (vulnerable plaques) are different from those of a thick fibrous
cap, and that these mechanical differences can be detected using elasto-
graphy. In practice, the approach is difficult to perform owing to motion
of the sensor.23

� Electron-beam computed tomography (EBCT): While this method has
been shown to detect coronary calcium, it cannot identify vulnerable
plaques. However, as a screening tool, it may be useful for identifying
those patients needing an invasive procedure.24,25
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� Angioscopy: This method can readily detect ruptured plaques and yellow
plaques in their earlier stages. However, the method for determining the
subluminal composition of plaques appears to be subjective and is
therefore of limited prognostic value.26

� Intravascular ultrasound (IVUS): Using a miniature ultrasound transdu-
cer, this method is quite useful for assessing stenosis and surface mor-
phology of a diseased vessel. IVUS is, however, unable to characterize the
composition of most plaques.27 Furthermore, the safety of this practice
has been called into question.28

One newer method, which bears some resemblance to the currently proposed
method, requires discussion. Specifically, we are referring to the method by
Moreno which involves the use of near-IR light for the identification of vul-
nerable plaque.29 In a manner analogous to the proposed method, Moreno
detects spectral patterns in the reflected light. Despite the strong results pub-
lished, there are several concerns regarding the use of only the near IR. As
described in the original paper, the light source is a tungsten lamp, which limits
signal-to-noise ratio (SNR). The paper also notes that the system appears to
have little specificity: ‘‘Because lipid-rich and non-lipid-rich samples contain
many similar constituents (including water, which absorbs strongly in these
wavelengths), the gross appearance of reflectance spectra is similar for most
samples. Precise identification of subtle chemical differences is achieved only
through a highly developed mathematical method . . . ’’. The observed features
are spectrally broad – from 1600–1800 nm is a cholesterol peak and at 1500 and
1800nm are broad water peaks. Therefore, it appears that the method hinges on
small changes in biological water content and increased cholesterol in lipids.
While this approach did work in five ex vivo samples, it is not clear that this
differentiation can be robustly observed in vivo (owing to inter-patient differences
in hydration level, and other differences that may tend to obsfucate this signal).
In summary, the need for better methods of detection of VPs is well sup-

ported, both in the literature and in clinical practice. Despite the large number
of methods proposed for the detection of VPs none has been able to char-
acterize the distinguishing biochemical and cellular features fully within each
histologic grade (stage) of atherosclerotic disease. There is therefore a great
unmet need for a new diagnostic imaging modality that can specifically identify
VP in patients at risk of sudden cardiac death with or without clinical
symptoms.

13.3 Pathologic and Biochemical Features of

Vulnerable Plaques

Approximately 75% of acute coronary events and 60% of recently sympto-
matic carotid artery disease are caused by disruption of an atheromatous
plaque.30,31 Vulnerable plaques are metabolically active and histologically
complex atheromas with thin fibrous caps that are prone to spontaneous
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rupture, often leading to sudden death. The lesion characteristics of VPs
include the lack of any severe stenosis, thin fibrous caps (less than 100 mm
thick), large lipid pools just deep to the luminal surface of an artery (sub-
intimal), the infiltration of the subintimal layer with numerous highly active
and proliferating and rapidly dying inflammatory cells such as macrophages
and T-lymphocytes, the loss of vascular smooth muscle cells (SMCs) via
apoptosis, decreased amounts of collagen and other structural extracellular
proteins due to the local secretion of proteolytic enzymes such as the matrix
metalloproteinases (MMPs) from intralesional macrophages, increased
amounts of tissue factor, cell adhesion molecules (I-CAM, integrins, RGD-
peptides), increased amounts of oxidized low density lipoprotein (LDL)-cho-
lesterol (from diet and/or hereditary factors) and reactive oxygen species such
as superoxide anion (O�2 ), hydrogen peroxide (H2O2), and peroxynitrite
(ONOO�).32

How all these features combine and generate the pathophysiology seen in

VPs is still a matter of intense debate; however, most experts agree that the

primary insult is the pathologic accumulation of oxidized LDLs and reactive

oxygen species in the subintimal layer of the arterial wall. This oxidative stress

adversely affects the intimal layer and induces endothelial cell activation/pro-

liferation and dysfunction with pathologic intimal thickening (PIT) coupled to

the local release of chemokines and cell adhesion molecules. In response to the

release of these factors, macrophages and T-lymphocytes enter the subintimal

layer in an attempt to remove the oxidative damage to the arterial wall. As

macrophages ingest oxidized materials, they accumulate large amounts of lipid

and become ‘‘foam cells’’. Macrophages along with T-lymphocytes elaborate a

number of proteolytic enzymes, including several MMPs, that serve to weaken

the vessel wall by degrading the collagen-basement membrane. The vascular

smooth muscle cells of the media react to the pathologic changes in the sub-

intimal layer by undergoing highly regulated and organized cell death (apop-

tosis), proliferation, migration, and differentiation into fibroblasts in an

attempt to repair the weakened arterial wall. As oxidized LDLs cannot be

degraded by macrophages and foam cells the amount of lipid in these cells

simply increases until they reach their limits and undergo apoptosis (becoming

disintegrating foam cells). The accumulated lipid is released in the surrounding

extracellular space, forming a lipid pool. Eventually the lipid pool becomes

hypoxic and evolves into a large necrotic lipid core surrounded by inflamma-

tory cells with reduced amounts of collagen and vascular smooth muscle cells.

The necrotic core is highly thrombogenic and quickly forms large clots when in

direct contact with blood; a situation seen with disruption of the thin fibrous

cap of a VP. The progressive build up of lipid and inflammatory cells in the

subintimal layer, along with weakening of the supportive smooth muscular cell

layer (media), tends to create eccentrically shaped atheromas that, owing to

continual remodeling, cause little to no narrowing of the vessel lumen.
A competing but complementary school of thought on the pathogenesis of

VPs focuses on the neoangiogenic response of the microvessels observed
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histologically during autopsies of the outer wall of major arteries, espe-
cially those containing ruptured fibrous plaques in patients who died from
SCD.33,34 Although the underlying mechanisms for the conversion of an
asymptomatic fibroatheroma to a lesion vulnerable to rupture has not been
established, the significance of intraplaque hemorrhages in lesion stability has
recently been proposed as an important contributor. In the neoangiogenic
theory the pathologic thickening (PIT) of the intima leads to local tissue
hypoxia, and over time this induces the formation of new microvessels of the
arterial wall (i.e. the vasa vasorum, which normally supply the adventitial or
outer layer of a large artery or coronary vessel). As these new vessels are
immature they lack supportive pericytes, basement membranes, and vascular
smooth muscle cells; they are therefore disorganized, leaky and prone to
rupture.
Neoangiogenesis is greatly enhanced by activated macrophages and T-lym-

phocytes which release large amounts of vascular endothelial growth factor
(VEGF) and other growth factors, as well as proteolytic enzymes. This
disorganized tangle of tumor-like vessels spreads into the media and intima and
is greatest around the necrotic–hypoxic lipid core. Ultimately all these patho-
logic changes result in a leaky, hemorrhage-prone intima and necrotic
lipid core. Over time red blood cells leak out of these fragile vessels (micro-
hemorrhages) and decompose in the arterial wall. As red blood cells have the
highest cholesterol content of any cell in the body, the accumulation of lipids
(including oxidized LDLs) from these degraded cell membranes expands the
necrotic lipid core and its cholesterol content. At a certain point the necrotic
core either comes into direct contact with the circulation, forming an occlusive
thrombus (with rupture of the thin fibrous cap) or experiences a massive
intraplaque hemorrhage (neoangiogenic vessel rupture) leading to SCD or
stroke.

13.4 Concept of Mid-infrared Reflectivity of

Atherosclerotic Aorta

For decades, mid-IR spectroscopy has been used to characterize the pathologic
biochemical changes within thin sections of atheromas, including VPs,
ex vivo.35–38 A variety of absorption peaks and bands within the mid-IR
transmission spectra have been specifically linked to the vibrations of atoms
within functional groups of many characteristic molecules that compose an
atherosclerotic lesion, such as atherogenic lipoproteins, phospholipid particles,
cholesterol ester and fatty acids. Unfortunately, the high native water
content within the arterial wall and its strong interfering absorption has
severely limited the use of mid-IR spectroscopy as an in vivo imaging modality
for atherosclerosis.
There are, however, alternative ways to use IR light to interrogate tissue

samples that can circumvent these difficulties, including spectral analyses of the
absorption patterns from ‘‘reflected’’ as opposed to ‘‘transmitted’’ IR light,
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coupled to a bright but harmless light emitter such as a synchrotron.39 We
have previously measured the reflected IR (FTIR; Fourier transform IR
measurement) spectra from individual living pulmonary fibroblasts in cell
culture on highly reflective substrates interrogated with a highly focused (1–
10 mm) beam of IR light from an on site synchrotron.40 This approach is
essentially a double-pass transmission–absorption method, and is often refer-
red to as a ‘‘reflection–absorption’’ technique. We postulated that this spec-
troscopic technique could also be applied to whole tissues in which a subsurface
change in refractive index in effect creates a reflective interface among the
pathologic molecules of interest. Our prior work measuring the reflection–
absorption FTIR spectra of microbial communities located on geological
materials (which contain multiple reflective interfaces of different optical
properties) gave us confidence that the reflection–absorption technique could
be applied to the investigation of atherosclerotic vessels; biologic structures that
contain multiple potential reflective interfaces.39 Specifically, atheromas con-
tain high amounts of non-native lipid (with an average refractive index of 1.45
to 1.50, depending on the composition and sizes of lipid particles)41 and cal-
cium deposits such as hydroxyapatite and calcium phosphate (with an average
refractive index of at least 1.63).42 In contrast, normal (non-diseased) intimal
tissues are B80% water, relatively uniform in optical properties, and generally
have an average refractive index of approximately 1.35–1.38 (by extrapolation
from the literature).43,44

Conceptually, mid-IR light that enters an atheroma would encounter mul-
tiple refractive boundaries, wherein some light might be reflected and re-emerge
under certain conditions (as shown in Figure 13.1). 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 absorbed would undergo multiple dif-
fuse reflections before re-emerging. If the surface roughness is smaller than the
wavelength (i.e. the surface is nearly smooth), unabsorbed light can experience
a quasi-specular reflection before re-emerging. The lack of accurate informa-
tion on the wavelength-dependent refractive index, absorption coefficients and
the surface roughness of atherosclerotic interfaces makes it difficult to
numerically predict the detectable reflectivity. As an approximation, we assume
a near normal incident light source. For diffuse reflection, we turn to Fresnel’s
equation which states that, at a normal incidence, the reflection is given by
(n2� n1)2/(n2þ n1)2; where n1 is the average refractive index of a water-rich
native tissue material and n2 is the average refractive index of lipid-rich non-
native materials such as lipid particles and foam cells. This yields an average of
less than 1% of the incident light that would reflect back via diffuse reflection.
Given the morphologic complexity of most atheromas, the final detectable
signal would likely be the sum of these two modes of reflectivity. It is also likely
that the features of the reflected IR spectra would contain the absorption
patterns generated by the major pathologic components of an atheroma;
namely, atherogenic lipoproteins, extracellular phospholipid particles, smooth
muscle cells, foam cells, and disintegrating foam cells as they undergo apoptotic
cell death.45,46
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13.5 Mid-infrared Reflectivity of Experimental

Atherosclerosis

To test whether such reflectivity exists, we made IR measurements on the
explanted aorta of a 9-month-old female adult ApoE (� /� ) mouse fed a
high-fat diet. The ApoE (� /� ) mice (i.e. homozygous for the Apoetm1Une

mutation; C57BL/6�129SvJ) and wild-type controls were obtained from
Jackson Laboratories (Bar Harbor, Me). Apolipoprotein E (ApoE) is a ligand
for receptors that clear remnants of chylomicrons and very low density lipo-
proteins (VLDLs). Lack of the ApoE lipoprotein causes accumulation in
plasma of cholesterol-rich remnants, which accumulate in the circulation pro-
moting atherogenesis. ApoE deficient mice (� /� ) have been generated for use
as a murine model of spontaneous atherosclerosis. A high fat/cholesterol diet
greatly accelerates the development of large macroscopic plaques in these

Figure 13.1 Mid-infrared reflectivity of an aortic atheroma. Depending on the
refractive index, absorption coefficients and the surface roughness of
components in an atheroma, incident IR light may encounter a refractive
index boundary and undergo (a) diffuse reflection, (b) quasi-specular
reflection, or (c) their combination. CD, calcium deposits; EC, endo-
thelial cells; ECF, extracellular collagen fiber; FC, foam cells; MC,
macrophages; LC, lipid particles and lipid core; SMC, smooth muscle
cells; TC, T-cells; Arrows and lines, IR light paths.

358 Chapter 13



knockout mice. Foam cell-rich deposition is usually noted by the age of 3
months followed by severe occlusion with repeated intramural plaque hemor-
rhages, particularly within the brachiocephalic vessels, by the age of 8 months,
with a 50% incidence of sudden death 28 weeks after initiation of a high fat/
cholesterol diet. Most importantly, ApoE knockout mice develop all phases of
lesions found in humans in a time dependent manner and are recognized as an
appropriate model for human atherosclerosis.47,48

The ApoE (� /� ) mice in the current study were placed on a high fat/
cholesterol (1–2%) diet for 3 months until sacrifice. We employed Beamline
1.4.3 at the Advanced Light Source (ALS) synchrotron at LBNL (http://
infrared.als.lbl.gov/) as our mid-IR source. The synchrotron IR beam has
brightness in the range of approximately 1011 to 7�1012 photons/sec-mm2

mrad-0.1%BW when focused to a 10 mm spot. Each aortic specimen was placed
luminal side up beneath an IR-transparent ZnSe window (International Crystal
Labs, NJ) inside a custom-built environmental chamber where the temperature
was kept at B5 1C to maintain the ‘‘freshness’’ of the specimens during
reflectivity measurements. All FTIR measurements were recorded in the stan-
dard reflection mode in the mid-IR 4000 to 650 cm�1 region, and consisted of
128 co-added spectra at a spectral resolution of 4 cm�1.
Figure 13.2 shows examples of the FTIRmeasurements collected along a cluster

of different types of atheromas including histologically advanced lesions (VPs;
confirmed later by routine histologic examination) within the aortic arch. A signifi-
cant number of mid-IR photons (Figure 13.2a) that entered any given atheroma
were reflected and emerged from the tissue sample (Figure 13.2b). In contrast, few
were reflected from the non-diseased portions of aorta (Figure 13.2c).
A striking feature was that the reflected light contained the spectral features
(Figure 13.2d) known to be associated with atherosclerotic disease.36–38 For
instance, the 3100 to 2800 cm�1 region revealed similar spectral features known to
arise from the carbon hydrogen bond stretching vibrations of fatty acids and
cholesterol esters, including the –HCQCH– moiety of their unsaturated hydro-
carbon chains at B3010 cm�1, or from their acyl CH2 groups at B2925 and
B2852 cm�1.37,38 The strong absorption atB1745 cm�1 also matched the spectral
profile of the CQO stretching vibrations of ester carbonyl (4CQO) groups that
are found in atherogenic phospholipid. The broader absorptions in the 1700 to
1500 cm�1 region had comparable features to those generated by the 4CQO
stretching of the amide I and of the N–H bending of the amide II modes present in
the peptide groups of proteins. In the 1500–1000 cm�1 fingerprint region,
absorption characteristics atB1465 andB1375 cm�1 were similar in nature to the
vibrations of the lipid acyl CH2 and to the symmetric bending of the lipid methyl
CH3 groups, respectively. The absorptions at B1240 and B1090 cm�1 matched
the spectral patterns known to arise from the asymmetric and symmetric
stretching modes of PO�2 in the phosphodiester groups in phospholipids, whereas
absorptions centered at B1165 cm�1 and B1060 cm�1 matched the ester C–O–C
vibrations of phospholipid, cholesterol ester and fatty acid.36–38

A dendrographic analysis of all FTIR measurements at sites of atheromas
(employing the d-value distances measure, Ward’s algorithm, together with the
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distribution of the z-values, Figure 13.3) suggested that the FTIR spectra of
atherosclerotic aorta could be grouped into four categories (types I–IV)
(Figures 13.4a to 13.4d; heavy lines), based on their spectral similarity. To
determine whether the observed spectral patterns of reflected light could be
linked to particular pathologic features, we conducted additional FTIR mea-
surements on several model systems; including atherogenic lipoproteins,
phospholipid particles, activated macrophages, late-stage or disintegrating
foam cells, and smooth muscle cells (Figure 13.5). These biologic materials and
cell lines are characteristic of atheromatous disease and its progression.45,46

Although the exact hydrogen-bond environments of molecules in these model
systems are different from those in actual tissue samples, they do mirror
the different compositions of pathologic material found within atherosclerotic
plaques, and form the basis of our subsequent comparative analyses (Figure
13.4a to 13.4d; light lines).
Using the data from the model systems above we found that the type-I

spectrum (Figure 13.4a, heavy lines), based on its spectral shape and the sharply
defined high absorptions (at B2925, B2852, and B1745 B1465, B1375,
B1240, B1165, B1090, and B1060 cm�1), indicates the dominant presence of
lipoproteins and phospholipids (Figure 13.4a; light line). For the type-II

Figure 13.2 Examples of infrared reflectivity from aortic atheromas. Typical intensity
profiles of (a) the incoming synchrotron IR beam, (b) reflected signals
from atheromas, and (c) from non-atherosclerotic sites. (d) The corre-
sponding reflection–absorption spectra of (b) shared spectral character-
istics that were consistent with known excitation effects by IR photons on
atoms of molecules that are known to characterize atherosclerotic pla-
ques. Each plot shows the averaged spectrum (black trace) � 1.0 stan-
dard deviation (gray trace); n¼ 26.
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spectrum (Figure 13.4b; heavy line), its overall spectral shape indicates the
presence of foam cells (Figure 13.4b; light line) in addition to lipoprotein and
phospholipid; a characteristic of VPs. The type-III spectrum exhibits a fine
structure of a triplet of peaks at B1275, B1235, and B1205 cm�1, and a
doublet of peaks at B1083 and B1033 cm�1 (Figure 13.4c; heavy line), which
are indicative of type-I collagen,36,38 and possibly smooth muscle cells (Figure
13.4c; light line). Smooth muscle cells in VPs have been reported to orchestrate
the assembly of type-I collagen.49 Finally, the type-IV spectrum (Figure 13.4d;
heavy line) exhibits spectral features in the region 41400 cm�1 typical of the
spectral character of disintegrating foam cells (Figure 13.4d; light line), espe-
cially the spectral region between 1200 and 1000 cm�1 in which there was a
conspicuous absence of the PO�2 group absorption peaks that are characteristic
of nucleic acids and various oligo- and polysaccharides, most of which were
probably degraded during apoptotic cell death.

Figure 13.3 Similarity analysis of FTIR reflection spectra of atheromas. Dendrogram
of FTIR reflection–absorption spectra measured at 26 randomly chosen
locations within the cluster of atheromas (including vulnerable plaques)
(see text and Figure 2b). The dendrogram was based on the spectral
information contained and on employing the d-value distances measure
and Ward’s algorithm. An analysis of the dendrograms together with the
distribution of the z-values (not shown) suggests that a d-value of B500
(dotted lines) would be a reasonable spectral criterion for dividing the
reflection spectra into four types (see text and Figure 13.4).
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We then repeated FTIR measurements on the diseased aortas from three
additional ApoE (� /� ) mice (3-month-old adult females) and two wild-type
controls, and found similar results. These data support the hypothesis that the
pathologic components within atheromas cause both the reflection of IR light
and the characteristic absorption patterns observed in experimental
atherosclerosis.

13.6 Discussion

The diagnostic potential of the spectral information depends on the locations of
the spectral character in the mid-IR spectrum. The broad reflection–absorption
peak in all four types of VP spectra centered at B3300 cm�1 and a shoulder
near 3450 cm�1 match the mixed spectrum of our library of atherosclerotic
features. However, they are predominantly from the overlapping absorptions
arising from the O–H stretching vibrations of the hydroxyl group in water, and
the O–H and the N–H stretching mostly in protein peptides. These are mole-
cules of common biological materials and not specific to atherosclerotic disease.
Their effect on the character of an atherosclerotic reflection–absorption spec-
trum standard was not important as their spectrum was centered a significantly
higher wavenumber further away from the other more specific components of
the atherosclerotic spectra.
An important spectral character of diagnostic value is in the spectral region

between 3100 and 2700 cm�1, which is sensitive to the vibrations of C–H in the
polyunsaturated acyl chains of cholesterol esters and fatty acids. Given that
high levels of polyunsaturated cholesteryl ester have been linked to deposition
of cholesteryl ester from plasma,50 we think this could be a specific indicator of
the transport of non-native cholesterol materials into the vessel wall. The very
narrow but prominent absorption maximum at B1745 cm�1 matches the

Figure 13.4 Comparing spectral variations with the pathologic components of
atheromas. (a) Spectral variations in the type-I spectrum of atheromas
(heavy line) can be explained (see text) by the two-component model
spectrum of mixed ALþPP (light line). (b) Spectral variations in the
type-II spectrum of atheromas (heavy line) can be explained (see text) by
the three-component model spectrum of mixed ALþPPþFC (light
line). (c) Spectral variations in the type-III spectrum of atheromas (heavy
line) can be explained (see text) by the four-component model spectrum
of ALþPPþFCþ SMC (light line). Insert: a close-up comparison of the
type-III spectrum of atheromas (heavy line) with the composite spectrum
of ALþPPþFCþ SMC (light line). The triplet of peaks at 1300–
1200 cm�1 and the doublet of peaks at 1100–1000 cm�1 closely match the
typical spectral pattern of type-I collagen (see text). (d) Spectral varia-
tions in the type-IV spectrum of atheromas (heavy line) can be explained
(see text) by the spectrum of disintegrating foam cells (light line). R,
reflectance; AL, atherogenic lipoproteins; PP, phospholipid particles;
AM, activated macrophages; FC, late-stage foam cells; SMC, smooth
muscle cells. Spectral markers of key functional groups in the solid-state
atherosclerotic components are highlighted.
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increased absorption feature of the mixed atherosclerotic component spectra
with the added lipid particle spectral components. The spectral position of the
absorption between B1730 and B1750 cm�1 is very sensitive to the hydrogen-
bonding environment of the ester carbonyl groups and the redox conditions of
the lipids. For example, the absorption maximum for a lipid component can
shift from a frequency less than 1730 cm�1 to B1745 cm�1 upon oxidation.51

This blue-shift upon lipid oxidation has been reported to be associated with a
more hydrophobic environment where the lipid carbonyl groups are free from
forming complexes with other neighboring biomolecules via hydrogen bonding
interactions.52 We found that type-I, -II, and -III VP have the absorption
maximum at B1745 cm�1 and higher wavenumbers. This blue-shift of
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absorption maximum is a useful diagnostic feature for detecting the presence of
less hydrogen-bounded and more hydrophobic lipid components of athero-
sclerotic disease.
In both the type-III VP spectra and the EP spectra, we observed a triplet of

peaks at B1275, B1235, and B1205 cm�1, and a doublet of peaks at B1083,
and B1033 cm�1. Given that these fine spectral features are known to be
unique to type-I collagen,38,53 and since type-I collagen is reported to comprise
approximately two-thirds of the total collagen during atherosclerosis process,54

we believe this is another potentially valuable spectral structure for detecting
sites of atherosclerotic disease.
Further studies are required to determine whether these new findings can be

translated to the diseased vessels of other animal models, or in humans where
the dimensions of atherosclerotic plaques and their position beneath the
endothelial cell layer are much larger than that seen in the diseased aortas of
ApoE (� /� ) mice. This question has recently been partially answered by the
application of a mid-IR laser to image a patterned reflective surface through
150mm thick films of blood.55 Our results show that one can detect the pre-
sence of atherosclerotic risk factors beneath a layer of endothelial cells, at least
in the mouse model system. If this can be applied to humans in vivo, and with
continuing physics and engineering innovations, there will be an opportunity
for the development of a new intravascular diagnostic modality which can

Figure 13.5 Mid-infrared FTIR reflection spectra of individual biologic risk factors.
Photomicrographs and reflection–absorption FTIR spectra of athro-
genic lipoprotein (AL), phospholipid particles (PP), activated macro-
phage (AM), late-stage foam cells (FC), smooth muscle cells (SMC), and
disintegrating foam cells (DFC) are displayed. Each spectrum is an
average of at least 20 samples. Purified chicken egg yolk and bacterial
lipopolysaccharides (from Salmonella minnesota) were purchased from
Sigma-Aldrich (MO, USA). The J774.1 murine macrophage cells were
obtained 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 spectra of extracellular phospholipid particles
and smooth muscle cells that were isolated from transverse micro-dis-
sections of frozen ApoE(� /� ) mouse tissues. To obtain spectra of
macrophages and macrophage-derived foam cells, we activated mouse
macrophages (J774.1) in culture with bacterial molecules, and obtained
foam cells by feeding the activated macrophages cholesterol-containing
liposomes. Spectra of different stages of foam cells were measured at
different time points: 24 hours (early-stage foam cells), 48 hours (mature-
stage foam cells), and 72 hours (late-stage foam cells). To obtain spectra
of disintegrating foam cells, we fed activated macrophages excess cho-
lesterol-containing liposomes for 96 hours. Except for the smooth muscle
cells that were recorded on a low-E slide, all other atherosclerotic com-
ponent spectra were recorded with the samples placed on a gold-coated
glass microscope pieces (0.5 cm�1.0 cm) inside a custom-built environ-
mental chamber where the temperature was kept atB5 1C. Scale bars for
photomicrographs: PP, 5 mm; AM, FC, DFC, 10 mm; SMC, 15 mm.
Spectral markers of key functional groups are highlighted.
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detect and characterize sites of atherosclerosis discovered at the time of
screening coronary angiography.

Acknowledgements

This work was performed with support by the Directors of the Office of Science,
Office of Biological and Environmental Research, Medical Science Division,
the Office of National Petroleum Technology Program, the Office of Science,
Basic Energy Sciences, Materials Science Division, of the United States
Department of Energy under Contract No. DE-AC03-76SF00098.

References

1. R. J. Myerburg, A. Interian Jr, R. M. Mitrani, K. M. Kessler and
A. Castellanos, Am. J. Cardiol., 1997, 80, 10F.

2. W. Rosamond, K. Flegal, G. Friday, K. Furie, A. Go, K. Greenlund,
N. Haase, M. Ho, V. Howard, B. Kissela, S. Kittner, D. Lloyd-Jones,
M. McDermott, J. Meigs, C. Moy, G. Nichol, C. J. O’Donnell, V.
Roger,
J. Rumsfeld, P. Sorlie, J. Steinberger, T. Thom, S. Wasserthiel-Smoller
and Y. Hong, Heart disease and stroke statistics 2007 update a report
from the American Heart Association Statistics Committee and Stroke
Statistics Subcommittee, Circulation, 115, 169e.

3. P. K. Cheruvu, A. V. Finn, C. Gardner, J. Caplan, J. Goldstein, G. W.
Stone, R. Virmani and J. E. Muller, J. Am. Coll. Cardiol., 2007, 50, 940.

4. D. G. Katritsis, J. Pantos and E. Efstathopoulos, Coron. Artery Dis.,
2007, 18, 229.

5. A. Burke, A. Farb, G. T. Malcolm, Y. H. Liang, J. Smialek and R.
Virmani, N. Engl. J. Med., 1997, 336, 1276.

6. R. Virmani, F. D. Kolodgie, A. P. Burke, A. Farb and S. M. Schwartz,
Arterioscler. Thromb. Vasc. Biol., 2000, 20, 1262.

7. C. L. Lendon, M. J. Davies and G. V. Born, Atherosclerosis, 1991, 87, 87.
8. R. Ross, N. Engl. J. Med., 1999, 340, 115.
9. J. Narula, R. Virmani and B. L. Zaret, in Atlas of nuclear cardiology, E.

Braunwald, V. Dilsizian, J. Narula (eds.), Philadelphia, Current Medi-
cine, 2003, pp. 217.

10. J. R. Davies, J. H. Rudd, P. L. Weissberg and J. Narula, J. Am. Coll.
Cardiol., 2006, 47, C57.

11. M. Naghavi, P. Libby, E. Falk, S. W. Casscells, S. Litovsky, J. Rum-
berger, J. J. Badimon, C. Stefanadis, P. Moreno, G. Pasterkamp, Z.
Fayad, P. H. Stone, S. Waxman, P. Raggi, M. Madjid, A. Zarrabi, A.
Burke, C. Yuan, P. J. Fitzgerald, D. S. Siscovick, C. L. de Korte, M.
Aikawa, K. E. J. Airaksinen, G. Assmann, C. R. Becker, J. H. Chesebro,
A. Farb, Z. S. Galis, C. Jackson, I. K. Jang, W. Koenig, R. A. Lodder, K.
March, J. Demirovic, M. Navab, S. G. Priori, M. D. Rekhter, R. Bahr, S. M.

366 Chapter 13



Grundy, R. Mehran, A. Colombo, E. Boerwinkle, C. Ballantyne, W. Insull,
Jr, R. S. Schwartz, R. Vogel, P. W. Serruys, G. K. Hansson, D. P. Faxon,
S. Kaul, H. Drexler, P. Greenland, J. E. Muller, R. Virmani, P. M. Ridker,
D. P. Zipes, P. K. Shah and J. T. Willerson, Circulation, 2003, 108, 1664.

12. P. Libby, Am. J. Cardiol., 2001, 88(Suppl B), 3.
13. Z. A. Fayad and V. Fuster, Circ. Res., 2001, 89, 305.
14. J. E. Muller, G. S. Abela, R. W. Nesto and G. H. Tofler, J. Am. Coll.

Cardiol., 1994, 23, 809.
15. E. Falk, P. K. Shah and V. Fuster, Circulation, 1995, 92, 657.
16. P. Libby, Sci. Am., 2002, 47.
17. H.-Y. N. Holman. C. Bjornstad, C. Rosenberg, M. C. Martin, W. R.

McKinney, E. A. Blakely, and F. G. Blankenberg, J. of Biomedical Optics,
2008, 13, 030503-1.

18. J. Barkhausen, W. Ebert, C. Heyer, J. F. Debatin and H. J. Weinmann,
Circulation, 2003, 108, 605.

19. M. Zimarino, F. Prati, E. Stabile, J. Pizzicannella, T. Fouad, A. Filippini,
R. Rabozzi, O. Trubiani, G. Pizzicannella and R. De Caterina, Athero-
sclerosis, 2007, 193, 94.

20. H. Yabushita, B. E. Bouma, S. L. Houser, H. T. Aretz, I.-K Jang, K. H.
Schlendorf, C. R. Kauffman, M. Shishkov, D.-H Kang, E. F. Halpern
and G. J. Tearney, Circulation, 2002, 106, 1640.

21. J. Schmitt, D. Kolstad and C. Petersen, Coherence Tomography Opens
a Window onto Coronary Artery Disease, Optics & Photonics News,
February 2004, 20.

22. S. Verheye, G. R. Y. de Meyer, G. Van Langenhove, M. W. M. Knaapen
and M. M. Kockx, Circulation, 2002, 105, 1596.

23. C. L. De Korte, S. G. Carlier, F. Mastik, M. M. Doyley, A. F. W. van der
Steen, P. W. Serruys and N. Bom, Eur. Heart J., 2002, 23, 405.

24. R. C. Detrano, Br. Heart J., 1994 October, 72, 313.
25. R. Erbel, A. Schmermund, S. Möhlenkamp, S. Sack and D. Baumgart,
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