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Abstract

As we enter the second half of the nineties, one of the major challenges for biological infrared spectroscopists is to
transfer the knowledge we have gained from studies on isolated molecules to the complex world of medicine. That it is
possible to meet this challenge is suggested by comparison with the development of other biophysical techniques, such as
magnetic resonance spectroscopy and imaging, which have already found their place in medical research and practice. The
Spectroscopy Group in Winnipeg is developing and evaluating a variety of new IR techniques for the analysis of body fluids
and tissues, both in vitro and in vivo. Herein, we review these methodologies, which comprise both instrumental (imaging
and spatially localized IR spectroscopy) and interpretational procedures aimed at optimizing the measurements and their

conversion to biodiagnostic information. © 1997 Elsevier Science B.V.
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1. Historical perspective

In 1800, the British astronomer Sir William Her-
schel discovered the infrared region of the electro-
magnetic spectrum, paving the way for the rapid
development of the technique of infrared spec-
troscopy [1]. Within 35 years, the first mid infrared
spectrometer had been constructed [2], and within
about 90 years the technique was finding applica-
tions in astronomy (for example, examining the
emission spectrum of the sun [3]) and in physical [4],
organic [5] and atmospheric chemistry. ! The success
of spectroscopic techniques in these areas led the
prominent physiologist Thomas Huxley to comment

" Corresponding author.
' S.P. Langley (1881), cited in Ref. [6].

‘““What an enormous revolution would be made in
biology, if physics or chemistry could supply the
physiologist with a means of making out the molecu-
lar structures of living tissues comparable to that
which spectroscopy affords to the inquirer into the
nature of the heavenly bodies’’. Although Huxley
did not know it, physicists and chemists had already
provided the physiologist with just such a means, in
the form of infrared spectroscopy. This was amply
demonstrated by the pioneering work of Blout and
Mellors [7] and Woernley [8], who demonstrated that
infrared spectra of human and animal tissues could
indeed provide information concerning the molecular
structure of the tissue. Unfortunately, this avenue of
exploration was not vigorously pursued, perhaps due
to the complexity of both the systems under investi-
gation and the spectra they produced as well as
instrumental limitations. Instead, attention was fo-
cused on the spectroscopic properties of isolated
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biological molecules, particularly proteins, lipids and
nucleic acids.

The demonstration by Elliot and Ambrose [9,10]
that the major protein absorption in IR spectra is
sensitive to protein conformation was followed by
almost 50 years of successful infrared spectroscopic
analysis of protein structure [11-14]. For about 30
years, IR spectroscopy has been used to probe
lipid /membrane structure and dynamics, providing
more information relating to lipid phase behaviour
than almost any other physical technique [15-17].
Furthermore, many investigators have taken advan-
tage of the fact that lipid—protein interactions can be
studied by IR spectroscopy, and information relating
to both the lipid and protein components extracted
[18,19]. Unfortunately, nucleic acids have not been
studied as extensively as lipids and proteins, but IR
spectroscopy has still provided much valuable infor-
mation, particularly respecting transitions between
the various structural forms of DNA [20,21].

We now have 50 years of experience with in-
frared spectroscopic studies of isolated biological
materials. In addition, significant advances in instru-
mentation and data processing have been made which
allow an unprecedented amount of information to be
recorded and then decoded from IR spectra. With
this in mind, it seemed appropriate to us to revisit the
use of infrared spectroscopy in the study of tissues,
applying the results of these 5 decades of fruitful
research to further our understanding of the spectro-
scopic properties of tissues. In this article, we will
review the methodologies which we have developed
over the last 5 years for the characterisation of
tissues and the diagnosis of disease states. For con-
venience, we divide our studies into three distinct but
related areas: IR pathology, IR clinical chemistry and
IR imaging. The power of infrared spectroscopy in
tissue characterisation and disease diagnosis will be
illustrated with representative examples from each of
these areas.

2. Definitions and methodologies

2.1. Definitions

The definition of infrared clinical chemistry is
quite straight forward: it is the infrared spectroscopic

analysis of biological fluids resulting in the quantita-
tive determination of analytes of interest. The in-
frared spectroscopic approach to clinical chemistry
has two important advantages when compared to
classical clinical chemistry techniques. First, no
reagents are required. Many of the standard clinical
chemistry tests require the addition of reagents to the
sample to produce a coloured product and the con-
centration of the product is determined colourimetri-
cally. This approach is necessary as relatively few
naturally occurring biological species have strong,
characteristic UV or visible spectra. On the other
hand, all of the organic and many of the inorganic
materials present in biological fluids give rise to
infrared spectra without the need for chemical modi-
fication.

As with all other forms of optical spectroscopy,
the intensity of IR absorptions arising from a particu-
lar species is directly proportional to the concentra-
tion of that species. In addition, as infrared spec-
troscopy is an averaging technique, all infrared ac-
tive components are probed simultaneously. Thus,
the infrared spectrumn of a biological fluid is the sum
of the absorptions arising from all of the IR active
species present in the fluid, weighted according to
the concentration of each species. This leads to the
second major advantage of IR clinical chemistry: as
the IR spectrum of a biological fluid is the sum of all
of the IR active components present in the fluid, the
concentration of each IR active component is en-
coded in each spectrum. Thus, in principle, it is
possible to determine the concentration of multiple
analytes from a single spectrum, imparting a signifi-
cant saving of time and labour.

We define infrared pathology as the study of the
disease process by infrared spectroscopic analysis of
excised tissue and isolated cells. Again, this ap-
proach has a number of advantages over the classical
approach to pathology. For instance, fixation and
staining of tissues are necessary before a histological
assessment of tissue sections can be performed. No
fixation or staining is required for IR studies. Indeed,
staining is undesirable as the stain will itself con-
tribute significantly to the infrared spectrum of the
sample. Fixation may also result in artefactual results
if care is not exercised in the choice of fixative.
Furthermore, an IR spectroscopic approach to pathol-
ogy has the major advantage that it provides infor-
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mation concerning the molecular structure of the
tissue.

2.2. Spectral acquisition techniques

Infrared clinical chemistry measurements may take
a variety of forms, including standard transmission
measurements conducted on the native biological
fluid. However, the strong molar absorptivity of
water in the mid infrared region of the spectrum can
cause serious problems unless the measurement is
restricted to very short pathlengths (< 10 pm). Such
short pathlengths lead to problems with reproducibil-
ity. Problems associated with strong water absorp-
tions may be overcome by drying the fluid to form a
film, making measurements in the near infrared or
using specialised techniques such as attenuated total
reflectance (ATR) spectroscopy. ATR methods are
not without problems (including adsorption of mate-
rials onto the ATR substrate and a dependence of
penetration depth upon wavelength which causes
spectral distortions), and we prefer to make measure-
ments on dry films in the mid infrared [22] or on the
native fluid in the near infrared [23]. Both methods
have the advantage that very small volumes of fluid
are needed, 10-20 wl for mid infrared investigations
of films and 200-300 wl for near infrared investiga-
tions of the native fluid.

Sampling methods for infrared pathology are more
numerous than for infrared clinical chemistry. Any
cell suspension or tissue found in the body can be
analysed by infrared spectroscopy if sufficient sam-
ple can be obtained and the appropriate sampling
technique is available. The definition of ‘sufficient’
depends upon the instrumentation available to the
investigator. For standard transmission experiments
conducted between infrared transparent windows,
high quality spectra can be obtained from cell sus-
pensions containing 10—50,000 cells, depending upon
the size of the cells. In the case of tissues, such
measurements generally require a sample size of 1
mm?. If an infrared microscope is available, spectra
may be obtained from single cells if the cells are
larger than 10 pwm in diameter. With smaller cells,
spectra may be obtained from clusters of 5-10 cells.
In the case of tissues, the infrared microscope allows
thin sections (10 pum) to be analysed with a very
high spatial resolution (10 gwm X 10 pm).

Many samples are more difficult to analyse, and
cannot be easily sectioned with a microtome or
pressed between windows. Examples of such sam-
ples include bone and teeth. Bone can be de-minera-
lised to soften the sample and allow sectioning.
However, if the crystallinity of the mineral phase (or
even the amount of different minerals present) is of
interest, then this approach is unfeasible. Instead,
techniques such as diffuse reflectance or photo-
acoustic spectroscopy may be used. An additional
advantage of photoacoustic spectroscopy is that with
the use of a step-scan interferometer depth profiling
can be performed, providing information concerning
compositional /structural changes with increasing
depth of penetration of the IR radiation [24].

2.3. Data processing techniques

Once spectra have been obtained, there are a
number of data processing methods available to ex-
tract qualitative and quantitative information. The
first method we apply is the classical approach to
spectroscopic data analysis, often referred to as the
group frequency approach. Using this approach, par-
ticular absorptions are assigned to various functional
groups in an attempt to extract biochemical informa-
tion from the spectra. For example, absorptions be-
tween 1620—1680 cm ™! are usually attributed to the
amide I vibration of proteins, while absorptions at
1080 and 1240 cm~' are attributed to the PO,
symmetric and asymmetric stretching vibrations of
DNA phosphodiester groups [25]. Using such assign-
ments, qualitative and semi-quantitative information
can be extracted from spectra.

Quantitative information can be obtained from IR
spectra using a number of data processing methods.
The simplest method consists of measuring the inte-
grated area of an absorption band of interest and
correlating the intensity of this marker band with the
concentration of the analyte under investigation. Such
a method can only be applied if the marker band is
well resolved (i.e., does not overlap with any other
absorptions). Such a situation is unfortunately rare in
biological samples and the method is not generally
applicable. However, one example is described be-
low (Sections 3.1 and 3.2).

In most cases where quantitative information is
required, the absorptions arising from the analyte of
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interest show significant overlap with absorptions
from other species. In such cases, methods such as
partial least squares analysis can be calibrated to
correlate complex changes in reference spectral sig-
natures with changes in analyte concentration [26].
This calibrated method can then be used to predict
analytes in unknown samples. Occasionally, it is
possible to simplify the analysis by simplifying the
question. For example, rather than knowing the abso-
lute concentration of an analyte, it may be sufficient
simply to know if the analyte is present or not. An
automated multivariate pattern recognition method
such as linear discriminant analysis (LDA) can then
be trained to recognise the complex spectroscopic
features characteristic of the presence or absence of
the analyte.

Multivariate pattern recognition methods are pow-
erful tools for the comparison of a large number of
variables within a data set (hence, the term, multi-
variate). Variables include the absolute intensity of
one or more absorptions, the position of one or more
absorptions, the relative intensities of two or more
absorptions, the width of one or more absorptions,
the relative width of two or more absorptions, and so
on. Multivariate pattern recognition methods can then
determine patterns in these variables which are char-
acteristic of subsets of the data (hence, the term,
pattern recognition). For a complex data set, it may
be that a combination of 10 or more variables is
required to adequately determine a pattern which is
characteristic of a particular subset.

Multivariate pattern recognition techniques fail
into two general classes: unsupervised and super-
vised. Unsupervised methods such as hierarchical
clustering determine intrinsic structure within data
sets, without prior knowledge. With such methods, a
direct comparison of spectra is made and subsets of
data formed based upon spectral similarities. Super-
vised methods such as LDA are generally more
powerful tools, and make use of the fact that the
investigator often has a substantial amount of infor-
mation available regarding the data set. This infor-
mation may be, for example, biochemical or clinical
in nature. This information is used to train the pat-
tern recognition algorithm to recognise the particular
combination of variables in a subset of data which is
characteristic of the information. The algorithm can
then search for this combination of variables in test

data and make a classification based upon its pres-
ence or absence. Application of techniques such as
LDA and cluster analysis have allowed us to classify
IR spectra of isolated cells, tissues and biological
fluids and diagnose a variety of disease states with a
high degree of accuracy [22,23,27].

The application of these data acquisition and pro-
cessing techniques is illustrated in the following
sections.

3. Infrared clinical chemistry
3.1. Quantitation of thiocyanate in saliva

Saliva is perhaps the most easily obtained biologi-
cal fluid, which has led to many attempts to find a
diagnostic use for this complex material. The most
successful of these attempts led to the development
of a method for the diagnosis of cystic fibrosis based
upon the concentration of NaCl in saliva. While
simple inorganic materials such as NaCl cannot be
analysed by infrared spectroscopy, other materials
present in saliva give rise to strong, characteristic
absorptions. These material include proteins, lipids,
carbohydrates and thiocyanate. Thiocyanate is con-
verted to the potent antibacterial compound hypoth-
iocyanite, and possibly plays a role in preventing
infection of the oral cavity by opportunistic bacteria.
Thiocyanate is also present in the body as a by-prod-
uct of cigarette smoking, and thiocyanate levels have
been investigated extensively as a possible indicator
of smoking status.

Infrared spectra of films formed by drying saliva
under a light vacuum show many absorptions which
are found in all biological fluids, which may be
attributed to the lipid (2800-3000 cm™'), protein
(3300, 1650 and 1550 cm™') and carbohydrate
(1000—1200 cm ™ ") components of saliva (Fig. 1). In
addition, a well resolved band arising from thio-
cyanate is apparent at 2058 cm™!, a spectral region
fortunately devoid of absorptions in most biological
systems [28]. Dry protein films prepared from solu-
tions enriched in thiocyanate also show this absorp-
tion, suggesting that thiocyanate in saliva films is
complexed with proteins (interestingly, we have also
shown that metabolically produced CO, trapped in
dry films of biological fluids also appears to be
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Fig. 1. IR spectra of dry films of human saliva collected in the
morning (upper trace) and late afternoon (middle trace) from the
same individual. The lower trace is the difference spectrum gener-
ated by subtraction of the middle trace from the upper trace. The
thiocyanate absorption at 2058 cm ™' is shaded.

complexed with proteins [29]). The integrated inten-
sity of the thiocyanate absorption in protein films
and the added thiocyanate concentration were lin-
early related (Beer’s law), with a calibration coeffi-
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Fig. 2. Integrated area of the thiocyanate absorption at 2058 cm ™!
in dry protein films as function of added KSCN concentration.
Each measurement was made in triplicate. The inset shows the
thiocyanate absorptions at each concentration.

cient of 0.994 (Fig. 2). Assuming the molar absorp-
tivity of the thiocyanate—protein complex in protein
films is similar to that seen in saliva, the thiocyanate
concentration in saliva samples could then be deter-
mined. In particular, the variation in saliva thio-
cyanate throughout the day was investigated (Fig. 1).
The results indicated that thiocyanate concentrations
peak early in the morning (2.7 mM) and decrease
throughout the day, levelling of at 0.7 mM by late
afternoon [27].

The advantages of this infrared spectroscopic ap-
proach compared to more traditional methods for
thiocyanate determination (colourimetry and HPLC)
include simplicity, speed and the fact that expensive
reagents are not required.
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Fig. 3. Near infrared spectra of urine and urea. (A) Original
absorbance spectrum of urine. (B) Second derivative spectrum of
urine. (C) Expanded second derivative spectra of 10 urine sam-
ples. (D) Expanded second derivative spectrum of urea at 5
concentrations.
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3.2. Quantitation of analytes in urine

Analysis of urine has been of fundamental impor-
tance in medicine for centuries. Of particular impor-
tance from a clinical point of view are urine glucose,
protein, urea and creatinine concentrations. Cur-
rently, these analytes are determined colourimetri-
cally using an automated clinical chemistry analyser.
While highly precise and accurate, this method has
the disadvantage of being expensive of reagents and
can only be used for determination of one analyte at
a time. We have investigated the potential use of
near infrared spectroscopy for the determination of
urine protein, creatinine and urea [30].

The near infrared spectrum of urine is presented
in Fig. 3 (traditionally, near IR spectra are presented
in nm rather than wavenumbers). As expected, the
spectrum is dominated by broad absorptions from
water. Calculation of the second derivative of the
absorbance spectrum reveals a number of weaker
absorptions which arises from solutes dissolved in
the urine (Fig. 3B,C). Comparison with the second
derivative spectrum of urea solutions demonstrates
that many of these weak absorptions can be at-
tributed to urea (Fig. 3D). As absorptions from urea
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are the major solute absorptions, it is relatively
straight forward to develop a calibration for urea
concentration based upon a correlation between spec-
tral intensities and measured urea concentration us-
ing Beer’s law. The urea absorption at 2152 nm
provides the best calibration, resulting in a linear
relationship between intensity and measured urea
concentration with a slope of close to unity [30]. The
accuracy of this calibration was verified by predic-
tion of the urea concentration in a number of un-
known samples, which were then analysed by stan-
dard laboratory methods. Again, a linear relationship
was found between urea concentrations determined
by the near infrared and standard methods, with a
slope close to unity (Fig. 4). This simple approach
can therefore be used to accurately quantitate urea
concentrations in urine. A more flexible model which
simultaneously examined fluctuations in other ab-
sorption bands resulted in slightly improved accu-
racy [30].

The absorptions arising from creatinine and pro-
teins are much weaker than those arising from urea,
and are overlapped by absorptions from other species.
Partial least squares analysis is the most appropriate
prediction method in this case. Using reference spec-
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Fig. 4. Determination of urea concentration in urine using near infrared spectroscopy. (A) Calibration curve calculated for spectra of urine
samples with known urea concentrations. (B) Regression of urea concentration predicted from spectra of unknown urine samples against

actual values. SE = standard error of prediction.
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tra and experimentally determined analyte concentra-
tions, PLS methods derive factors from spectra which
account for spectral variance. This variance may be
due to spectral noise, baseline shifts or directly
related to changes in analyte concentrations. Extrac-
tion of the factors correlated with variance in the
analyte of interest allows a linear relationship be-
tween concentration and spectral properties to be
determined, which then forms the basis of the cali-
bration for that analyte. Using this approach, a linear
relationship between experimentally determined urine
creatinine concentrations and concentrations deter-
mined by near infrared spectroscopy was found, with
a slope of 0.953 [30]. For protein determination, the
slope of the relationship between lab values and near
infrared values was lower, 0.923, implying a reduced
accuracy for protein concentration determination by
near infrared spectroscopy.

As with quantitation of thiocyanate ion concentra-
tion, the advantages of the infrared clinical chemistry
approach to urine analysis are the lack of reagents,
simplicity and speed.

3.3. Prediction of foetal lung maturity

A major problem in the management of high risk
pregnancies is the determination of foetal lung matu-
rity. This determination is required in order for the
attending physician to be able to determine whether
or not the lungs are sufficiently developed to allow
unassisted breathing if labour must be induced pre-
maturely. If the lungs are not sufficiently mature, a
condition known as respiratory distress syndrome
(RDS) results, which even when not fatal, can result
in significant long term health problems. For unas-
sisted breathing to occur, the foetal lung must be
able to produce sufficient surfactant, of correct com-
position, to reduce the surface tension in the alveoli
and allow expansion of lung following parturition.
The lung is considered to be mature when the ratio
of lecithin to sphingomyelin, two major components
of lung surfactant, in the amniotic fluid reaches a
value of two.

The lecithin to sphingomyelin ratio (L. /S ratio) is
most commonly assessed by thin layer chromato-
graphic analysis of amniotic fluid samples obtained
by amniocentesis. While TLC is the gold standard
for the assessment of L /S ratios world-wide, it is

not without drawbacks. Drawbacks include a large
coefficient of variation and the length of time the
analysis requires. This has led to the search for
alternative techniques for the determination of the
L /S ratio.

As lipids have highly characteristic infrared spec-
tra, we decided to investigate the potential use of
infrared spectroscopy for the determination of L /S
ratios [31]. We have used partial least squares (PLS)
regression analysis to correlate the intensity of ab-
sorbances arising from sphingomyelin and lecithin in
near infrared spectra of amniotic fluid with the L /S
ratio determined by TLC. A linear correlation be-
tween the L /S ratio predicted from near infrared
spectra and the ratio determined by TLC is obtained,
with a correlation coefficient of 0.91, demonstrating
that this near infrared spectroscopic method can be
used to reliably determine the L /S ratio in amniotic
fluid samples.

4. Infrared pathology

4.1. Characterisation of leukaemic lymphocytes and
diagnosis of leukaemia

Disease states resulting from disturbances of the
biochemistry of the cellular elements of blood are
tempting targets for spectroscopic study as they can
be easily obtained in a pure, concentrated form. This
has prompted us to begin an investigation of the
spectroscopic properties of leukaemic lymphocytes
[32]. Representative infrared spectra of films of lym-
phocytes from a control subject and a subject with
chronic lymphocytic leukaemia (CLL) are shown in
Fig. 5. These complex spectra arise from the super
imposition of the individual spectra of all of the
infrared active constituents of the cells, including
lipids, proteins, nucleic acids and carbohydrates. De-
spite the complexity of the spectra, it is possible to
assign absorptions in some spectral regions to vibra-
tions of specific chemical groups within individual
cellular components. Absorptions from proteins dom-
inate the spectral regions between 1500—1700 c¢cm ™!
(polypeptide N-H bending and C=0 stretching vi-
brations, while the region between 1000—1300 cm ™!
and 1400-1500 cm ™' are dominated by absorptions
from nucleic acid phosphodiester PO, stretching
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Fig. 5. Deconvolved infrared spectra of control (A) and leukaemic

(B) lymphocytes. Shaded areas illustrate spectral differences at-
tributed to differences in nucleic acids.

vibrations and phospholipid acyl chain CH, and
CH, bending vibrations, respectively.

The frequency and relative intensity of these ab-
sorptions provides structural and quantitative infor-
mation. For example, the frequency of the absorption
arising from the polypeptide backbone C=0O stretch
(1620-1680 cm ', known as the amide I band) is
sensitive to the secondary structure of the proteins
present. Furthermore, the frequency of the CH, and
CH, bending and stretching absorptions are sensitive
to packing constraints within cell membranes, while
the frequency of the phosphodiester PO, stretching
vibrations are sensitive to hydrogen bonding interac-
tions within nucleic acids. The intensity of each
absorption is directly proportional to the concentra-
tion of the relevant chemical group present in the
sample. If the structure /interactions and /or concen-
trations of cellular lipids, proteins or nucleic acids is
altered in CLL, an analysis of the positions and
relative intensities of the major absorptions seen in
control and CLL cells should provide information
concerning the nature of the biochemical changes
accompanying leukaemia, which should also prove
to be diagnostic spectral markers.

A comparison of the control and CLL lymphocyte
spectra shown in Fig. 5 reveals a number of impor-
tant differences [32]. The ratio of the intensity of the
amide I band to the intensity of the CH, stretching

absorptions is increased in CLL cells (not shown),
suggesting an increase in the protein content of the
cells, a decrease in the lipid content or both. A
decrease in the lipid content of CLL cells is also
suggested by the reduction in the intensity of the
absorptions at 1468 cm ™' (attributed to CH, bend-
ing vibrations) and 1742 cm™! (attributed to lipid
ester C=0O stretching vibrations).

Significant changes in the shape of the protein
absorptions are apparent. The frequency of the amide
I maximum is shifted from 1656 cm~! in control
cells to 1652 cm™' in CLL cells and there is a
significant increase in intensity at 1636 cm~'. Both
of these changes are indicative of either gross struc-
tural modification of a large number of cellular
proteins, a change in the relative concentrations of
the cellular proteins (i.e., preferential expression of
certain proteins) or the expression of a new set of
proteins with different structural properties. In partic-
ular, the increased intensity at 1636 cm™! in spectra
of CLL cells indicates an increased proportion of
B-sheet secondary structures. Gross structural modi-
fication of a significant number of cellular proteins
seems unlikely, as this will result in a high propor-
tion of non-functional proteins, leading to cell death.
The shift in the amide I absorption therefore suggests
a change in protein expression in CLL cells, with
CLL cell proteins being rich in B-sheet secondary
structures.

In addition to changes in the membrane lipids and
cell proteins, significant differences are apparent in
the PO, stretching absorptions of the phosphodi-
ester groups of nucleic acids. Differences are appar-
ent in both the shape and intensity of the PO,
symmetric (1085 cm™') and asymmetric (1240
cm ') stretching vibrations, indicating that CLL cells
have a greater nucleic acid content than control cells,
and that the hydrogen bonding interactions of the
nucleic acids are different in the two cell types.
Increased nucleic acid content is also suggested by
the increased intensity of the absorption at 1714
cm~ ! in CLL cells, which arises from C=0 stretch-
ing vibrations of nucleotide bases.

In addition to allowing diagnosis of CLL, infrared
spectral features are also useful prognostically. Pro-
gressive changes in DNA content of CLL cells from
a number of patients were spectroscopically detected
over the course of 12 months, as deduced from a
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progressive increase in the intensity of the absorption
at 1714 cm™ . Clinically, this correlates with a short
lymphocyte doubling time in these patients. In other
words, changes in the intensity of the absorptions
attributed to DNA in CLL cells over time can be
correlated with the degree of aggressiveness of the
disease.

4.2, Characterisation of breast tumour tissue and
staging of breast cancer

Characterisation of breast tissue provides a much
greater challenge to the infrared spectroscopist than
characterisation of lymphocytes, due to the differ-
ence in the nature of the samples. As discussed
above, lymphocytes are tempting targets for study as
they can easily be obtained as a pure suspension. In
contrast, the epithelial cells of the breast, the compo-
nent of breast tissue which is transformed in breast
cancer, are anchored in a complex matrix consisting
primarily of adipose tissue and collagen. This matrix
of adipose tissue and collagen is not homogeneous
and varies spatially and temporally, a fact which has
important spectroscopic consequences [25].

A strong lipid content in breast tissue gives rise to
intense absorptions at 1095, 1163, 1378, 1466, 1740
and 2800-3050 cm ™!, attributed to CO—O—C asym-
metric and symmetric stretching, CH; symmetric
bending, CH, bending, ester C=0O stretching and
CH, and CH, symmetric and asymmetric stretching
vibrations respectively (Fig. 6A). A strong collagen
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Fig. 6. Deconvolved infrared red spectra of human breast tumours
with high collagen (A) and adipose tissue (B) content.

component results in the appearance of absorptions
at 1033, 1082, 1204, 1240, 1280 and 1338 cm™ ',
arising from C-OH stretching absorptions of colla-
gen carbohydrate moieties, C—N stretching vibra-
tions of the collagen polypeptide backbone and CH,
wagging vibrations of collagen side chains (Fig. 6B).
In addition, a strong amide I absorption at 1634
cm™! is apparent in spectra of collagen rich tissue. It
can therefore be appreciated that the normal spatial
and temporal variations in collagen and lipid content
of breast tissue samples will result in major varia-
tions in almost all regions of the spectrum.

With such large variations in the spectral charac-
teristics of breast tissue arising as a result of normal
variations in breast tissue composition, can the much
less pronounced changes expected as a consequence
of the progression of the disease be detected? Many
of the spectral changes expected to accompany dis-
ease progression may be masked by variations in
lipid and /or collagen content. For example, as dis-
cussed above our studies on CLL have shown that
the spectroscopic differences between normal and
malignant lymphocytes include differences in the
PO; absorptions of DNA phosphodiester groups
[32]. Unfortunately, these absorptions are seen at
1080 and 1240 cm ™!, regions of the spectrum domi-
nated by absorptions from both collagen and lipid in
breast tissue. Thus, changes in cellular DNA which
accompany the disease process (e.g., altered chromo-
somal structure, increased DNA content) will be
masked by the large changes in collagen and lipid
content which occur between and within breast tu-
mours. Similarly, changes in protein expression
which accompany the disease process and are mani-
fested in changes in the amide I absorption will be
masked by differences in collagen content, while
changes in cell membrane properties which would be
manifested as changes in CH stretching absorptions
will be masked by differences in lipid content. Vi-
sual discrimination of spectroscopic changes associ-
ated with the disease process in the breast is there-
fore unfeasible.

With visual discrimination of the spectral changes
associated with breast cancer impossible, we applied
sophisticated pattern recognition methods to the clas-
sification of breast tumour spectra [33]. Tumours
were classified pathologically as high, intermediate
or low grade. A linear discriminant algorithm was
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trained to recognise the spectral features characteris-
tic of each grade and 77 breast tumour spectra were
classified. The results of this classification are shown
in Table 1. Numbers in rows represent the results of
histopathological classification of the tumours, while
numbers in columns represent the classification pre-
dicted by the trained LDA algorithm. Numbers on
the diagonal (in bold itatics) show the number of
correctly classified spectra. Thus, for 21 tumours
pathologically classified as low grade, 19 (90.5%)
gave rise to spectra which could be correctly classi-
fied as arising from low grade tumours. For interme-
diate grade tumours, the accuracy of the LDA classi-
fication was significantly reduced, only 26 of 34
spectra (76.5%) were correctly classified. In fact,
perhaps not surprisingly, the accuracy of the LDA
classification of the intermediate grade tumours was
lowest of the three classifications attempted. It is
interesting, however, that the analysis always mis-
classified intermediate grade tumours as high grade
tumours, and never as low grade tumours. All high
grade tumours were correctly classified. The overall
accuracy of the method was 87%, with 67 of 77
tumours correctly classified [33].

In addition to grading tumours, we also attempted
to use LDA to predict whether oestrogen and proges-
terone receptors were present in tumours. For oestro-
gen receptors, correct classification as either receptor
positive or negative was achieved for 93.3% of
tumours, with classification of oestrogen negative
tumours being superior to classification of receptor
positive tumours (88.9% vs. 96.3%). This situation
was reversed for progesterone receptors, with 95.8%
of receptor positive tumours being correctly classi-

Table 1
Results of linear discriminant analysis classification of breast
tumour spectra by grade

L I H % Accuracy SP(%) PPV (%)
L 19 1 1 90.5 100 100
I 0 26 8 76.5 97.6 94.1
H 0 0 22 100 85.9 77.9

Overall accuracy = 87%.

Numbers in rows represent the pathological classification of tu-
mours, results in columns are the calculated classifications. L =
low grade, I = intermediate grade, H = high grade. Bold italics
indicate correct classifications. See text for more details.

fied compared to 84% of receptor negative tumours,
and the overall accuracy of prediction was slightly
reduced (89.8%). Obviously, this analysis is not
detecting the presence of these receptor per se (steroid
hormone receptor concentrations in the breast are of
the order of fg/mg tissue) but is, we believe, detect-
ing the spectroscopic consequences of the cascade of
events initiated by receptor activation, such as pro-
tein phosphorylation.

These results demonstrate that while spectra of
breast tumours are complex, and innate variations in
sample histology on a microscopic and macroscopic
appear to mask spectral changes associated with the
disease process, a surprising amount of clinically
relevant information can be obtained by the correct
application of multivariate pattern recognition meth-
ods.

4.3. Characterisation of Alzheimer’s disease tissue

One of the major pathological hallmarks of
Alzheimer’s disease (AD) is the presence of neuritic
plaques, neurotoxic aggregates of A4 amyloid pep-
tide, in the grey matter of affected individuals. As
aggregated proteins and peptides have characteristic
infrared spectroscopic signatures [14], we attempted
to identify the spectroscopic signature of A4 in AD
tissue. Our initial studies focused on analysis of
small pieces (1 mm?) of AD tissue placed between
IR transparent (diamond) windows. Although we
could not reliably identify spectral features at-
tributable to neuritic plaques, we could classify spec-
tra as arising from control or AD tissue using LDA,
hierarchical clustering and artificial neural networks
with an impressive degree of success [27]. We as-
cribed our inability to identify spectral features due
to neuritic plaques predominantly to two facts.
Firstly, the method of analysis destroys the physical
integrity of the tissue. It is therefore impossible to
determine pathologically whether or not the tissue
actually contained neuritic plaques. Secondly, even if
neuritic plaques are present, the volume of plaques
present in I mm® of tissue will be negligible com-
pared to the volume of the tissue. The spectral
information arising from the plaques will therefore
be masked by the spectral features of the surround-
ing tissue, and it requires sophisticated pattern recog-
nition techniques to decode this information.
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The failure of this macroscopic approach to iden-
tify features characteristic of neuritic plaques in AD
tissue led us to apply infrared microspectroscopy to
the investigation of AD tissue [34]. Thin sections (10
wm) of AD grey matter were mounted on CaF,
windows. An area of one section showing a dense
amorphous deposit identified as a potential neuritic
plaque was chosen for investigation. Using a variable
aperture system, all tissue outside an area 12 X |2
pwm was masked off. The IR spectrum of this area
was then obtained, and the computer-controlled stage
moved 12 pum. A second spectrum was acquired and
the process repeated until spectra had been obtained
from the whole area of interest. In this manner, a
spectroscopic map of the tissue was generated with a
spatial resolution of 12 X 12 um. A 3 dimensional
plot of the integrated intensity of the amide I absorp-
tion as a function of position was then generated
(Fig. 7A). Analysis of this plot shows that there is a
dramatic increase in the integrated intensity of the
amide I band in the centre of the area mapped,
corresponding exactly to the amorphous deposit of
interest. This observation implies that the amorphous
deposit is proteinaceous in composition. However, it
does not allow any conclusions concerning the struc-
ture of the protein(s) in the deposit to be drawn. A
plot of the centre of gravity of the amide I absorption
as a function of position is shown in Fig. 7B. Blue
colouration corresponds to an amide I absorption
characteristic of B-sheet proteins (~ 1630 cm™'),
while orange /red coloration corresponds to an amide
I absorption characteristic of unordered and /or heli-
cal proteins (~ 1650 — 56 cm™!). The area corre-
sponding to the proteinaceous deposit can clearly be
seen to exhibit a low amide I frequency (1630
cm™"). Inspection of the deconvolved spectral data
for this area of the tissue section reveals an amide I
peak frequency at 1628 cm™ !, indicative of aggre-
gated protein (not shown). Thus, our microspectro-
scopic data indicates that the amorphous mass ob-
served in this microtomed section of AD grey matter
consists of aggregated protein and may be a neuritic
plaque. Subsequent staining of the tissue with Congo
red, a stain which specifically colours amyloid de-
posits pink /red, revealed that the mass was indeed a
neuritic plaque, confirming our spectroscopic obser-
vations (Fig. 70).

Our studies on AD tissue have demonstrated that
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Fig. 7. Infrared microscopy of Alzheimer’s disease grey matter.
(A) Three dimensional surface map of the integrated intensity of
the amide I band corresponding to the area marked in 7C. (B)
Two dimensional contour map of the amide I peak frequency of
the region mapped. (C) Enlarged photomicrograph of the tissue
after staining with Congo red to show amyloid deposits. The
rectangular box bounds the area mapped.

although a macroscopic spectroscopic approach cou-
pled with pattern recognition techniques can be used
to reliably distinguish between AD and control tis-
sue, a microscopic approach is required to charac-
terise the pathological hallmarks of the disease in
situ.

5. In vivo infrared imaging and spectroscopy
5.1. Background

Because of the high extinction -coefficient
throughout the infrared region of the electromagnetic
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spectrum, the spectroscopy of living tissues in situ is
problematic over much of that spectroscopic region.
It is only at the red end of the visible spectrum and
over the high energy near infrared region that the
penetration depth of the radiation in tissue exceeds |
mm. Despite this limitation, in vivo near infrared
spectroscopy and imaging has considerable promise
as a medically relevant diagnostic tool. The area of
in vivo spectroscopy which has the longest history
and greatest clinical relevance, to date, is the non-in-
vasive measurement of haemoglobin oxygen satura-
tion.

Prior to the development of the spectroscope, it
was observed that the reaction of oxygen with
haemoglobin increases the transmission of red light
through solutions of haemoglobin and blood. Early
spectroscopic investigations not only measured this
increased transmission across the red end of the
visible spectrum but also determined that transmis-
sion was generally decreased in the infrared region.
In addition, certain (isobestic) wavelength regions
where revealed at which the transmission was unaf-
fected by the degree of haemoglobin oxygen satura-
tion [35]. These early results indicated that the differ-
ential absorption of oxy- and deoxy-haemoglobin in
the visible and near infrared could be used to mea-
sure the relative concentration of these species in
blood. This approach was rapidly extended to in vivo
measurements of haemoglobin oxygen saturation and
resulted in published accounts as early as the 1930s
and 1940s [36-38].

Pulse oximetry, developed in the 1970s [39], rep-
resented the next major evolution in in vivo monitor-
ing. Real-time measurement of the differential atten-
uation of visible and infrared light in viable tissue
consists of two-components; one component of the
attenuation is modulated by the pulsation of blood,
while the larger underlying attenuation is unaffected
by pulsatile flow. The pulse modulated attenuation
primarily arises from the arterial compartment. Thus,
by excluding the underlying static attenuation and
using only the pulse modulated component of the
attenuation, the absorption arising from the surround-
ing tissue and venous blood are largely discriminated
against. The differential attenuation of the pulse
modulated component of the visible and infrared
light in tissue therefore provides a measure of the
arterial haemoglobin oxygen saturation (Sa0,),

which can be empirically related or calibrated against
the measured Sa0, in arterial blood.

Pulse oximetry has a proven track record of pro-
viding a reliable measure of trends in haemoglobin
oxygen saturation, noninvasively, in humans [40—42].
It has largely replaced methods which required a
discrete blood sample and has thus enabled real-time
non-invasive monitoring of SaO, in patients under
anaesthesia or under intensive care. The clinical
success of pulse oximetry suggests that other in-
frared spectroscopic based patient monitoring meth-
ods may be of clinical value.

5.2. Challenges facing non-invasive haemodynamic
monitoring

Along with haemoglobin oxygen saturation, there
are a number of blood related parameters that are of
clinical interest. These haemodynamic parameters
include, haematocrit (red blood cell concentration),
blood volume and blood flow. In addition to moni-
toring trends in these haemodynamic parameters, a
quantitative assessment of these parameters would be
clinically useful, and considerable effort has been
made to use near infrared spectroscopy to track
haemodynamic parameters [43-49].

Several reports have used forearm occlusion pro-
tocols to demonstrate the potential of near infrared
spectroscopy to monitor various haemodynamic pa-
rameters in a localized region of peripheral tissue.
Recently, we have re-examined the spatial, temporal
and spectral evolution of changes in the near infrared
attenuation of the forearm under conditions of rapidly
changing blood-flow, attenuated or arrested blood
flow and under conditions of rapidly changing blood
volume, using near infrared imaging and spec-
troscopy in conjunction with multivariate data analy-
sis methods [50,51].

Fig. 8 illustrates the results for two experimental
conditions. Each experimental condition manipulates
the blood flow to the forearm. In the first experi-
ment, blood flow to the lower forearm and hand is
completely arrested (ischaemia) by application of
200 mm Hg pressure with a blood pressure cuff. In
the second experiment the venous return of blood
from the lower forearm and hand is impeded (venous
occlusion) using a reduced pressure (100 mm Hg). In
the case of forearm ischaemia, forearm blood volume
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remains relatively constant while cellular metabolism
alters the haemoglobin oxygen saturation and per-
turbs the redox status of cytochrome aa,. During
venous occlusion, forearm blood volume increases
markedly, while the restricted blood return results in
the accumuiation of metabolites.

Near infrared reflectance images of the forearm
were collected using a 512 X 512 pixel charge cou-
pled device imaging system which makes use of a

liquid crystal tunable filter to select the reflectance at
particular near infrared wavelengths. The reflectance
of the forearm at rest was normalised to zero to
account for any uneven illumination of the surface.
The change in the forearm reflectance over the pe-
riod of occlusion was recorded at each pixel of the
image. The most similar pixel time courses were
determined by cluster analysis using a fuzzy C-mean
clustering algorithm [52,53]. Fig. 8 reports the results

Fuzzy Clustering Results at 760 nm
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Fig. 8. Fuzzy clustering results, cluster centroid time courses and cluster membership maps, of the change in the reflectance response of the
forearm at 760 nm during a forearm occlusion protocol. Top: Pixel cluster centroids of the 760 nm reflectance time courses during a forearm
occlusion protocol which includes a 5 min period of venous occlusion (100 mm Hg pressure) and a 2.5 min period of complete forearm
ischaemia (200 mm Hg pressure). Bottom: Anatomical forearm image (centre) and the 760 nm pixel time course clustering images (cluster
membership maps) of the venous occlusion segment of the protocol (left) and the results from a complete forearm ischaemia protocol

(right).
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from the reflectance image time-series taken at 760
nm for a forearm occlusion protocol which included
a 5 min period of venous occlusion and a 2.5 min
period of complete ischaemia. The cluster centroid
time courses are plotted in the upper panel. Cluster
membership maps for ischaemia and venous occlu-
sion are overlayed on the anatomical image of the
forearm in the bottom right and bottom left panels of
Fig. 8, respectively. The bottom centre image shows
the visible /anatomical image of the forearm. As
apparent from the visible image, features at several
millimeters depth can be resolved by the imaging
system.

During the venous occlusion segment of the pro-
tocol, each pixel in the sequence of near infrared
reflectance images of the forearm displays a similar
time-course, corresponding to an increase in the
attenuation of reflected near infrared light with ve-
nous occlusion time. Clustering pixel reflectance time
courses of greatest similarity enables regional varia-
tions in the tissue response to venous occlusion to be
mapped. Differences in the magnitude of the attenua-
tion between clusters during venous occlusion can be
noted from the cluster centroid time courses. The
cluster membership maps indicate the regional varia-
tions in this response across the forearm. The re-
gional variations identified in the cluster membership
maps are diffusely distributed across the forearm and
do not clearly identify distinct anatomical features or
regions. This is to be expected. The gross change in
the overall blood volume in the forearm and hand
which dominates during venous occulsion occurs
globally across the forearm and thus, a diffuse varia-
tion in the reflectance response of forearm tissue is
anticipated when venous outflow is restricted.

Next, we examine the spectral changes which
accompany venous occlusion. The wavelengths be-
tween 400 and 1100 nm exhibit a general trend of
increased attenuation over the venous occlusion time.
Longer near infrared wavelengths display a higher
intrinsic tissue attenuation but show a lesser response
to venous occlusion than shorter near infrared wave-
lengths. This general increase in tissue attenuation
across the visible and near infrared during venous
occlusion is attributed to the increased blood volume.
Greater blood volume results in a higher haemoglobin
and water concentration in the optical path, resulting
in an increased absorption in the spectral regions

where haemoglobin and water dominate. In addition,
the general increase in tissue attenuation also sug-
gests that the scattering properties of the forearm are
altered during venous occlusion. Changes in the
tissue scatter function as a result of increased blood
volume have previously not been considered when
analysing the tissue attenuation during venous occlu-
sion. However, our results suggest that this effect
cannot be ignored.

A secondary characteristic of the venous occlu-
sion protocol is the impaired venous washout which
results in an increase in the accumulation of deoxy-
genated haemoglobin and various metabolites. The
added attenuation at the deoxy-haemoglobin absorp-
tion maximum at 760 nm with venous occlusion time
is indicative of metabolite accumulation and an asso-
ciated decrease in the O, affinity of haemoglobin
due to the increased CO, content of blood when the
venous return of the blood is restricted. However, the
subtle change in the tissue attenuation at 760 nm is
largely over-shadowed by the effects of blood vol-
ume changes on the near infrared attenuation of
tissue during venous occlusion. The pixel cluster
membership maps of the near infrared reflectance
time courses during the venous occlusion segment of
the protocol cluster primarily on the blood volume
changes associated with the restricted venous return
of the blood and show little anatomical differentia-
tion (see lower left panel of Fig. 8).

During complete forearm circulatory arrest
(ischaemia), metabolites will accumulate locally
without the accompanying increase in blood volume
in the extremity. This provides the opportunity to
map regional variations in attenuation of reflected
near infrared light from the forearm without the
confounding issue of varying blood volume. In con-
trast to venous occlusion, distinct regional variations
appear over the forearm during the ischaemia proto-
col, and furthermore, this regional variation is wave-
length dependent. In particular, forearm tissue atten-
uation at the long wavelength regions (> 800 nm)
including the region of the water absorption maxi-
mum at 970 nm was generally uncorrelated with the
ischaemia segment of the protocol. Clustering long
wavelength reflectance image time-courses from the
ischaemia segment of the protocol reveals little vari-
ation in tissue attenuation across the forearm during
ischaemia and provides an additional indicator that
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the blood volume in the optical path remained rela-
tively constant throughout the ischaemia segment of
the protocol.

The situation at 760 nm (Fig. 8) differs signifi-
cantly from that observed at the longer near infrared
wavelengths during ischaemia. At 760 nm, regions
of the forearm at which the venous compartment
dominates the near surface tissue correlate with the
ischaemic response in peripheral tissues. Venous
structures can be identified in the cluster map (see
lower right panel in Fig. 8). The cluster associated
with regions which have a high contribution from the
venous compartment do not show a dramatic in-
crease in attenuation at 760 nm during brief periods
of ischaemia. However, tissues peripheral to these
venous structures do display a marked increase in the
attenuation of light at 760 nm during ischaemia. This
suggests a significant local accumulation of deoxy-
haemoglobin and a concomitant decrease in oxy-
haemoglobin in these peripheral tissues resulting in
an increased tissue absorption in the region of the
deoxy-haemoglobin absorption maximum. It also
suggests that under the condition of complete circu-
latory arrest, there is limited flow of deoxy-
haemoglobin from peripheral tissue into the major
venous structures: hence regions which are domi-
nated by venous structures show little change in
attenuation at 760 nm during complete ischaemia.

The above experiments illustrate some of the
difficulties in developing a robust measure of blood
volume changes based on the change in the near
infrared attenuation of the target tissue. An increase
in forearm blood volume leads to increased near
infrared attenuation with the shortest wavelengths
displaying the greatest change in attenuation. In addi-
tion, the attenuation over the shorter near infrared
wavelength region is also sensitive to changes in
tissue metabolism which affect haemoglobin oxygen
saturation and the redox states of haemoglobin and
cytochrome aa,. Vasoactive responses which lead to
a significant change in blood volume can also effect
the status of tissue metabolism. Most near infrared
investigations of blood volume changes attempt to
accommodate for this lack of specificity in the atten-
uation response of tissue at the shorter near infrared
wavelengths by measuring the attenuation at two or
more wavelengths at which deoxy- and oxyhaemo-
globin display a significant differential absorption.

The combined response as determined by the absorp-
tion coefficients of deoxy- and oxyhaemoglobin at
the measured wavelengths is related to the total
haemoglobin concentration and thus the volume of
blood in the optical path. This approach assumes that
a change in tissue blood volume manifests itself as a
change in near infrared absorption or at the very
least that any change in the tissue scattering coeffi-
cient is wavelength independent over the range of
wavelengths measured. However, if absorption is the
sole contributor to the observed increase in the near
infrared attenuation of tissue during an increase in
blood volume, then, there should be an accompany-
ing increase in the attenuation, localized in the re-
gion of the water absorption maxima, to account for
the high water content in the volume of tissue. The
small change in attenuation around 970 nm, the
region of the water absorption maximum, which
accompanies a change in blood volume suggests that
the scattering may also be a significant contributer to
the observed change in attenuation across the near
infrared. Our results also suggest a wavelength de-
pendent change in the tissue scatter function during
blood volume changes. A reliable quantitative as-
sessment of changes in blood volume and the rate of
this change (blood flow) as well as the effects of
changing hematocrit is hindered by the various ori-
gins and the complex interplay between the scatter-
ing and absorption contributions to the near infrared
attenuation in tissues. To date, understanding this
interplay between scattering and absorption remains
the greatest challenge to developing near infrared
spectroscopy as a quantitative tool for haemody-
namic monitoring.

6. Conclusion

We have demonstrated that the interaction of
infrared radiation with tissues and biological fluids
results in characteristic absorptions that provide clin-
ically relevant information. This information is
sometimes purely qualitative, providing us with in-
sights into the molecular nature of the disease pro-
cess, on both a macroscopic and microscopic level.
This qualitative information can often be converted
non-subjectively into diagnostic information by the
application of multivariate pattern recognition meth-
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ods. Quantitative information can be extracted from
IR spectra of biological fluids with relative ease,
with a precision close to that of standard clinical
chemistry methods. In addition, our initial work
using near infrared spectroscopic imaging demon-
strates that changes in blood flow, volume and oxy-
genation in peripheral tissue can be studied which
may have applications in physiology and medicine.
Almost a century after his death, Huxley’s vision of
‘‘a means of making out the molecular structures of
living tissues comparable to that which spectroscopy
affords to the inquirer into the nature of the heavenly
bodies’’ is a reality, in the form of medical infrared
spectroscopy.
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