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Diagnostic medicine typically relies upon myriad mea-
surements and observations to determine the presence
and nature of disease. Clinicians look for deviations

from the norm, especially changes that have a qualitative or quan-
titative relationship with a known set of symptoms characteriz-
ing a particular disease. In addition to the physical symptoms,
diseases cause changes in the chemical composition of the organs,
tissues, or fluids they affect; these differences are the basis of every-
day clinical chemical tests, tissue staining, and medical imaging
techniques. IR spectroscopy not only probes the chemical compo-
sition of a sample but also determines the precise position and
amplitude of IR absorption bands that reflect interactions among
the matrix constituents. Because of its sensitivity to both molec-
ular structure and molecular interactions, the spectrum is often
referred to as a molecular fingerprint of the sample; the specificity
of that fingerprint is the basis for biomedical applications.

At first glance, biomedical diagnostics using IR spectroscopy
appear to be straightforward, simply entailing the acquisition of
spectra corresponding to diseases and control samples. Howev-
er, the two main practical requirements of any useful diagnostic
test are that it be sensitive and specific. Spectral changes that
characterize one specific disease must simultaneously rule out
other diagnostic possibilities and must be distinguishable from
the intrinsic spectroscopic variability that is a consequence of the
biological heterogeneity of samples. Therefore, the develop-
ment of diagnostic methods based on IR spectroscopy depends
critically upon the collection of large numbers of spectra and the
corresponding qualitative and/or quantitative tests, followed by
the extraction of spectral attributes that faithfully reproduce, or
surpass the accuracy of, existing methods.

The potential utility and advantages of IR-based diagnostic
tests are found in the nature of the measurement and its ease of
implementation. Once such a diagnostic test has been discov-
ered (the difficult part!), its objectivity and simplicity and the
relatively low cost of the instrumentation make it potentially
accessible not only to large hospitals but also to smaller practices,
even to individual physicians’ offices. In this article, we lead the
reader through some examples that capitalize on the range of
qualitative and quantitative chemical information available and
illustrate the diagnostic capabilities of IR spectroscopy.

Back in the Old Days
The historical development of IR spectroscopy dates back to

the discovery of “calorific rays” (i.e., IR radiation) by Herschel
in 1800. Before ~1940, the only way to acquire an IR spectrum
was to build a homemade spectrometer. However, in the Unit-
ed States, the number of spectrometers increased from 15 in 1938
to more than 500 in 1947 as industrial manufacturers entered
the scene. One important accomplishment during that period
was the determination of the structure of penicillin, with the
high-frequency C=O stretching mode of the β-lactam ring serv-
ing to confirm this structure. IR spectra of biological materials
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IR spectroscopy’s sensitivity to
molecular structure and interactions
provides a “molecular fingerprint.”
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such as steroids, natural products, and bacteria were published
in the 1950s. Notwithstanding these early forays into biochem-
istry and medicine, for decades IR spectroscopy was largely
confined to the determination of chemical structure.

In the 1970s and 1980s, the technique benefited from the
development and easy availability of Fourier Transform (FT)
spectrometers. More recently, the enormous advances in compu-
tational power have enabled the development, refinement, and
widespread implementation of data acquisition and processing
methods. These innovations opened the door to previously
unthinkable research and applications and extended the reach of
IR spectroscopy to address biological problems.

The biomedical spectroscopy community operates at the lead-
ing edge of instrumentation and processing methods. With the
integration of automated sampling devices for high-throughput
and array detectors adding a spatial dimension to spectroscopic
sample characterization, today’s FTIR spectrometers routinely
produce volumes of data on a scale that was inconceivable a
decade ago. This capability is essential for effective analysis of
complex biological samples. Whereas a single spectrum charac-
terizes a single compound, useful investigations of disease states
may require hundreds or thousands of spectra or more. The sheer

volume of data, and the often-subtle nature of the effects that are
sought, has dictated the adoption and development of very sophis-
ticated interpretative methods. Biomedical spectroscopists have
embraced chemometrics and other mathematical processing meth-
ods to extract and exploit a larger portion of the spectral infor-
mation, including some that would otherwise go unnoticed.

The Fundamentals Still Apply
By virtue of their sheer complexity, the spectroscopic signatures
of tissues and fluids, with their broad overlapping bands, seem
to be far removed from those encountered in more traditional
applications. Nevertheless, the knowledge gleaned from model
studies serves as a useful guide to understanding the chemical
origins of the complex patterns associated with biological spec-
imens. To that end, it is useful to remember the underlying prin-
ciples of mid-IR spectroscopy.

Mid-IR spectroscopy is based on the absorption of light in the
400–4000 cm–1 range, which corresponds almost exclusively to
molecular vibrational modes. Compositional information is pres-
ent in the form of spectral bands arising from skeletal and func-
tional group vibrations. Although simple molecules produce simple
IR spectra with well-resolved absorptions, the number of bands
and the extent of band overlap increase with the number of chem-
ical functional groups present in a sample (1). Quantitatively,
mid-IR spectroscopy of non-scattering samples obeys Beer’s law—
absorbance is proportional to the concentration of a particular
component or functional group (1). Consequently, the spectra
of biological specimens reflect both the structural complexity of
the individual components and their relative abundances.

Some guidance for the assignment and interpretation of
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complex spectra originating from biomedical samples is available
from the large libraries of spectra that have been acquired from
biochemical and biological components over the years. For exam-
ple, proteins display the amide I band at ~1650 cm–1 (largely
the C=O stretch) and the amide II band at ~1540 cm–1 (N–H
bend), lipids contribute absorptions at ~1740 cm–1 (C=O stretch)
and 2852/2920 cm–1 (symmetric/asymmetric CH2 stretch), and
the PO2

– vibrations of DNA are typically located at ~1080 cm–1

(symmetric stretch) and 1240 cm–1 (asymmetric stretch). The
position and amplitude of these
absorption bands are governed
by the nature and concentra-
tions of the constituents and by
other factors of possible diag-
nostic relevance, including the
molecular conformation of the
constituents and interactions
among them. A well-known
example is the sensitivity of the
protein amide I band to protein
secondary structure.

Biological Fluids
Biological fluids are the ideal
candidates for diagnostic work
because they can easily, inex-
pensively, and rapidly be isolat-
ed from the body. More impor-
tantly, diseases influence their
composition; clinical chemists
who interpret quantitative in vitro measurements to draw conclu-
sions regarding in vivo processes recognized this long ago. Because
the composition of biological fluids is routinely probed to seek
diagnostic information and the IR spectrum is intimately relat-
ed to the composition, the question is whether the spectrum itself
might directly serve as a diagnostic fingerprint. A related dilem-
ma is determining the best approach to measuring the mid-IR
spectra of biological fluids. Because water shows strong, broad
absorption bands over a wide portion of the mid-IR region, trans-
mission spectroscopy of the fluid in its native state yields a spec-
trum dominated by water.

Two approaches are available to finesse this difficulty: Spec-
tra may be acquired using an attenuated total reflectance (ATR)
accessory, or the fluid can be dried onto an IR-transparent
window. To illustrate the overwhelming spectroscopic contribu-
tions of water, Figure 1 shows IR transmission spectra acquired
from serum in the fluid and dry states. ATR is a convenient alter-
native to transmission spectroscopy of fluid specimens that
preserves sample integrity and provides information about the
chemical constituents in an environment closely mimicking
that found in vivo. One very attractive practical feature of this
technique is that it yields a constant and reproducible effective
optical path length and hence good sample-to-sample precision,
which is difficult to achieve using conventional demountable
transmission cells.

In contrast to native biofluids, spectra of dry films yield only
absorptions from the species of interest (Figure 1). Because obscur-
ing water absorptions are not a factor, films may be prepared

using larger sample volumes than those practicable for native
samples. The absorptions of diagnostic interest (from dissolved
species) are therefore substantially stronger than in native samples,
and the signal-to-noise ratio (S/N) for those bands is enhanced.
Although sample integrity is lost, quantitative chemical infor-
mation is retained, thereby preserving any quantitative biochem-
ical differences that characterize the disease.

One of the first efforts to extract diagnostic information direct-
ly from biofluid IR spectral patterns was the detection and diag-

nosis of arthritis (2). Arthritis
is a disabling disease that can
be difficult to diagnose; it can
also be particularly difficult to
determine what stage it is in.
Considerable subjectivity is
involved in the interpretation
of costly and time-consuming
X-rays and clinical laboratory
tests. The study was based on
the hypothesis that the onset of
arthritis affects synovial fluid
composition in a systematic way,
and that each unique arthritis
variant has a unique IR molec-
ular fingerprint.

Synovial fluid is essentially a
plasma filtrate that includes
hyaluronic acid, a complex poly-
saccharide that provides high
viscosity and lubricating prop-

erties to the fluid. The typical arthritic joint contains an increased
volume of less viscous synovial fluid, sometimes accompanied by
inflammation. Not unexpectedly, the IR spectrum of synovial
fluid is dominated by water absorptions. However, the spec-
trum of dried synovial fluid is very similar to the serum spectrum
in Figure 1, which includes assignments for some of the major
absorptions characteristic of serum and synovial fluid. The spec-
trum is dominated by features that correspond to protein N–H
stretching and bending and C=O stretching vibrations, lipid CH2
and CH3 modes, and carbohydrate C–O stretching. The over-
all impression does not change when one spectrum is compared
to another—all are dominated by protein absorptions. Further-
more, the natural variability that is uncorrelated to any disease
state confounds the interpretation of the differences that do exist;
any small yet significant differences that might form the basis for
diagnostic interpretation are therefore next to impossible to visu-
ally identify.

The search for features diagnostic of arthritis exemplifies an
approach that has proven to be useful and necessary. Different
arthritic conditions such as osteoarthritis, rheumatoid arthritis,
and spondyloarthropathy produce very subtle variations in the
spectra. Therefore, the search for genuine diagnostic patterns
requires first obtaining spectra for a large set of samples spanning
the disease states of interest, followed by a search for spectral
patterns that are common to spectra within a diagnostic class and
distinct from those outside that class. The difference spectra,
produced by subtracting class average spectra for normal synovial
fluid from corresponding spectra for arthritic subjects, revealed
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FIGURE 1. IR spectra of serum in the native state and as a dry film. Asterisks
denote water absorptions. The spectrum of the film has been displaced on the
vertical axis for comparison. The transmission spectrum of the serum was acquired
using a path length of 6 µm.The spectrum of the dry film was acquired by diluting
the serum 50:50 in water and drying a 7-µL aliquot onto a 13-mm-diam barium
fluoride window.



obvious features (2). Although this finding is encouraging, it is
of limited value; often the differences between class average spec-
tra do not provide any general rules for classifying individual
spectra within each of the diagnostic groups, because of the
variability encountered between patients. A more comprehensive
approach is required to reach the ultimate goal, namely an algo-
rithm that translates the spectroscopic signatures of individual
synovial fluid specimens into medical diagnoses for the respec-
tive donors.

Data to Diagnostics
Several methodologies have been adopted and developed to distill
diagnostic patterns from groups of complex spectra. Two are of
particular interest because they have
been applied to many diagnostic IR
studies and are complementary in many
ways. The first is an unsupervised clus-
tering methodology. In this approach,
the spectra (or one or more subregions)
are input to a clustering algorithm that
then pools them into groups based sole-
ly on their similarity to one another.
Although the user chooses the number
of groups and the criterion by which
“similarity” is defined (e.g., Euclidean
distance), the output is a nonsubjective
grouping of the spectra. It is not uncom-
mon to find that spectra within a group
correspond to samples with unique diag-
nostic attributes, as supplied by conven-
tional diagnostic procedures. For exam-
ple, spectra of chronic lymphocytic
leukemia cells formed groups that were
cleanly separated from the correspon-
ding spectra of normal lymphocytes (3).

Although this unsupervised cluster-
ing approach is generally useful for
exploratory analysis and sometimes
meets the standard for diagnostic test-
ing, the clusters are often defined and
differentiated on the basis of spectral
criteria that have little or no correlation
with the conventional diagnostic char-
acterization of the samples. In such cases,
a supervised classification method is
required. The first step in this approach
is a training procedure in which corre-
lations are sought between the spectra
and known diagnoses and an optimal
classifier is derived. The second step is
a test procedure in which the putative
classifier is used to predict diagnoses based upon a set of inde-
pendent test spectra and these predictions are compared a poste-
riori to the true diagnoses.

The arthritis study used a supervised classification approach
originally developed for the analogous classification of biomed-
ical magnetic resonance spectra (4). This approach makes use of
an optimal region selection algorithm that operates in conjunc-

tion with linear discriminant analysis (LDA). This tandem proce-
dure takes as input two or more groups of spectra and the corre-
sponding diagnoses and seeks a set of discrete spectral regions
that provides the foundation for IR-based diagnosis. Generally,
5–15 regions are selected, each of which is typically 4–50 cm–1

wide, and the absorbance values are averaged within each region.
Each spectrum is thereby condensed from possibly thousands
of data points to a much smaller set of N = 5–15 regional
intensity values. The spectra as represented in this N-dimen-
sional space are then subjected to LDA, which optimally parti-
tions the groups of samples according to their gold-standard
diagnostic labels, with minimal overlap between groups. The
LDA partitions established by this training procedure then define

a classifier that forms the basis for diag-
nostic testing. New spectra are classi-
fied according to their location in the
same space, and once the diagnostic
accuracy is verified for an independent
set of test spectra, a new diagnostic test
is born!

In the case of synovial fluid, the
optimal classifier provided the correct
arthritis diagnosis in 98% of the cases.
Based on a set of 15 spectral subregions,
the classifier proved successful in distin-
guishing osteoarthritis, rheumatoid
arthritis, spondyloarthropathy, and
control specimens (2), and further
subclassifications may be possible
following exactly the same approach.
More recent mid-IR studies of dry
serum films have also suggested the
possibility of diabetes screening and
rheumatoid arthritis diagnosis using
classifiers developed in an analogous
fashion.

What role might IR spectroscopy
play in the quantitative analysis of
biological fluids? There are reports that
exploit near- and mid-IR spectroscopies
to quantify diagnostically relevant
analytes in urine, serum, blood, and
amniotic fluid. IR spectroscopy can
provide simultaneous, reagent-free
analyses for serum albumin, total
protein, triglycerides, cholesterol, urea,
glucose, and HDL- and LDL-choles-
terol. Of particular interest to blood
banks and veterinarians trying to
control spongiform encephalopathy is
a novel approach by Schmitt and

colleagues that successfully uses the IR spectrum of blood serum
to detect scrapie infection in an animal model (5).

Diagnostic Spectroscopy and Imaging
Whereas physical examination and symptoms may raise the suspi-
cion of disease, cytopathology (investigation of changes in cells)
and histopathology (investigation of tissue changes) provide the
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FIGURE 2. A skin section as viewed (a) by the pathologist
(hemotoxylin- and eosin-stained image) and (b–e) by the
biomedical FTIR imaging microscopist. The contrast in the
three gray-scale images was produced by scaling to the
intensity of three specific absorptions ascribed to (b) lipids,
(c) collagen, and (d) nucleic acids. When these three contri-
butions are combined in (e) a red–green–blue image, the
borders of a cancerous lesion are clearly demarcated and
additional information not available from the top image is
revealed by the color contrast. Each image encompasses an
area of 2400 × 6000 µm. (Adapted with permission from
Ref. 6.)



critical final diagnosis that forms the basis for treatment. One
compelling attraction of spectroscopic methods is that they may
reveal cell and tissue abnormalities before they are visually appar-
ent by detecting early biochemical events that precede morpho-
logical changes. The same approach can be applied to determine
tumor margins, to “grade” the pathology, and, possibly, to provide
prognostic information.

IR spectroscopic characterization of solid tissues begins in
the same fashion as conventional pathology, with the prepara-
tion of a thin tissue section. For some tissue samples, for exam-
ple certain breast cancer biopsies, useful classification algorithms
have been derived from con-
ventional transmission spectra.
In this approach, spectra are
measured for the whole tissue
section using standard FTIR
instrumentation with a beam
of typically 1–10 mm diam
passing through the sample.
However, localized and fairly
subtle morphological and spec-
troscopic heterogeneity is often
significant in tissue and cell
preparations, and the dilution
effect that results from averag-
ing the spectral contributions
over a macroscopic area may
seriously limit the sensitivity of
IR spectroscopy. In contrast, IR
microscopes and spectroscopic
imaging systems both provide
the spatial resolution required
to highlight and demarcate
regions of pathological interest and can supply health care profes-
sionals with images they can relate to. Various instrument types
are available, each best suited for a particular application.

Instrumentation
Significant disease markers confined to limited regions within
the field of view of a transmission FTIR measurement may not
give rise to substantial features in the absorption spectrum. Spatial
resolution may therefore be critical in discerning a single diseased
cell either within a smear containing hundreds or thousands of
cells (e.g., in the diagnosis of cervical cancer) or within a tissue
biopsy. To enable the discovery of such pathological features,
the spatially resolved chemical information obtained through
IR microspectroscopy can be compiled to produce images that
closely reflect the tissues’ morphology and heterogeneity. As a
practical consideration, diagnostic pathologists and cytologists
find images much more satisfactory than spectra, because they
are accustomed to basing diagnoses on microscopic visual features
produced by staining tissue sections and cells.

The IR microscope, which combines spectroscopy with good
spatial resolution, is analogous in design to the optical micro-
scope—the obvious distinction is the use of reflective optics
compatible with IR light. The IR microscope acts as a beam
condenser to focus the IR radiation onto a small section of sample,
typically a few hundred micrometers in diameter. A physical aper-

ture in the radiation path then precisely delimits the physical
sample area probed by the IR beam. Equipped with a conven-
tional source and a single point detector, an IR microscope can
produce high-quality spectra from pixels as small as ~20 µm diam.
Increased spatial resolution can be achieved by replacing the tradi-
tional globar IR source with a synchrotron source. The amount
of energy delivered to the detector is dramatically increased, allow-
ing sampling of pixels of a size restricted only by the diffraction
limit (10 µm at 1000 cm–1), while still using a physical aperture. 

A typical experimental approach is to acquire spectra stepwise
for a set of pixels defining a rectangular grid, under the guidance

of a high-precision computer-
controlled stage. This tech-
nique provides very good qual-
ity spectra but requires up to
several hours of collection time.
The result is typically called an
IR or spectral map and is
simply a spectroscopic data
cube (the three dimensions are
wavenumber, x, and y). This
data cube may then be pro-
cessed in any of a number of
ways to yield images high-
lighting the spatial distribution
of either specific chemical
constituents or domains of
pathological relevance.

The recent availability of
focal-plane array detectors
with sensitivity extending into
the mid-IR has spurred the
development of FTIR imaging

systems. A standard source is used to illuminate an area of the
sample (typically 0.4 × 0.4 mm square for a 64 × 64 array with
a 7-µm pixel pitch), and an array of detectors collects the light
without the use of a physical aperture to delimit the pixels. Indi-
vidual images or frames are acquired as the interferometer is
stepped through the required path difference, and FT yields a
spectrum at each pixel of the array detector.

The spectroscopic imaging approach has been implemented
in several commercial systems that very effectively probe the
biochemistry of spatially heterogeneous samples. These systems
provide adequate S/N, superb spatial resolution (nominally
~7 µm), and parallel acquisition of thousands of spectra (4096
spectra acquired at once with a 64 × 64 array), thus reducing
the data acquisition time from hours to minutes. Recently, instru-
mental capabilities have been further extended to permit time-
resolved FTIR imaging. Although there has been no report of
biological applications, the new methodology opens the door to
a whole new set of possibilities for biomedical spectroscopists.

From Microspectroscopy to Diagnostics
Skin has a very well defined architecture. The outermost layer is
the epidermis, which consists of stacked epithelial cells, and the
next layer is the dermis, a connective tissue matrix supporting
glands, hair follicles, blood vessels, lymphatics, and nerves. Final-
ly, the hypodermis consists primarily of fat tissue. Skin tissue sections
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FIGURE 3. IR spectra obtained from cervical epithelium reflect the tissue
heterogeneity. Spectra for the upper tissue section are distinguished from those
for the lower section by differences in glycogen levels; the upper (dysplastic)
section is depleted of glycogen. The highlighted 1000–1200 cm–1 spectral range
encompasses the strongest glycogen absorptions. The spectra were acquired
from unstained serial sections immediately adjacent to the stained sections
shown here.



therefore serve as a good example to illustrate both the spatial and
the biochemical resolving power of IR microspectroscopy.

Relatively straightforward approaches can often yield inform-
ative images. These include techniques such as functional group
intensity or frequency shift mapping, which produce a picture
of the chemical composition of the tissue and may in turn help
locate regions of abnormalities. Figure 2 illustrates the sensitivi-
ty and specificity of IR microscopy in delineating the structures

within a skin section. The intensities of three absorptions have
been plotted as three gray-scale maps for a skin biopsy contain-
ing a tumor, with the absorptions chosen to highlight regions
rich in nucleic acids (phosphate symmetric stretching absorption
at 1080 cm–1), lipids (methylene CH2 stretching absorption at
2924 cm–1), and collagen (unassigned characteristic absorption
at 1203 cm–1) (6 ). If the information contained in the three gray-
scale maps is combined by assigning each one a color (red, green,
or blue), a digitally stained tissue section (RGB map) is obtained
that not only highlights the tumor but also provides chemical
information about the tumor that is not available from the
conventionally stained section (6 ).

Occasionally, a single spectral band suffices to provide a useful
image. For example, Figure 3 highlights the spectral differences
that arise as a result of variations in the glycogen content of cervi-
cal epithelium. The clear and strong absorptions of glycogen in
the 1000–1200 cm–1 range provide a basis to map the glycogen
distribution within the cervical epithelium in Figure 4. The central
third of the epithelium is dysplastic, which accounts for the deple-
tion in glycogen as compared with the adjacent unaffected epithe-
lium. In this case, therefore, the image highlights a treatable pre-
cancer (limited to the epithelium) of the type typically detected
by Pap smear screening. It is important to note, however, that
dysplasia is not the only potential explanation for this relative

depletion of glycogen. Research is ongoing to explore the possi-
bility that more elaborate combinations of IR absorptions, perhaps
in conjunction with other optical markers, might enhance the
specificity of this diagnostic approach.

Such studies highlight the capability of this imaging tech-
nology to distill important chemical and pathological structures
from the spectra of very complex matrixes and underscore the
need for ever-more-powerful interpretative visualization meth-
ods. More sophisticated approaches are now becoming routine.
For example, when it is possible to gather a database of spectra
from a particular disease (and, even better, when the disease
progression has been confirmed by traditional pathological
techniques), supervised classification methods can be applied.
This process effectively generates rules for the subsequent classi-
fication of “unknown” spectra in related tissue sections and hence
provides a very effective means to produce images of pathologi-
cal relevance. Unsupervised methods such as hierarchical cluster
analysis have also been successful, for example, to detect prion
infection in brain sections (5).

Future Perspectives
The potential for automation, the prospect of earlier diagnosis,
and in particular, the promise of nonsubjective screening and
diagnostics all contribute to the attraction of vibrational spec-
troscopy in clinical diagnostic applications. From IR spec-
trophotometry to FTIR microscopy, the instrumentation has
evolved dramatically. The combination of improved sensitivity
and computing power with the availability of advanced dedicat-
ed multivariate analysis algorithms has extended the reach of IR
spectroscopy firmly into the biomedical arena. Medical and diag-
nostic applications published in the past decade include micro-
bial characterization, breast cancer, thyroid neoplasms, and
macrophage cell activation, to name a few.

As research continues along the present path, it is easy to envis-
age the gradual adoption of FTIR microscopes and imaging
microscopes in the pathology laboratory as adjuncts to traditional
pathological techniques. As links between spectroscopy and disease
are established and clarified, we move closer to the promise of
practical, accurate diagnostic methods that will play an impor-
tant role in raising treatment success rates and lowering health
care costs.
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FIGURE 4. A functional group map highlighting the glycogen distribution in
the epithelium of a (right) cervical biopsy, compared to the corresponding
hematoxylin- and eosin-stained visible image. The area depleted in glycogen
corresponds to dysplasia, a precancerous lesion, although other mechanisms
may also lead to depleted cervical glycogen. Each image encompasses an area
of 1200 × 3200 µm.


