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M ultispectral and hyperspectral
imaging techniques were de-
veloped for applications in re-

mote sensing and astronomy but have
slowly transitioned into use in many areas
of the life sciences, including fluorescence
microscopy and in vivo imaging. Unlike
images taken with standard color (RGB)
cameras, multispectral imaging informa-
tion is not discernible to the human eye.
The spectral information can be used for
such diverse applications as food pro-
duction quality assurance and monitoring
of crop health. 

In multispectral imaging, a series of im-
ages are acquired at many wavelengths,
producing an “image cube.” Figure 1 il-
lustrates the acquisition of images at in-
dividual bandpasses indexed by wave-
length and compiled to provide spectral
absorbance profiles for determination of
oxygen saturation through a cranial win-
dow in a mouse. 

Increasingly, life sciences imaging in-
volves simultaneous monitoring of mul-
ticolor labels such as fluorophores or
quantum dots. Hyperspectral imaging en-
ables differentiating and quantitating these
labels and provides the basis for studies
of not only cellular components but also
entire systems.1 Developments in non-
linear optics have introduced faster, more
flexible, sensitive and precise hyperspec-
tral systems, which will provide not only
new insight for researchers but also more
timely and accurate diagnostic tools for
clinical use.

Hyperspectral techniques
A typical wide-field fluorescence mi-

croscope is composed of an excitation
source (often filtered), a sample stage, an

Hyperspectral imaging has evolved from a novel tech-
nique into a useful imaging method.
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Figure 1. This image cube shows bandpasses indexed by wavelength and compiled to
provide spectral absorbance profiles for determination of oxygen saturation through a
cranial window in a mouse. 

 



objective magnification lens, a dielectric
bandpass or “barrier” filter, a dichroic fil-
ter, a final magnification lens and an
imaging detection plane. In its most basic
form, multispectral imaging can be per-
formed with a set of interference filters
and a mechanical filter wheel incorpo-
rated into the optical imaging path of a
microscope (Figure 2a). The sample can
be a multilabeled slide, illuminated by
an excitation source such as a mercury
vapor lamp. The filter wheel’s output at
each spectral bandpass is detected by a
single or multielement detector, such as
a CCD, and is collected via a computer.
This approach confines the user to a lim-
ited number of fixed-wavelength choices
— requiring knowledge of the sample’s
spectral emission characteristics — and
is mechanically restricted to changing
wavelengths in ∼50 ms.

Many hyperspectral imaging systems
employ a dispersive element such as a
prism or a grating (transmissive or re-
flective). Grating or prism techniques
often are referred to as “push broom”
spectral imagers because the entire image
is collected line by line by precise motion
of the sample across the instrument’s op-
tical path. By either physically moving
the sample or by directing the beam and
detector field of view, a spectral record of
the entire sample image can be collected
(Figure 2b). 

The push-broom technique collects en-
tire spectral profiles of each pixel of the
sample image, which can be time-con-
suming in both collection and process
and storage, but it has benefits in terms of
data postprocessing. Such systems are lim-
ited to static or relatively slowly chang-
ing phenomenon because they are re-
stricted by the speed of motion of the
mechanical stages used in moving the
sample through the scan. Depending
upon the size of the sample, this can range
from seconds to minutes.

In Fourier transform spectroscopy, the
entire image is captured and, together
with a Sagnac interferometer, a spectral
profile is constructed. This system pro-
vides excellent spectral resolution across
the visible range (Figure 2c). The tech-
nique requires mechanical movement of
one of the interferometer arms, and data
processing requirements are considerable.
Hence, its application to fast-moving dy-
namic phenomena is limited, and the ac-
quired data is not immediately available
for viewing.

Tomographic imaging is another ap-
proach to spectral imaging (2d). In this
technique, the scene is dispersed off a dif-
fraction grating or rotating prism, for ex-
ample, and multiple orders of the spec-
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Figure 2. There are many methods for obtaining hyperspectral images. 



trally distributed image are collected at
once. The advantage is that full spatial
and spectral information can be acquired
at one time. However, spatial resolution
is limited (because the CCD chip must
capture all order images), and there are
significant processing requirements with
Fourier transform spectroscopy.

Liquid crystal tunable filters, also
known as Lyot filters, are created using
alternating layers and thicknesses of bire-
fringent crystal and liquid crystal polar-
izers, which can be used to cull various
bandpasses from a source spectrum, as
shown in Figure 2e. Lyot filters are band-
sequential scanning systems with tuning
capabilities from the visible through the
infrared. Although they can be constructed
with various bandwidths, once a band-
width is fabricated, it cannot be changed.
Wavelength switching times are on the
order of 100 to 150 ms, and transmission
throughput can be quite low, particularly
in the blue and for narrower bandwidths.

Acousto-optic tunable filters (AOTFs)
are crystals with optical properties that
can be controlled by sending sound waves
through them (Figure 2f). The sound
waves are generated by applying a radio-
frequency electrical signal to a specially
designed transducer that is bonded to the
crystal. With these filters, both wavelength
and bandwidth can be controlled elec-
tronically. As with tomographic imagers
and liquid crystal tunable filters, there are
no moving parts. Wavelength switching
speeds are faster than other band se-
quential technologies, with random ac-
cess selection in ∼50 µs. Although AOTFs
were introduced more than 30 years ago,
their use has been limited because of dif-
ficulties in obtaining good image qual-
ity. This has been addressed recently, how-
ever, through the use of innovative
transducer designs and long-interaction-
length crystals.

Clinical applications
Hyperspectral imaging techniques can

be applied to conventionally stained slides
viewed in transmission using a light mi-
croscope, and they have shown promise
in detecting staining alterations (meta-
chromasia) resulting from cancer-related
changes in a cell’s macromolecular com-
ponents and in quantifying light-absorb-
ing chromophores (hemoglobin, biliru-
bin, etc.). Clinically, such approaches can
be used to confirm and quantify the pres-
ence of abnormal tissue on a conventional
pathology slide, to resolve “look alike”
questions or to clarify tumor margins in
surgical pathology (Figure 3). 

One of the most exciting areas for hy-
perspectral imaging is multicolor fluo-
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Figure 3. Spectral imaging can be used to detect metachromasia in conventionally prepared
samples, as seen in these images of colon tissue treated with hematoxylin and eosin stain.
Blue = normal nuclei; green = lymphocytes; pink = normal cytoplasm; red = abnormal
nuclei; yellow = abnormal cytoplasm.



rescence imaging of cells and tissues, in
which it has been applied to a number
of research techniques:

• More colors on a single slide.
• Multicolor fluorescence in situ hy-

bridization.
• Imaging of dynamic events in the neu-

ron.
• Ratio imaging.
• Förster resonance energy transfer.
• Lifetime imaging microscopy.
• Spectral karyotyping.
Using conventional multichroic inter-

ference filters, four fluorescence probes
can be detected in a single cell for multi-
parameter studies. As probes are added,
overlap of the probe emission spectra
makes distinguishing them very difficult.
By using spectral imaging, multiple over-
lapping probes can be distinguished
within a single filter passband (Figure 4).
The figure illustrates this technique using
an AOTF spectral imaging device to dis-
tinguish three closely spaced green fluo-
rescence dyes in mouse endothelioma.

Unlike a color camera, spectral imaging
provides detailed color information
throughout. By using techniques such as
linear pixel unmixing, quantitative in-
formation can be obtained even when
there is strong collocalization of the var-
ious probes. This technique also has been
used to eliminate autofluorescence back-
ground from fluorescence samples. 

Next steps 
Hyperspectral technologies are begin-

ning to become integrated with other
imaging tools in the life sciences, includ-
ing bright-field, fluorescence and confo-
cal microscopes, and macro-imaging set-
ups. Spectral imagers can be used with
other techniques to provide information
not available with conventional micros-
copy and, in particular, to increase the
number of probes that can be imaged
within a single sample.

Of specific interest for drug develop-
ment are in vivo techniques, which per-
mit real-time visualization of the take-up
and effectiveness of therapeutic agents.
Investigators must select from among the
technology options for hyper- and mul-
tispectral imaging those that most closely
address the event or phenomenon being
observed. In the clinical sphere, auto-
mated imaging platforms incorporating
conventional optical microscopes with
hyperspectral imaging systems and intel-
ligent software have the potential to trans-
form diagnostic medicine as more and
more diagnostically and therapeutically
relevant targets are identified. 

Numerous other applications are being
investigated, and it is likely that their suc-
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Figure 4.  An AOTF spectral imaging device distinguishes three closely spaced green
fluorescence dyes in mouse endothelioma. On the left is the RGB image, and on the right is
the classified AOTF image. The graph shows the quantitative spectral data for the
fluorescence dyes. 

cessful development and implementation
will require interdisciplinary efforts in-
volving physicists, engineers, life scien-
tists and physicians. o
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