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Spectral imaging is a powerful tool for a wide variety of applications; however, low imaging rates and signal-to-noise
ratios (SNRs) often limit its use for many biomedical applications. Here, we present a technique for spectral imaging
using a unique two-dimensional illumination pattern having spectral dispersion in one axis. The method, which is
called spectrally dispersed illumination spectral imaging (SDISI), allows high-speed, high-resolution acquisition of
spectral data from specimens that often cannot tolerate high illumination intensities or require fast imaging for
avoiding motion artifacts. The technique is demonstrated by capturing spectral data cubes of the finger of a human
volunteer using short exposure durations and a high (33.5 dB) SNR. © 2014 Optical Society of America
OCIS codes: (170.3880) Medical and biological imaging; (170.6510) Spectroscopy, tissue diagnostics; (110.4234)
Multispectral and hyperspectral imaging.
http://dx.doi.org/10.1364/OL.39.005177

Measuring the spectrum emitted from each point on a
specimen could provide useful information on its chemical and structural composition. The main challenge of
spectral imaging, however, is the acquisition, in a timely
manner, of the large three-dimensional data sets that may
comprise high-resolution spectra within high-pixel-count
images. A variety of techniques has been proposed for
effective spectral imaging [1], including widefield imaging under different wavelength illumination [2–5], point
and line [6] scanning, and full-frame interferometric
Fourier spectroscopy [7,8]. Currently, most of the leading
manufacturers of optical microscopes offer at least one
of these modalities for spectral imaging. In a previous
work [9], we demonstrated the feasibility of spectrally encoded endoscopy [10] for capturing spatially resolved
spectra by using two-dimensional (2D) scanning of a
spectral line across a specimen, while backscattered light
was transmitted through an optical fiber and analyzed by
a fast spectrometer. This method had a superior signal-tonoise ratio (SNR) compared to point and line scanning [6]
and could potentially be useful for various clinical endoscopic applications.
The recent advance in light source technology provided scientists and engineers with a range of highbrightness ultra-broadband light sources; examples of
these technologies include supercontinuum light generation in fibers [11] and in vacuums [12]. For many applications, however, there are strict limits to the irradiance
levels that a given sample could tolerate. In most biomedical applications, for example, a maximum permissible exposure (MPE) level exists for every tissue type,
above which the excitation light would alter the properties of the specimen or induce irreversible damage.
In this Letter, we demonstrate a method for efficient,
high-SNR spectral imaging using widefield spatially dispersed illumination. By using a diffraction grating, an
off-the-shelf monochromatic camera, and single-axis
scanning, we present a method called spectrally dispersed
illumination spectral imaging (SDISI), analyze the system’s optical performance, and demonstrate high-SNR
imaging of the finger of a human volunteer.
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The optical configuration of the SDISI system, schematically illustrated in Fig. 1(a), is essentially a 2D widefield
variant of the recently published spectrally encoded spectral imaging (SESI) technique [9]. By illuminating a large
area and detecting spectrally encoded reflectance from an
entire sample plane, spectral imaging is efficiently conducted at low irradiance levels and without the need for
rapid 2D scanning. A spatially coherent light beam from
a broadband supercontinuum source (SC-400, Fianium
Ltd.) was low-pass filtered to remove wavelengths above
800 nm, magnified (×4) using two achromatic lenses,

Fig. 1. (a) Optical setup of SDISI. Top inset: color photograph
of the illumination pattern. Bottom left inset: illumination
spectrum. (b) Monochrome image of a black-on-white scattering resolution target.
© 2014 Optical Society of America
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diffracted by a 600 line/mm transmission grating, focused
in the horizontal axis (x) by a cylindrical lens (75 mm focal
length), and deflected toward the sample using a 50∶50 50mm-diameter beam splitter. The resulting spectrally dispersed illumination pattern [Fig. 1(a), top inset] covered
a 24.8 × 10.3 mm rectangle spanned by the diffraction grating and by the cylindrical lens in the horizontal (x) and
vertical (y) axes, respectively. The light reflected from
the sample was imaged through the beam splitter using
a multielement lens (25 mm focal length, f -number  4)
and a high-resolution monochrome camera (5 M pixels,
15 frames/s, Sony XCL-5005). An exemplary reflectance
image of a scattering resolution target (black ink on a
white background), normalized to the illumination pattern
intensity, is shown in Fig. 1(b), demonstrating lateral resolution of approximately 17 μm and a field of view of 16.5
and 10.3 mm in the x and y axes, respectively.
Spectral data acquisition was conducted by repeatedly
capturing images at the maximum frame rate of the camera (15 Hz) while the sample was slowly translated along
the spectral x axis using a motorized linear translation
stage. Once a full scan was completed, a spatial–spectral
data cube was assembled by digitally stacking the camera
images with a small shift (d) that corresponded to the distance that the sample had moved between subsequent
frames. The formation of the spatial–spectral cube is
schematically illustrated in Fig. 2, depicting the gradual
transition of two exemplary red and green features across
the illumination spectral pattern. As each sample location
passed through different illumination wavelengths, its
reflectance was varied according to its own reflection
spectrum, resulting in a gradual capture of the full spectrum from each resolvable sample location.

Fig. 2. Acquiring spectra using SDISI. A sample comprising a
red star and a green circle is scanned across the spectrally dispersed illumination, resulting in the gradual capture of the reflection spectrum from each sample location. Star (circle)
markers correspond to the reflection intensity from the red star
(green circle).

In order to measure the spectral accuracy of the system, we have imaged a calibration color card (X-Rite
Inc.) and compared the resulting spatially averaged spectra from each colored square [Fig. 3(a), blue curves] to
the spectra measured by a commercially available spectrometer (USB2000+, Ocean Optics Inc., red curves). A
good agreement between the spectra was evident within
the 450–700 nm wavelength range. The ability of the system to measure true color was assessed by transforming
the measured spectra into apparent colors [13]. Due to
the lack of blue wavelengths below 450 nm in the illumination spectrum, a strong color bias toward red hues was
evident in all measured colors [Fig. 3(b)]. A digital photograph of the target is shown for reference in Fig. 3(c).
In order to demonstrate spectral imaging of live tissue,
the finger of a human volunteer was scanned in the x axis
at a velocity of 0.6 mm∕s and imaged at a rate of 15 frames/
s. The raw data set comprised 1100 overlapping images
that resulted in 600 individual wavelengths measured for
each sample location (approximately 0.5 nm wavelength
sampling intervals). The total illumination power was
250 mW, resulting in an average irradiance of approximately 78 mW∕cm2 on the finger. The exposure duration
of each frame was only 0.1 ms, and the total imaging duration was 73 s; both were limited by the camera electronics. Individual spectra of selected locations from the
effective 750 × 1800 × 600 pixel data cube (the x, y, and
λ axes, respectively) are shown in Fig. 4, indicated on a
single selected frame of the finger. Some of the spectra
(refer to the top right spectrum in Fig. 4, for example)
within the data cube clearly showed the distinctive spectral pattern of oxyhemoglobin that is characterized by two
reflection dips at 545 and 570 nm [14].
For deriving the SNR of SDISI, we follow the general
notation in [9]. The maximum signal (in electrons) measured for each resolvable element (x, y, λ) is given by
Qe rI max s∕hνt, where Qe denotes the detector quantum
efficiency, r denotes sample reflectivity, I max denotes the
MPE in units of W∕cm2 , s denotes the area of a single

Fig. 3. (a) Averaged SDISI spectra (blue curves) of a color calibration target compared to spectra measured by a commercial
spectrometer (red curves). (b) Corresponding colors of the
SDISI curved spectra in (a) show lack of blue hues. (c) A color
photograph of the target.
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Fig. 4. Selected reflectance spectra (blue curves) from SDISI
of a volunteer’s finger. Spectrum of oxyhemoglobin (gray
curve) is shown in the top right plot for reference.

spatial resolvable element, h is the Planck constant,
νdenotes the optical frequency, and t denotes the exposure time for a single resolvable element. Because the
illumination is spectrally dispersed, each pixel in a single
N × N pixel (square) frame is transiently illuminated by a
single wavelength, while the reflected light from that
pixel is detected during an exposure time given by
t  T∕N  M, where T denotes the total data acquisition time and M denotes the number of spectral resolvable elements along the x axis (N, M ≫ 1). Assuming that
the dark current D is the dominant noise source (neglecting shot and read noise), the SNR is given by
SNRSDISI

p r
Qe rI max s T
1
p
:
≅ p 
N M
Dt
hν D
Qe rI max s
t
hν

(1)

Assuming for brevity that M  N, the SNR in Eq. (1) is
N 1∕2 times higher than the SNR of the previously
rep
ported endoscopic SESI technique [9] and N∕ 2 times
higher than spectral imaging using line scanning [6]. In
applications that involve high pixel counts, these figures
represent significant, several-fold improvement in SNR.
In the current SDISI system, however, speckle contrast
was relatively high and was equal to approximately 0.1
for a single-point spectrum on the sample. Using spatial
averaging over several neighboring pixels helped reduce
speckle noise; the average SNR for imaging the human
finger (refer to Fig. 4) was approximately 33.5 and 27 dB
for the spectral and image data, respectively. These SNRs
were achieved using short 0.1 ms exposure durations for
each frame, which is equivalent to acquisition rates of up
to nine spatial–spectral data cubes per second. Effective
video-rate spectral imaging would thus be possible using
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higher frame-rate cameras having comparable levels of
dark currents (i.e., cooled detector array).
In contrast to most spectral imaging methods, in SDISI,
the spatial and spectral resolutions are directly linked; the
maximum number of resolvable wavelengths is essentially limited by the number of resolvable points in a single
frame. In specific cases where high spectral resolution
is not necessary, the user may choose to increase the
physical step size between frames, resulting in higher acquisition rates of undersampled spectra. The challenges
toward practical implementation of SDISI are related
mainly to the generation of the somewhat complex illumination pattern and to the calibration and alignment procedures of the illumination and the imaging optics. Also, in
its current form, SDISI would be effective in measuring
reflectance, absorption, and backscattering from a specimen but is not suitable for spectral imaging of fluorescence markers due to the inherent difference between
their excitation and emission spectra. Also, compared to
SESI [9], SDISI would be less suited for endoscopic applications within narrow ducts due to the lack of an encoding
technique and reliance on a full 2D image capture.
In summary, we have demonstrated a new method for
spectral imaging using spectrally dispersed illumination.
The system was analyzed using spectral imaging of resolution and color test targets and demonstrated by imaging the finger of a volunteer using submillisecond frame
exposures and high SNRs. Compared to current pointand line-scanning techniques, SDISI exhibits an ordersof-magnitude advantage in SNR and is capable of high
spectral and spatial resolutions.
This study was funded in part by the European
Research Council Starting Grant (239986) and by the
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