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Increasingly voluminous Fourier transform infrared (FT-IR) spec-
troscopic imaging data sets are being generated with the advent of
both faster array detectors and the implementation of time-resolved
imaging techniques, resulting in data processing becoming the lim-
iting step in visualizing sample heterogeneity and temporal profile
evolution. We report the application of a Gram—Schmidt vector or-
thogonalization procedure in interferogram space to provide a sig-
nificant time saving advantage in processing of one to two orders
of magnitude in comparison to conventional spectral processing.
Illustrative data from human skin biopsies and from dynamic mo-
lecular reorganizations within liquid crystalline microdomains is
employed to discuss the capabilities and limitations of this infor-
mation-extraction approach.

Index Headings: Fourier transform infrared spectroscopy; FT-IR;
Infrared spectroscopic imaging; Gram—Schmidt orthogonalization;
Data processing; Skin; Time-resolved spectroscopy; Time-resolved
imaging.

INTRODUCTION

An interferometer—focal plane array (FPA) detector
combination® represents the instrumentation of choice to
obtain infrared spectral data from extended sample areas
under wavelength-limited spatial resolution conditions.?
Large amounts of data, as for example, more than 10
megabytes per second, are routinely acquired in exam-
ining multiphase polymeric, biological, or inorganic ma-
terials. As opposed to optical microscopy, where spatial
visualization is available instantaneously, the require-
ments for visualization of Fourier transform infrared (FT-
IR) spectroscopic imaging data include Fourier transfor-
mation, ratio against an appropriate background data set,
and baseline correction prior to constructing an image
from the spatial distribution of the spectral absorbance of
a specified chemical moiety. This time-consuming data
processing requirement prevents the application of FT-IR
spectroscopic imaging techniques in venues that require
rapid responses, as for example, in process control units,
in which infrequent sample anomalies appear.® Thus,
methods to spectroscopically identify sample heteroge-
neity without expending considerable time in processing
large quantities of data would be helpful. Further, with
the availability of fast detectors and improved protocols,
real-time kinetics* and time-resolved® spectroscopic im-
aging applications are now feasible, resulting in complex
spatio-temporal data sets that are tens of gigabytes in
size. While data acquisition may require short time pe-
riods, the extraction of temporal absorbance profiles from
an entire data set takes significantly longer. For example,
a time-resolved experiment records 100 temporal reso-
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lution elements in ~20 minutes, but data processing re-
quires almost three hours before results can be accessed
in terms of absorbance data. For these applications, arap-
id visualization of the changes occurring within the sam-
ple would be helpful in validating experimental protocols
and determining whether additional time should be de-
voted to further data processing.

The most expedient approach to image segmentation
isto utilize a portion of the acquired interferogram which
precludes Fourier transformation and results in a reduc-
tion in the dimensionality of the data set. It iswell known
that the overall blackbody curve is approximated by the
centerburst of an interferogram, while the coarse structure
of the absorbance spectrum is defined within a small re-
gion close to the centerburst of the interferogram. Thus,
one approach to rapid processing may be to Fourier trans-
form a small region around the centerburst and to ex-
amine the resulting low-resolution spectral profile. The
same truncated interferogram, however, can also be em-
ployed for multivariate analysis without involving the
computationally intensive transformations associated
with FT methods by using a processing approach that is
simple to implement and is computationally efficient.
This approach involves a Gram—Schmidt (G-S) vector or-
thogonalization® and has been previously employed in the
interferogram domain for hybrid chromatography/infra-
red spectroscopic techniques,” in the spectral domain for
multivariate data processing,® and in numerical transfor-
mations for magnetic resonance imaging (MRI) image
analyses.® While data orthogonalization is a primary step
in many chemometric analyses, it is often accompanied
by more complex computations. G-S orthogonalization of
data, a particularly simple and direct approach, is often
overlooked as a powerful data analysis tool. For IR ab-
sorption spectroscopy, a basis set consisting of back-
ground interferograms is established before initiating the
experiment. This basis set is then used to detect the pres-
ence of infrared radiation absorbing species in real time
by comparing the sample interferograms to the basis set.
In this discussion, we present a data orthogonalization
approach to rapidly extract information from spectro-
scopic imaging data sets from both static skin tissue bi-
opsy and dynamic molecular reorganization studies.

GRAM-SCHMIDT VECTOR
ORTHOGONALIZATION

The theory underlying the G-S orthogonalization pro-
cess is well documented® and additional considerations
in an imaging context are briefly discussed next. Consider
a series of interferograms in which each interferogram,
I, consists of n sampling points each at optical retarda-
tions 3,, such that m = n with some value h such that 3,
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= 0 and h = n. Alternately, each interferogram can be
represented as a scalar associated with a unit vector of n
dimensions, i,, given by

. I k
I, = 1
k \/m ( )
where the denominator is simply the scalar magnitude of
I'.. Any orthonormal vector to i, i;, is then given by

- 1 — L)
: \/“j - (i-krlj)ik]T[Ij - (i-lglj)ik]
In this manner, p vectors may be employed to form a

basis set of orthonormal (linearly independent) vectors
given by

@)
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Any given interferogram, |, may now be referenced to
i, to provide an orthogonal vector, |, given by

P
Is—p = Ip - E (I-II;IS)IK (4)
k=1

The magnitude of |, is the measure of radiation reduc-
tion due to absorption or other sampling effects in the
interferogram. Thus, the **overall” absorbance of a spec-
trum compared to the typical background spectrum can
be determined by a small number of calculations that
avoid a Fourier transformation step. Since absorbance in-
formation in a spectral profile is incorporated into every
interferogram element to a varying degree, the selection
of a small, relevant region of the interferogram allows

absorbance information to be obtained expeditiously.
Considerable discussion exists on the use of an appro-
priate region, or ‘““window’’, of the interferogram for cal-
culating the G-S basis set and intensity.® In particular,
the size and position of this window may be critical to
the predictive performance of the technique. Various
studies utilize regions away from the centerburst,0t
while others stress the inclusion of the centerburst. The
appropriate window for an experiment, which is chosen
to maximize the signal-to-noise ratio (SNR), depends on
the analytes and instrumentation®!* and is usually chosen
tens of points away from the centerburst.”'* However, the
region of the interferogram close to the centerburst, in-
dicative of the transmitted intensity over the entire spec-
tral bandwidth, is sensitive to both the total sample ab-
sorption and scattering effects.’? Depending on the study
parameters and absorption patterns of sample constitu-
ents, spectral window optimization methods may require
inclusion of the centerburst.* For IR spectroscopic im-
aging instruments, the scattering component in a spec-
trum provides an additional contrast variable across the
field of view, similar to optical microscopy, in which the
contrast is determined by differences in refractiveindices
between phases. Thus, spatial regions encompassing in-
terfaces between sample phases of differing infrared re-
fractive indices will demonstrate strong changes in the
centerburst vicinity, while spatial regions away from the
interface will be more sensitive to changes in the narrow-

996 Volume 58, Number 8, 2004

er absorption bands, which arise from interferogram por-
tions removed from the centerburst.

The size of the spectra window, or the number of
specified interferogram points, defines the dimensionality
of the basis set and depends on both the number of com-
ponents and absorption patterns. Similarly, the number of
interferograms employed for constructing the basis set
requires optimization. A basis set must have a sufficient
number of interferograms to be robust with respect to
noise, but must contain as few interferograms as possible
to maximize its discrimination ability and computation
speed. The size and location of the interferogram window
and the number of interferograms in the basis set depend
on the number of constituent phases and require empirical
determination as no ‘‘general”’ optimal conditions can be
predicted.** Since no more than six phases usually exist
in an imaging data set, an empirical selection of 100 con-
secutive data points (out of 2048) displaced from the cen-
terburst by 60 points and the use of a basis set of 60
suffices for segmentation.” Using simultaneous simplex
optimizations to improve prediction, a task computation-
aly more expensive than a low-resolution fast Fourier
transform (FFT) transformation, the number of basis vec-
tors suggested was ~50-80% of the interferogram, in-
cluding the centerburst.’®* Another perspective on the re-
gion of the interferogram to be selected is afforded by an
analysis of the contribution of the absorbance, Av, at a
wavenumber, v, given by

A®) _
006 000 cos(2mvd + 6,) dv 5)

Als:_fx B(]_))

where the retardation is denoted by &, phase angle by 6,
and spectral profile by B(v). Clearly, the phase lag intro-
duces a small shift in the maximum amplitude of the
sample interferogram and inclusion of points close to the
centerburst will sample the overall spectral profile as well
as the wider bands in the system. In our application, the
inclusion of the centerburst provides a region of high
contrast in any image plane, and the larger signals around
the centerburst are expected to provide enhanced SNR
G-S profiles for stable interferometer performance. This
advantage is not available for G-S profiles from macro-
scopic IR data in which the inclusion of the centerburst
does not appreciably affect the SNR of the G-S profile.’©
It must be noted that the image contrast resulting from
including the centerburst originates from both absorption
and scattering effects due to refractive index mismatches
in a heterogeneous sample. Hence, we recommend ex-
cluding the centerburst when routinely performing G-S
orthogonalization on heterogeneous samples in which
spatial chemical differences are to be determined and in-
cluding it only when any difference is critical to the task,
as for example, in quality control applications.

EXPERIMENTAL

I nstrumentation. The instrumentation consists of are-
search-grade step-scan spectrometer (Bruker |FS 66/s) at-
tached to an IR microscope (Bruker IR Scope Il). The
microscope, employing all-reflective Cassegrainian fo-
cusing optics consisting of a 15X objective lens and a
10X condensing optic, contains a 256 X 256 element
mercury cadmium telluride (MCT) focal plane array, or



FPA (Santa Barbara Focalplane, CA), at the distal end of
the optical train. The optical magnification and pixel size
of the FPA results in a nominal spatial resolution of ~3
pm. A single interferogram is acquired for every pixel in
the imaging configuration and the entire data set consists
of 65536 interferograms. The FPA contains an optimized
cold shield and a long-wavelength bandpass filter (3950—
0 cm™t) to prevent stray radiation and aliasing, respec-
tively. For time-resolved experiments involving liquid
crystalline microdomains, event-locked signal generators
(Agilent Inc.) are employed to initiate data acquisition
and sample excitation. A commercially available ampli-
fier (Krohn-Hite Corp.) is employed to increase the elec-
trical potential difference generated (5V at 2 KHz) by a
gain factor of 5 before being applied to the sample. Sig-
nal magnitudes and timing were verified using a digital
oscilloscope (Tektronics Inc. model TDS 224).

Sample. Two samples, spanning the biological and
materials science disciplines, were selected. The first rep-
resents a skin sample that had been rapidly frozen, em-
bedded in a cutting medium and sectioned to a 10 um
thickness. The sample was first washed repeatedly with
an ethanol solution diluted in water to remove the em-
bedding medium and then mounted on a BaF, optical
crystal. The polymer sample reflects a phase-separated
blend consisting of poly(isobutyl methacrylate)
[PIBMA], of an average molecular weight equal to
130000 (Aldrich Corp.), and a eutectic liquid crystal
mixture, E7 (EM Industries, Inc.); these materials were
used as received. Ratios of the starting materials were
dissolved in methyl isobutyl ketone (MIBK) to obtain an
approximately 1% solution, which was subsequently em-
ployed to cast thin films of the blend on germanium sub-
strates. The blend film was dried in air for three days,
followed by heating in an oven at ~120 °C. A second
germanium window, employed to provide the second
electrode to the film, was separated from the blend con-
taining substrate by 10 wm diameter cylindrical fiber-
glass spacers. Constant film thickness was attained by
heating (80 °C) under pressure.

Experimental Parameters. For the imaging experi-
ments, interferogram data points are acquired at every
fourth zero crossing of the He—Ne laser to limit the ac-
quired data spectral range (3950-0 cm-*) to within the
detection range of the FPA and to reduce the size of the
data set. The resulting interferograms, consisting of 1024
points each, are zero filled by a factor of two and fast
Fourier transformed to provide single beam spectra with
anominal spectral resolution of 8 cm~* and 3950-0 cm*
spectral range. For time-resolved spectroscopy (TRS) ex-
periments, the sample was excited once every 5 s, re-
sulting in a data collection time of ~5100 s per interfer-
ogram acquisition. The maximum frame rate of the focal
plane array is ~114 Hz, allowing a duty cycle where the
FPA acquires data once every 10 ms (100 Hz). All data
processing software is written in-house using IDL/ENVI
(RSl Inc.) and calculations are performed on a standard
desktop PC.

RESULTS AND DISCUSSION

Application to a Static Biological Sample. Figure 1
illustrates G-S orthogonalization for interferograms from
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Fic. 1. Typica interferograms from the background (light line, offset
by 0.1 units) and sample of human skin tissue (dark line), respectively.
The inset at the bottom shows the difference in the interferogram in-
tensity for the sample and the background denoted by the thin and thick
lines, respectively. The inset at the top shows the basis vector for a
region (bottom curve, right axis) of the interferogram derived from the
background and the corresponding orthogonal vector of the sample de-
rived from the sample interferogram (top curve, left axis).

arandomly selected pixel for the background and sample
of human skin tissue. Differences in interferogram inten-
sity can be observed for a small region of the interfero-
gram as shown in the lower inset. The typical root mean
square (rms) noise, measured by subtracting sequentially
acquired interferograms, is of the order of 0.0002 arbi-
trary units. The basis vector set and the corresponding
orthogonal vectors are shown in the upper inset. The in-
tensity of the orthogonal vector is close to zero for similar
intensity regions in the interferograms. Based on the ad-
dition of noise for a 30-element vector when the mag-
nitude is calculated, the signal-to-noise ratio of the typical
G-S intensity should be, at least, ~100. The actual value
will depend on the intensity of individual elements and
the size of the orthogonal vector, but the orthogonaliza-
tion can be expected to result in an error whose magni-
tude is ~1-10%, which is reasonable for the effort ex-
pended in extracting information.

An infrared brightfield image of the sample, repre-
sented by the amplitude of the interferogram centerburst,
is shown in Fig. 2a. The centerburst amplitude measures
the recorded throughput and depends on the initial illu-
mination, substrates, refractive indices, and scattering
properties of the sample, as well as the spectral absor-
bance, which is the principal quantity of interest. Al-
though the instrument has been optimized and the sample
illumination is uniform, it becomes difficult to identify
individual contributions. Thickness variations, for ex-
ample, could lead to higher absorbance values that reduce
the centerburst magnitude; scattering due to refractive in-
dex mismatches within the heterogeneous sample also
leads to analogous problems. Areas of high intensity in
the brightfield image indicate a region of high transmis-
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(d) (e)

Fic. 2. (a) Infrared brightfield image, (b) nucleic acid—amide 1l ab-
sorbance area (1120-980 cm~1) corresponding to the absorbance fea-
tures, (c) amide Il absorbance area (1592-1480 cm?), (d) OH-NH
absorbance area (3670—-3130 cm?), and (e) orthogonalized G-S inten-
sity images for a human skin tissue sample. The intensity grayscale
denotes regions of low intensity by shades closer to black and those of
high intensity closer to white for photon flux in the brightfield image
in (a), for the absorbance magnitude for modes described in (b—d), and
for the G-S intensities in (€).

sion or lack of sample. The imaging data set of the sam-
ple is then transformed to provide spectral absorbance
intensities over the field of view. Figures 2b through 2d
show the spatial intensity distribution of specific spectral
absorbance features. The spectral absorbance from any
pixel is afunction of both the chemical content reflected
by the pixel position and the local sample thickness. Ar-
eas of high absorbance are indicated by lighter grayscale
values, while areas reflecting low absorbance values are
indicated by shades close to black, thus highlighting the
complementary nature of the brightfield and absorbance
images. The G-S intensity, calculated using 40 interfer-
ogram points starting 20 points away from the center-
burst, are plotted in a manner similar to an absorbance
plot to obtain the image shown in Fig. 2e.

The orthogonalized G-S intensity image in Fig. 2e re-
flects the characteristic spatial features present in the
three specific absorbance images (Figs. 2b—2c). While
characteristic features due to the absorbance of specific
vibrational modes are not reproduced explicitly, the con-
trast in the G-S intensity image is sufficiently indicative
of the various spatia features illustrated in the absor-
bance images. In particular, it must be noted that only
the absorbance image of the amide Il11—nucleic acid com-
plex (1320-1160 cm~* area) in Fig. 2b shows the pres-
ence of a multilayer structure in the tissue towards the
right that is clearly reproduced only by the G-S image.
In a similar manner, residual debris from the cutting me-
dium, which consists of polyglycols, next to the tissue,
is apparent only in the NH-OH stetching area (3700—
3050 cm™*) absorbance and the G-S intensity images.
Similarly, it may be argued that the contrast in the G-S
intensity image appears greater than that obtained by
plotting the absorbance alone of the amide Il peak (Fig.
2c). While the detailed molecular composition informa-
tion is lost in a composite figure given by the G-S inten-
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sity, visualization is still based on absorbance and pro-
vides remarkable spatial contrast.

Many imaging data sets are acquired from samples
containing air—sample interfaces that leave a fraction of
the image without any data from the sample. G-S inten-
sity data can be readily employed to delineate these re-
gions. For example, for the skin sample above, the areas
that do not contain an appreciable thickness of tissue will
not provide a good signal for biomedical analyses. Typ-
ically, absorbance spectra are calculated for all pixelsin
an imaging data set, and the pixels that do not contain
sufficient tissue to provide asignal three times larger than
noise, which is a commonly accepted detection limit, are
excluded from subsequent analysis. G-S intensity values
may be employed for the same task of masking these
low-signal pixels. Just as selection of an absorbance
mode is not trivial for the task, selection of a cut-off G-S
intensity is not universal and depends on the selected
processing parameters, such as the interferogram window
and the experimental variables, including atmospheric ef-
fects and instrument drift, that are employed. Hence, care
must be exercised when determining sample regions for
examination. In the reported examples, and experience
with other data sets, the G-S vector intensities for pixels
not containing sample were 2-3 orders of magnitude
smaller than sample pixels, making the G-S vector inten-
sity an excellent indicator of spatial regions that did not
contain samples. In control applications, where identical
samples are employed repeatedly, the acceptance thresh-
old can be determined a priori and easily incorporated in
any analysis algorithm.

Application to Dynamic Imaging Data. PDLCs are
a class of polymer composites whose optical properties
are changed by application of an electrical potential. An
absorbance image of a liquid crystalline (LC) specific
vibrational mode, demonstrating LC-rich domains in a
PDLC, is shown in Fig. 3a. When an electric field is
applied, liquid crystal molecules in the LC-rich domains
experience a reorientational torque and align along the
direction of the electric field, which is perpendicular to
the electric vector of the IR beam propagating in the di-
rection of the applied potential difference. Upon reori-
entation, molecular moieties whose transition moments
align with the direction of IR beam propagation undergo
a decreased absorbance. Time-resolved FT-IR spectro-
scopic imaging is employed to observe this dynamic be-
havior of the LC domains in situ. Given that the process
needs to be monitored using tens of temporal measure-
ments, a data set for a time-resolved experiment is typi-
cally several gigabytes in size. For example, the data set
analyzed here requires 12.5 GB of storage. The process-
ing of such large data sets to yield absorbance profiles
requires several hours.

The G-Sintensity, however, can be obtained, as before,
for every temporal resolution element data set to con-
struct a profile of the G-S intensity as a function of time.
By employing a subset of the time-resolved data to cal-
culate the basis vectors, changes in absorbance from this
quiescent state can be easily monitored. We extract av-
erage temporal profiles of the G-S intensity from pixels
in two microdomains of a PDLC, shown in Fig. 3b,
where the white pixels in the figure of the droplet can be
unambiguously assigned to the microdomains. The two
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Fic. 3. A polymer-dispersed liquid crystal sample demonstrating (a) the spatial absorbance distribution of the nitrile vibrational mode at 2227
cm-L. (b) Liquid crystal rich domains are delineated and average profiles from two droplets, as indicated, are employed to plot (c) G-S intensities
as a function of the data set number, (d) a section of average absorbance spectra, and (€) an overlay absorbance profile (open squares) and processed

G-S intensity (solid line).

extracted G-S profiles, shown in Fig. 3c, demonstrate the
same general features. Large interference fringes are
present in absorbance spectra, shown in Fig. 3d, due to
the reflective properties of the substrate and the constant
thickness of the cell. This distorting feature is present in
the recorded interferograms as a sharp spike close to the
centerburst. By calculating G-S vectors utilizing points
distant from these spikes, distortion-free temporal profiles
are obtained. Residual substrate effects combined with
differences in optical properties of the two domains,
when compared to the background interferogram, intro-
duce differences in the absolute values of the G-S inten-
sities. Qualitatively, however, the two profiles are very
similar, demonstrating, as expected, that the temporal be-
havior of the two domains is similar.

Irrespective of whether the absorbance increases or de-
creases, the G-S intensity, being a vector magnitude,
shows a positive deviation upon change in absorbance.
To achieve correspondence with a temporal absorbance
profile demonstrating a decrease, the G-S intensity can
be inverted and scaled to resemble the variation of the
spectral absorbance. A comparison of the G-S intensity
profile processed in this manner and the absorbance from
aliquid crystal specific vibrational mode is shown in Fig.
3e. The agreement between the two profilesis quite good.
In this case, the G-S intensity profile is less noisy than
the absorbance profile due to the inherent advantage of
the G-S process in utilizing a small, low-noise portion of
the interferogram and avoiding the effects of the absor-
bance fringe pattern. In general, no a priori method may
be suggested for extracting G-S intensities to reproduce
features observed in absorbance spectra. Reasonable ab-
sorbance features, however, can be reproduced very rap-
idly and, as shown above, several absorbance artifactsare

avoided by using G-S orthogonalization for preliminary
data processing.

Effects of Noise, Detection Limits, and Computation
Efficiency. Noise in G-S profiles arises from detector
noise, noise outside the spectral bandwidth, and from in-
stabilities in spectrometer performance. In general, we
have implemented a highly stable sampling scheme em-
ploying high-quality electronics constructed in-house,
coupled to a research-grade interferometer. A measure-
ment of successive interferograms confirms that there is
little difference between the noise at the centerburst and
in the wings. However, the instrument is subject to slow
drift and changes in atmosphere over the time of the ex-
periment. Slight interferometer instability, which cannot
be readily differentiated from 1/f noise in the system,
may contribute to the noise observed in the G-S profiles.
Phase errors are considered negligible in our analysis but
are usually not negligible for spectral data acquired in the
configuration reported here, as can be observed from the
dlight chirping in the interferograms in Fig. 1. The phase
angle, however, is a slowly varying function of the wave-
number and can be accounted for by a small region of
the interferogram around the centerburst, precluding the
effects of phase when a particular interferogram region
away from the central region is selected for calculating
G-S intensities. Pixel-to-pixel variations are expected to
be very small as the G-S orthogonalization is carried out
on the same pixel and does not affect any other pixel.

Gram—-Schmidt orthogonalization, as implemented
here, is one of the most efficient orthogonalization meth-
ods.*® Specifically, the number of operations’ to form the
basisis2D(2p + 1) + 1, while the number of operations
for subsequent othrogonalizationsis D(4p — 1), where D
is the number of dimensions or vector elements and p is
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the number of vectors. Using an FFT algorithm for a
discretely sampled interferogram of N elements, the num-
ber of corresponding operations is of the order of 2N
log,N. For a 1024 element interferogram employed for
the imaging data set, where 30 points are employed for
calculating the basis and orthogonal vectors from single
files, the relative number of computations is ~20480 to
331. This ratio of number of computations is typically of
the order of 1-5%; thus, considerable computational time
savings are realized. In the example of imaging data, the
time required to obtain a G-S intensity profile is approx-
imately 2 minutes, while the time required to obtain an
absorbance profile, which includes Fourier transforma-
tion, conversion to absorbance format, and calculation of
the absorbance profile, required over two hours.

CONCLUSION

Gram—Schmidt vector procedures for imaging data
analyses produce useful visualizations for both static and
dynamic spectroscopic imaging data while being faster
than the usual method of Fourier transformation followed
by absorbance calculations. G-S orthogonalization re-
quires neither an a priori knowledge of the constituents
of a multiphase system nor that all sample components
have unique and distinct spectral bands for segmentation
purposes. The quantitative correlation of absolute GC in-
tensities to concentration or absorbance may, however, be
complicated by the presence of multiple components and
the large absorbance and optical effects that are convo-
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luted within the interferogram. Given the small number
of computations and the need for only a limited portion
of the interferogram, G-S processing can provide visu-
alizations of spectroscopic imaging data in real time. We
anticipate that this approach can be employed to routinely
visualize spatial structure during data acquisition and is
specifically suited for use in quality and process control
applications.
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