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Abstract: Current methods for analysis of spectroscopic optical coherence
tomography (SOCT) signals suffer from an inherent tradeoff between time
(depth) and frequency (wavelength) resolution. Here, we present a dual
window (DW) method for reconstructing time frequency distributions
(TFDs) that applies two orthogonal Gaussian windows that independently
determine the spectral and temporal resolution. The effectiveness of the
method is demonstrated in simulations and in processing of measured OCT
signals that contain fields which vary in time and frequency. The DW
method yields TFDs that maintain high spectral and temporal resolution and
are free from the artifacts and limitations commonly observed with other
processing methods.
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1. Introduction
Optical coherence tomography (OCT) has been established as an excellent technique for
cross-sectional imaging of biological samples with high resolution, speed, and sensitivity [1].
In recent years, several specialized extensions of OCT have been developed in order to gain
functional information about probed samples [2-5]. One such extension which seeks to
analyze depth-resolved spectroscopic information about experimental samples is known as
spectroscopic OCT (SOCT) when applied as an imaging technique [2, 6] and Fourier domain
low coherence interferometry (fLCI) when applied as an analysis method [7, 8]. Because the
spectral scattering and absorption properties of a biological sample vary depending on its
molecular makeup, SOCT obtains increased contrast and functional information by spatially
mapping spectral characteristics onto coherence gated images.
In order to generate depth resolved spectroscopic information from data collected in a
single domain, SOCT typically employs a short time Fourier transform (STFT) or a
continuous wavelet transform (CWT). The resulting depth-wavelength distributions are
analogous to time-frequency distributions (TFDs) which have been analyzed extensively in
the signal processing literature [9, 10], but only recently analyzed in the context of SOCT [11,
12]. Graf and Wax used the Wigner TFD from Cohen’s class of functions [13] to show that
temporal coherence information contained in the Wigner TFD cross-terms can be utilized to
gain structural knowledge of samples via SOCT signals [12]. However, TFDs generated by
the STFT are severely limited by the relationship between time and frequency which results in
an inherent tradeoff between time (depth) resolution and frequency (wavelength) resolution.
Work in the fields of signal processing and quantum physics have paved the way for a new
SOCT processing technique that ameliorates the detrimental effects of the time-frequency
resolution tradeoff. Thomson, for example, developed a method particularly well suited for
stationary Gaussian signals using orthogonal windows as means for estimating weighted
averages for spectral approximations to achieve high-resolution spectral information [10].
Later, Bayram and Baraniuk expanded on Thomson’s method by implementing two Hermitefunction-based windows to provide a robust analysis of the time-varying spectrum of nonstationary signals, which are pertinent to fields such as radar, sonar, acoustics, biology, and
geophysics [9]. More recently, Lee et al [14] showed that using multiple windows
simultaneously can avoid a similar resolution tradeoff in measurement of the position and
momentum of a light field.
In this paper we introduce the dual window (DW) method for processing SOCT signals.
Unlike radar, sonar, etc., the spectral analysis of SOCT is inherently restricted to signals that
are quasi-stationary, with a frequency content that does not vary sharply in time as a chirped
signal would. Instead, the DW method is applied here to detecting modulation of OCT signals
due to scattering or absorption; thus posing a well-conditioned problem for the DW method.
The technique allows the reconstruction of the Wigner TFD of an SOCT signal using two
orthogonal windows which independently determine spectral and temporal resolution,
avoiding the time-frequency resolution tradeoff that limits current SOCT signal processing.
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Simulations and experimental results from scattering and absorption phantoms are presented
to justify the capabilities of the approach.
2. Theory
The DW method is based on calculating two separate STFTs and then combining the results.
The first STFT uses a broad spectral Gaussian window to obtain high temporal/depth
resolution while the second STFT uses a narrow spectral window to generate high
spectroscopic resolution. The two resulting TFDs are then multiplied together to obtain a
single TFD with simultaneously high spectral and temporal resolutions.
To understand what the DW method is revealing, let us consider the FDOCT signal

I ( k ) = I R ( k ) + I S ( k ) + 2 E R ( k ) E S* ( k ) ⋅ cos( k ⋅ d ) ,

(1)

where I(k) is the total detected intensity, IR and IS are the intensities of the reference and
sample fields, respectively, and d is a constant optical path difference between the sample and
reference arms. The STFT of the cross correlation term, 2 E R E S* ⋅ cos(k ⋅ d )  can be expressed
as
− (κ ′− k ) 2

S (k , z ) = ∫ 2 E R (κ ′) E (κ ′) ⋅ cos(κ ′ ⋅ d ) ⋅ e
*
S

2u 2

⋅ e −iκ ′⋅ z dκ ′ .

(2)

Note that u, the width or standard deviation of the Gaussian window, must be chosen carefully
in order to obtain acceptable spectral or temporal resolution. If, for example, u is chosen to be
the same order of magnitude as the bandwidth of the source, then the STFT produces a TFD
that has good temporal/depth resolution, but poor spectral resolution. On the other hand, if u
is chosen to be much smaller than the bandwidth of the source, then the STFT generates a
TFD with good spectral resolution, but poor temporal resolution. The DW method, however,
can avoid this resolution tradeoff.
Consider the TFDs resulting from two STFTs, S1 and S2, generated by a narrow spectral
window and a wide spectral window, respectively. Assuming that the reference field in Eq.
(1) is slowly varying over the frequencies of interest, the processed signal is given by

DW ( k , z ) = S1 (k , z ) ⋅ S 2∗ (k , z )

= ∫∫ 4ES* (k1 ) ES (k2 ) ⋅ cos(k1 ⋅ d ) cos(k2 ⋅ d )
− ( k1 − k ) 2

×e

2a

− ( k 2 − k )2

⋅e

2

2b2

⋅ e −i ( k1 − k2 ) z dk1dk2 ,

(3)

where a and b are independent parameters that set the widths of the windows, and b >> a. In
order to obtain a more insightful form of the processed signal, consider a coordinate change
such that

Ω=

k1 + k 2
q
q
, q = k1 − k 2 , k1 = Ω + , and k2 = Ω − ,
2
2
2

(4)

where the Jacobian of the transform is unity. Thus, the processed signal DW can be written as

q
q
q   
q 
DW (k , z ) = ∫∫ 4ES* (Ω + ) E S (Ω − ) ⋅ cos  Ω +  ⋅ d  cos  Ω −  ⋅ d 
2
2
2   
2 


×e
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q
− ( Ω+ − k )2
2
2 a2

⋅e

q
− ( Ω− − k )2
2
2b2

⋅ e − iqz d Ωdq .

(5)
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The term

q 
q

ES*  Ω +  ES  Ω −  from Eq. (5) can be expressed in terms of a Wigner
2 
2


TFD by utilizing the ambiguity function [12, 13]:

q
q
ES* (Ω + ) ES (Ω − ) = ∫ WS (Ω, ζ ) ⋅ e −iqζ dζ ,
2
2

(6)

where W S (Ω,ζ ) is the Wigner TFD of the sample field in the new coordinate system. After
substituting Eq. (6) into Eq. (5) and simplifying, the processed signal yields

DW ( k , z ) = ∫∫∫ 4 ⋅ WS (Ω, ζ ) ⋅ e −iqζ d ζ ⋅ cos(2Ω ⋅ d ) cos(q ⋅ d )

×e

q

− ( Ω− k ) + 
2


2

1  q ( Ω− k )
 1
⋅ 2 + 2  +
b2
 2 a 2b 

⋅ e− iqz d Ωdq .

(7)

By integrating Eq. (7) with respect to q and assuming a is small compared to b, such that
a2/b2 << 1, the DW signal simplifies to

DW ( k , z ) = 4b π ∫∫ WS (Ω, ζ ) ⋅ e

−

2( Ω− k )2

e−2( d +ζ + z )

b2

2

a2

cos(2Ω ⋅ d ) ⋅ d Ωdζ .

(8)

Equation (8) shows that the DW method is equivalent to probing the Wigner TFD of the
sample field with two orthogonal Gaussian windows, one with a standard deviation of b/2 in
the spectral dimension and another with a standard deviation of 1/(2a) in the spatial/temporal
dimension. Furthermore, a and b independently tune the spectral and spatial/temporal
resolutions, respectively, thus avoiding the tradeoff that hinders the STFT. Equation (8) also
shows that the processed signal is modulated by an oscillation that depends on the constant
path difference, d, between the sample and reference arms. This phenomenon is also observed
in the cross terms of the Wigner TFD, which have been identified to contain valuable
information about phase differences [12]. We explore the utility of this oscillatory term below
in section 4.
Another interesting result is obtained if a approaches zero and b is taken to be much larger
than the bandwidth of the source, ∆k. In these limits, the window with standard deviation
a→0 approaches the delta function, while the second window whose standard deviation
b>>∆k, becomes a constant across the spectrum. If our signal F (k ) = 2 E R E S ⋅ cos(k ⋅ d ) ,
and f(z) ⇔ F(k) is a Fourier transform pair, Eq. (3) yields

DW (k,z) a →0,b>>∆k =S1 (k,z) a →0 S2 (k,z) b>>∆k =

1
f (z)F(k)e−i⋅ k⋅ z .
2π

(9)

Equation (9) is equivalent to the Kirkwood & Rihaczek TFD, and if the real part is taken, it is
equal to the Margenau & Hill (MH) TFD [13]. Either of these two distributions can be simply
transformed to produce any of the Cohen’s class functions, such as the Wigner TFD [13].
3. Simulations
To illustrate the power of the DW method, two different simulations are presented. In the
first, a signal consisting of two optical fields separated in time and center frequency is
simulated.
The total sample field is given by
E S = E1 + E2 , where

(

)

(

)

2
E1 = E0 exp − z 2 exp(i ⋅ k1 ⋅ z ) , E 2 = E 0 exp − ( z − z 0 ) exp (i ⋅ k 2 ⋅ z ) , and k1 > k 2 . The

Wigner distribution of the total sample field is given by
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W (k,z) =

1
2π

∫E

*
S

ζ

ζ

(z − )E S (z + )e ikζ dζ ,
2
2

(10)

and the MH distribution of the total sample field is given by
1
(11)
E S (k)E S (z)e −ikz ,
2π
where E S (k) ⇔ E S (z) is a Fourier transform pair. Figure 1 illustrates the resulting TFDs.
MH(k,z) = Re

Fig. 1. (a). Ideal TFD with E1 centered at z0 = 5 and k1 = 13 and E2 centered at z0 = 0 and k2 =
26. (b). Wigner TFD. (c). MH TFD. (d). Dual Window method.

The ideal TFD, shown in Fig. 1(a), is produced by treating each pulse as an individual
field and superimposing their respective TFDs onto one map. However, this can only be
obtained with prior knowledge of the individual fields. The ideal TFD in Fig. 1(a) contains
two pulses with Gaussian shapes in both the temporal and spectral dimensions. The pulses are
well separated in each dimension. Figures 1(b)-1(d) show different TFDs that can be
generated from a single mixed field. The Wigner distribution, shown in Fig. 1(b), reveals the
two Gaussian pulses along with an additional cross term that appears between them. The
cross term contains modulations in each dimension which, in some cases, reveal important
information about the temporal phase differences [12]. More often, however, these cross
terms are viewed as undesirable artifacts as they yield non-zero values at times/depths and
frequencies that do not exist in the field. Moreover, as more components are added to the
field, the cross terms may interfere with the local signals. The MH distribution, shown in Fig.
1(c), contains four pulses. In addition to the two pulses comprising the signal field, the MH
TFD also contains two artifact pulses known as ‘reflections in time’ [13]. As is the case with
the Wigner distribution, these artifacts yield non-zero intensities at times and frequencies that
should contain no signal.
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The TFD generated using the DW method is presented in Fig. 1(d). The TFD is generated
by simply computing the product of two STFTs processed with wide and narrow spectral
windows respectively. In Fig. 1(d) the cross terms that are present in the Wigner and MH
distributions are completely eliminated as a result of the use of two orthogonal windows.
The second simulation models a SOCT signal from a Michelson interferometer with an
experimental sample containing two distinct reflecting surfaces. The first sample surface
reflects the entire Gaussian spectrum of the source while the second sample surface absorbs
the high frequency portion (upper half) of the source spectrum. This simulation is analogous
to the absorbing phantom experiment discussed below in Section 5.1. In the scenario of this
simulation, i.e. a SOCT system, neither the Wigner nor the MH distributions can be
constructed because the detected signal is the intensity of the field and therefore the phase
information is lost. Thus, we reconstruct the TFDs via the STFT and the DW method.

Fig. 2. (a). Ideal TFD with simulated source bandwidth of ∆k = 35 length-1 units. (b). Narrow
spectral window STFT with standard deviation = 2 length-1 units. (c). Wide spectral window
STFT with standard deviation = 45 length -1 units. (d). Double window method using the two
windows used in (b) and (c). (e). Time marginals (depth profile) of (a), (b), and (d). (f).
Spectral profile at t = 4.5 in (a), (c), and (d).

Figure 2(a) shows the ideal TFD of the simulated signal while Figs. 2(b) and 2(c) show the
TFDs generated by the STFT using narrow and wide spectral windows, respectively. In each
case, the effects of the time-frequency resolution tradeoff are obvious. The TFD generated
with the wide spectral window suffers from degraded temporal resolution while the TFD
generated with the narrow spectral window suffers from degraded spectral resolution. As Xu
et al. showed, the STFT window can be optimized for specific applications, but regardless of
the window size, a resolution tradeoff must be made [11]. Figure 2(d) shows the TFD
generated using the DW method which computes the product of the TFDs shown in Figs. 2(b)
and 2(c). Figure 2(e) shows the time marginals computed from Figs. 2(b)-2(d) which
demonstrate that the DW method resolves the two sample surfaces with a resolution
comparable to that of the ideal case, whereas the narrow spectral window STFT does not.
Figure 2(f) shows the spectral profile of the rear surface reflection in Figs. 2(b)-2(d)
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illustrating that the DW method maintains higher spectral fidelity than the wide spectral
window STFT. Note that the DW method is able to accurately portray the absorbed
wavenumbers, while the wide spectral window STFT reveals no absorption information. The
DW frequency profile also reveals the same spectral modulation that is seen in the narrow
window STFT and that is characteristic of the Wigner TFD. This modulation results from
cross correlations between field components that overlap in time and is analyzed further in
section 4.
4. Local oscillations
It has been shown previously that temporal coherence information from Wigner TFD crossterms can be utilized to gain structural knowledge of samples via the SOCT signal [12].
However, these cross terms are typically viewed as undesirable artifacts as they yield nonzero values at times/depths and frequencies that do not actually exist in the field.
Equation (8) shows that signals processed by the DW method are modulated by a cosine
term whose frequency depends on the constant path difference, d, between the sample and
reference arms. This is the same phenomenon that is observed in the cross terms of the
Wigner TFD, and these oscillations can be used to gain valuable information about phase
differences.

Fig. 3. (a). TFD of simulation 2 generated by the DW processing method. (b). Spectral profile
corresponding to the dashed red line in (a). (c). Correlation plot with peak corresponding to
sample spacing distance of 1.5 units.

Figure 3(b) shows the frequency profile from the front reflecting surface of the sample in
simulation 2 (Fig. 2). This frequency spectrum is taken from depth 3 of the TFD shown in
Fig. 3(a) which was generated by the DW method. The spectral modulation that is present
can be further processed to reveal structural information about the simulated experimental
sample. Fourier transforming the spectrum from Fig. 3(b) generates the correlation plot
shown in Fig. 3(c) which exhibits a clear correlation peak corresponding to a physical distance
of 1.5. This distance agrees with the 1.5 unit spacing of the surfaces in the simulated sample,
thus providing additional information about the structure of the sample.
5. Experimental results
5.1 Absorption phantom experiments
Experiments were performed using the white light parallel frequency domain OCT (pfdOCT)
system previously described by Graf et al. in [15]. To evaluate the ability of the DW
processing method to generate TFDs with simultaneously high spectral and temporal
resolution, we constructed an absorption phantom consisting of a glass wedge filled with an
absorbing dye as shown in Fig. 4(a). Figure 4(b) shows a pfdOCT scan of the absorption
phantom with the two inner glass surfaces clearly visible. Note that the signal from the rear
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surface is significantly attenuated at the thicker end of the wedge due to considerable signal
absorption due to the greater volume of absorbing dye present. Because the experimental
system operates in the visible wavelength band, a visible absorbing dye consisting of a red
food-coloring gel and water solution could be used. Figure 4(c) shows the transmission
spectrum of the absorbing dye which shows strong absorption in the high wavenumber range
of the detected spectrum. The source spectrum is also plotted for reference. We would expect
signals returning from the front surface of the phantom to mirror the source spectrum, while
signals reflected by the back surface of the phantom would exhibit spectra with significant
attenuation of the higher wavenumbers, mirroring the absorption spectrum of the dye through
which it passed.

Fig. 4. (a). Illustration of absorption phantom. (b). pfdOCT image of absorption phantom.
(c). Transmission spectrum of absorbing dye used in absorption phantom compared to source
spectrum.

The raw data corresponding to the position of the dashed red line in Fig. 4(b) was
processed with four different methods to yield the four TFDs shown in Fig. 5. Figure 5(a)
was generated using the STFT processing method with a narrow spectral window of 0.0405
µm-1. The resulting TFD has excellent spectral resolution. For example, the spectrum
acquired at the depth corresponding to the front surface of the phantom (220µm) shows good
agreement with the source spectrum, while the sharp spectral cut-off at high wavenumbers,
characteristic of the dye absorption, is evident at deeper depths (245 µm). However, the
narrow spectral window used to generate this TFD yields very poor temporal resolution,
resulting in an inability to resolve the two surfaces of the phantom. Figure 5(b) was also
processed using the STFT method, but in this case a wide spectral window of 0.665 µm-1 was
used. The resulting TFD has excellent temporal resolution, clearly resolving the two surfaces
of the phantom. However, the spectral resolution of the resulting TFD is too poor to resolve
the spectral modulation expected for the rear surface spectrum. Figure 5(c) shows the TFD
generated using the STFT method with a window of moderate spectral width, 0.048 µm-1. As
expected, the spectral and temporal resolutions of the resulting TFD fall between those of
Figs. 5(a) and 5(b), illustrating the temporal-spectral resolution tradeoff associated with the
STFT processing method. While the spectral characteristics of the absorbing dye are apparent
in this TFD, the two phantom surfaces still cannot be resolved.
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Fig. 5. TFD of absorption phantom reconstructed with (a). Narrow spectral window STFT (b).
Wide spectral window STFT (c). Moderate spectral window STFT (d). Double window
method.

The TFD in Fig. 5(d) was generated using the DW method. By processing the raw data
with both a narrow and a wide spectral window, the TFD simultaneously achieves high
spectral and temporal resolution. The spectrum from the front phantom surface exhibits
excellent agreement with the spectrum of the source, while the rear surface spectrum clearly
reveals a spectral cutoff at high wavenumbers due to the absorbing dye through which the
signal field has passed. Additionally, the front and back surfaces of the phantom are clearly
resolved in depth.
The utility of the DW processing method is further demonstrated by examining spectral
cross-sections and time marginals of the generated TFDs. Figure 6(a) displays spectral
profiles from depths corresponding to the absorption phantom’s rear surface in the TFDs of
Figs. 5(c) and 5(d). For reference, the absorbing dye transmission spectrum is displayed as
well. Figure 6(b) shows spectral cross-sections from depths corresponding to the phantom’s
front surface, along with the source’s reflectance spectrum for reference. The time marginals
of each TFD are displayed in Fig. 6(c) along with the corresponding A-scan from Fig. 4(b).
Note that because the DW is a bilinear product of two STFTs, the noise floor for the DW time
marginal is lower than that of the A-scan (labeled Ideal in Fig. 6(c)). The square-root of the
DW (not shown) yields a noise floor equal to that of the A-scan with slightly broadened
peaks. It is important to point out that the signal is not presented as the square-root of the DW
because the DW is directly related to the Cohen’s class functions, as described in section 2.
From Fig. 6, it is evident that the TFD generated by the DW method maintains the ability to
resolve the two peaks of the absorption phantom, while the TFD generated by the STFT
method does not.

#107201 - $15.00 USD

(C) 2009 OSA

Received 6 Feb 2009; revised 19 Mar 2009; accepted 6 Apr 2009; published 9 Apr 2009

13 April 2009 / Vol. 17, No. 8 / OPTICS EXPRESS 6807

Fig. 6. (a). Spectral cross-section at depth 245 µm in 5(c) and (d), along with dye transmission
spectrum. (b). Spectral cross-section at depth 220 µm in 5(c) and (d), along with source
spectrum. (c). Time marginals from 5(c) and (d), along with corresponding A-scan

Fig. 7. (a). Spectral profiles of Fig. 6(a) with high frequency modulations removed.
(b). Spectral profiles of Fig. 6(b) with high frequency modulations removed.

In addition to limiting the resolution tradeoff associated with the STFT, the DW method
also achieves an increase in the spectral fidelity of generated TFDs. The normalized spectra
from Figs. 6(a) and 6(b) are plotted in Fig. 7 with the high frequency modulation removed by
an ideal low-pass filter with a cut off frequency of 3µm. By separating the low frequency
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content from the high frequency local oscillations, we can assess the fidelity with which each
processing method recreates the ideal spectrum. Chi-squared values for each processing
method were calculated to assess goodness-of-fit. Table 1 summarizes the chi-squared values.
For both the rear surface spectra in Fig. 7(a) and the front surface spectra in Fig. 7(b), the chisquared values associated with DW method are lower than those of the STFT indicating that
the DW processing method recreates the ideal signal with greater spectral fidelity. In
addition, we calculated the goodness of fit for the square of the STFT to account for the fact
that the DW method produces a bi-linear distribution. The DW method is also seen to
produce superior spectral fidelity than the STFT squared.
Table 1. Chi-squared calculations

Rear surface
spectrum
Front surface
spectrum

DW

STFT

STFT2

0.0980

0.1329

0.1245

0.0248

0.0317

0.0305

As with the simulated SOCT signals, the local oscillations seen in the TFD obtained from
probing the absorption phantom (Fig. 5) can also be analyzed to gain structural information
about the experimental sample. Figure 8(b) shows the spectral profile from the front surface
of the absorption phantom indicated by the dashed red line in Fig. 8(a). Fourier transforming
this spectrum produces a correlation plot as shown in Fig. 8(c) with a clear correlation peak
corresponding to a physical distance of 20.60 µm ± 0.57 µm. This measurement represents
the spacing between the phantom surfaces and is in excellent agreement with the spacing
measured in the OCT image of the phantom, 20.60 µm ± 5.97 µm. Here the measurement
uncertainty is larger than the 1.22 µm depth resolution due to the fact that the glass surface
was slightly abraded to increase the signal, producing a broader range of path lengths.

Fig. 8. (a). Absorption phantom TFD generated with the DW method. (b). Spectrum
corresponding to the dashed red line in (a). (c). Correlation plot with peak corresponding to
phantom spacing distance of 20.60 µm ± 0.57 µm, in good agreement with the OCT thickness
measurement.

5.2 Animal tissue experiments
To show the utility of the DW method for processing SOCT and fLCI signals from biological
samples, we applied the pfdOCT system to capture spectra from ex vivo hamster cheek pouch
epithelial tissue. The tissue sample was freshly excised and placed between two coverglasses
prior to scanning. Data was collected without the need for any fixation, staining, or further
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preparation of the tissue. The raw data was processed using the DW method and resulted in
the TFD shown in Fig. 9(b).

Fig. 9. (a). Histopathology of hamster cheek pouch used for experiments in section 5.2 with
basal layer depth indicated. (b). TFD from hamster cheek pouch tissue generated with the DW
method. Basal layer indicated by red dashed box. (c). Average spectrum from a 15.45 µm
depth segment corresponding to the basal tissue layer (red box in part (b)). (d). Correlation
plot with peak corresponding to scatterer diameter of 4.94 µm.

The generated TFD can be used to identify spectral modulation due to scattering within
the sample, specifically to assess nuclear morphology in situ based on scattering signatures.
In epithelial tissues, the majority of nuclear scattering occurs in the basal layer, approximately
40 µm beneath the tissue surface, as determined by histopathological analysis and shown in
Fig. 9(a). The corresponding depth of the TFD in Fig. 9(b), which was scaled by n ≈ 1.38 to
account for the approximate index of refraction [17, 18], was selected and the spectra from a
15.45 µm depth segment was averaged in order to increase the signal-to-noise ratio. The
averaged spectrum was first fit by a power-law and the residual spectrum is shown in Fig.
9(c). The local oscillations present in this signal contain valuable structural information about
the scatterers in the tissue. Graf and Wax have previously shown that these local oscillations
can be used to quantitatively determine nuclear morphology by analyzing the Fourier
transform of the spectrum, producing a plot of the depthwise correlation function [8]. Similar
to the processing applied in the simulated example (Fig. 3(c)) and the experimental results
(Fig. 8(c)), Fourier transforming the spectrum from Fig. 9(c) yields the correlation plot shown
in Fig. 9(d). This plot shows a clear correlation peak corresponding to the distance between
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the light scattered from the front and back surfaces of the nuclei, i.e. the nuclear diameter.
The correlation distance measurement in Fig, 9(d) has been scaled by a factor of 2 n, to
account for the round trip path through the nucleus and assuming an index of refraction for the
nucleaus, n = 1.395 [19]. The diameter of 4.94 µm corresponds nicely with the nuclear
diameter expected for the basal tissue layer of hamster cheek pouch epithelium [16] when
measurements are adjusted to account for fLCI’s measurement of the minor axis of cell nuclei
[8].
There are three key reasons that we are confident that the correlation peak represents
nuclear diameter as opposed to the separation between nuclei. First, the front and back
surfaces of each nucleus provides two scattering surfaces which are relatively aligned in the
axial direction. On the other hand, the alignment between different nuclei is not as well
ordered making them less likely to yield oscillations in the spatially averaged spectrum.
Second, we expect that the distances between nuclei would have a much larger variation than
the measured diameters of single nuclei. Thus, the separation between nuclei would yield a
broad distribution of distances, and not the very narrow correlation peak seen in the
correlation plot. Third, we have recently completed an animal study examining the correlation
peak as a function of tissue health. We find that the correlation peak moves to longer
distances for dysplastic tissue but remains smaller for healthy tissues, consistent with the
nuclear enlargement seen for dysplastic tissues. If the correlation plot was measuring
nucleus-to-nucleus distances, we would expect this parameter to decrease due to the increase
in nucleus-to-cytoplasmic ratio observed in dysplasia.
6. Summary
We have introduced the DW method for processing SOCT signals which can simultaneously
maintain high spectral and temporal resolution. Moreover, the nature of SOCT signals
provides a well-conditioned and optimal problem for the DW method, even though we expect
that this approach may break down for signals with sharply varying frequency content, such as
those due to a chirped pulse. Chirped pulses are caused by dispersion; thus, tissue components
and exogenous agents which induce significant degrees of dispersion may limit the
application of the DW method. However, this tissue dispersion is already known to degrade
depth resolution by up to an order of magnitude with an uncompensated ultra high resolution
OCT system and at large imaging depths (above 1mm) [20].
We have shown that the DW method probes the Wigner TFD of the signal field with two
orthogonal windows that independently determine spectral and temporal resolution and thus
avoids the resolution tradeoff that hinders traditional SOCT processing methods. In addition,
we have shown that local oscillations contained in the TFDs generated by the DW method
contain valuable information about the structure of experimental samples. By comparing the
performance of the DW and STFT processing methods in analyzing SOCT signals from an
absorption phantom, we have shown that the DW method recovers TFDs with superior
fidelity while simultaneously maintaining high spectral and temporal resolution. We have
also shown the utility of the DW method for processing SOCT and fLCI signals from
biological samples to gain morphological information about scatterers.
Since its introduction, SOCT has held promise for gaining spatial and functional
knowledge of a biological sample by mapping spectral information onto depth resolved
images. Unfortunately, traditional SOCT processing methods such as the STFT and CWT
have been limited by an inherent tradeoff between spectroscopic and depth resolution. This
time-frequency tradeoff greatly reduces the utility of the analysis by degrading either the
depth or spectral resolution to the point that important features cannot be accurately
reconstructed. We expect that by avoiding this tradeoff, the DW processing method will
enable new directions in SOCT and depth resolved spectroscopy.
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