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Abstract: Terahertz (THz) imaging and optical coherence tomography (OCT) provide com-
plementary information with similar length scales. In addition to OCT’s extensive use in
ophthalmology, both methods have shown some promise for other medical applications and
non-destructive testing. In this paper, we present an iterative algorithm that combines the
information from OCT and THz imaging at two different measurement locations within an
object to determine both the depth of the reflecting layers at the two locations and the unknown
refractive index of the medium for both the OCT wavelengths and THz frequencies. We validate
this algorithm using a silicone test object with embedded layers and show that the depths and
refractive index values obtained from the algorithm agreed with the measured values to within
3.3%. We further demonstrate for the first time that OCT and THz images can be co-registered
and aligned using unsupervised image registration. Hence we show that a combined OCT/THz
system can provide unique information beyond the capability of the separate modalities alone,
with possible applications in the medical, industrial and pharmaceutical sectors.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical coherence tomography (OCT) and terahertz (THz) imaging both provide the potential
for sub-surface characterization of materials and biological tissue that may advance medical,
pharmaceutical and industrial applications [1-3].

OCT is sensitive to the gradient of the refractive index at near-infrared wavelengths which, in
biological specimens, depends on scattering from structural arrangements of cells and organelles
[4], whereas THz imaging, which uses much longer wavelengths, is much more dependent on
absorption mechanisms than scattering [5,6]. THz can detect, for example, variations in hydration
[7-9] while OCT offers clear indications of the structure and morphology of the specimen [3].
Furthermore, THz imaging and OCT both provide 3D information over a similar size, scale and
depth; both provide diagnostic information correlated to histopathology [10,11] and both can
use the same ultrafast laser source for signal generation. The complementary nature of the two
imaging techniques and their common use of ultrafast laser systems poses the intriguing question:
could they be combined into a single imaging system?

There are several common applications where the two techniques are currently being researched
or applied separately. The penetration depth of THz and OCT, which are both on the scale of
millimeters or less in most materials, including biological tissues, tends to guide the nature
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of these applications. Some of the areas showing potential are near-surface (epithelial) or
intra-operative cancer imaging [12—15], skin hydration changes [16,17], corneal hydration
[18,19], pharmaceutical quality control [20,21] and cultural heritage [22—-27]. There are
possible applications where combining the techniques and overlaying complementary properties
of structure and morphology from OCT with functionality and hydration properties from
THz imaging, may lead to improved diagnostic sensitivity and specificity. For example, in
ophthalmology, this could lead to an improvement in the assessment of certain eye diseases such
as Fuch’s dystrophy [28], a degenerative condition of the corneal endothelium which causes
swelling of the cornea; or the combined technique could aid clinical decisions regarding corneal
grafts [29].

Previous researchers have proposed that imaging a sample using THz and OCT may be of
benefit for diagnosis [30]; however, as yet there have been no studies that combined the two. For
example, Chernomyrdin et al. [14] used both OCT and THz to examine malignant brain tissue,
but did so separately and did not use either OCT to inform the THz properties, or vice versa.
They do propose ‘multiplexing the information” without providing methods to do so. Taylor et al.
[31] discuss the potential of using THz and OCT for imaging the cornea to provide structure and
hydration, but again, do not discuss the way in which the OCT and THz data can be combined to
inform each other, and enhance the information that can be obtained. This study is the first where
the information from OCT and THz has been combined to provide enhanced information that is
not available using either technique independently.

In this study, we present an algorithm for using the time-of-flight information obtained from
OCT and THz images of the same areas as a way to determine the depth of a layer within an
object and the refractive index values at THz frequencies and OCT wavelengths. The algorithm
uses measurements of OCT and THz at two locations within the object with two different depths
to give the depths of the layers and the refractive index values. The algorithm was tested on
OCT and THz images of a silicone test object with titanium dioxide (TiO;) scatterers as contrast
agents to create reflecting layers at different depths. Silicone has been used previously as a
tissue-equivalent test object for OCT [32,33] and we verify its use with THz imaging in this study.
The aim was to evaluate the algorithm to determine the accuracy with which it can provide both
depth and refractive indices and examine factors that affect its performance.

Further, we demonstrate for the first time that OCT and THz images can be processed to
give quantitatively accurate distance information using this algorithm. The images can then be
co-registered to overlay the complementary OCT and THz information. Finally, we show that it
is possible to determine the depths of layers at other locations in the images using the information
obtained from the algorithm, assuming a uniform refractive index throughout the medium. The
ability to overlay co-registered THz and OCT images and establish the depths of layers and
properties of the materials may support clinical and non-destructive testing assessments for
improved pathological decisions, and improved non-destructive characterization of materials.

2. Methods

2.1. Development of the tissue-equivalent test object

A test object was developed that provided tissue-equivalent contrast at optical wavelengths and
was an appropriate material in terms of absorption and refractive index for THz imaging. Silicone
is frequently used in OCT imaging as a test object due to its low scattering properties and its
high transparency in the near-infrared. To test whether silicone was suitable as a THz test object
material, we used THz spectroscopy to determine its refractive index (see section 2.1.2). The
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silicone test object was formed by mixing a silicone base liquid with a hardener according to the
manufacturer’s recipe (ELASTOSIL RT 601 A/B, Wacker Chemie AG, Germany) [34].

2.1.1. Embedded objects using a contrast agent

Titanium dioxide (TiO;) powder, which is frequently used as a scattering agent at near-infrared
wavelengths [35], was tested to determine whether it could create a refractive index boundary
that could be detected using THz imaging. After testing a variety of concentrations, it was found
that 2% by weight gave absorption and refractive index changes that were detectable with both
THz and OCT. The TiO, powder was added to silicone at 2% concentration to form a layer
approximately 1 mm thick. After setting, a square shape and an approximate rectangle shape
were cut from the TiO, layer. The surfaces of both the square and the rectangle were not flat but
had shapes that changed across the profile to provide a variety of depths. These shapes were
then embedded into the silicone test object before it set at a depth of just over 1 mm. The final
dimensions were 26.6 mm X 27.4 mm X 3 mm (Fig. 1(a)).

P —— —— v

(@) (b)

Fig. 1. (a) Photograph of the front surface of the silicone main test object. The white areas
are the embedded highly-scattering silicone-TiO, contrast objects. Areas A, B and C were
the locations where the depth of the silicone back interface was calculated and represent the
full thickness of the test object. Areas D and E were the locations where the depth of the
embedded square was calculated. The red dotted line represents the profile region along
which the depth profile of the rectangle was calculated. (b) An en-face THz image, which
takes the absolute value of the integral of the reflected THz pulse over a time range of 12 ps
for each time-domain waveform and assigns that value to the pixel to form the 2D image and
(c) several of the OCT en-face images manually stitched together. The image property used
for each pixel in the OCT image was the maximum of the log intensity of the signal returned
from the embedded objects.

In a combined system, we would envisage THz imaging with normal incidence [36] or very
near normal incidence [37] similar to the OCT set up. However, for this study, the THz imaging
system used had a 30° angle of incidence and a larger scanning range of 20 mm, compared to 5
mm for the OCT system. For these reasons, we designed a test object with multiple embedded
objects that were similar in size to the field of view of the THz system. For OCT imaging the test
object was moved after each image acquisition so that relevant sections could be imaged with
OCT that overlapped with the THz image. The regions of the test object that were imaged using
both THz and OCT are shown in Fig. 1(a), while Fig. 1(b) and Fig. 1(c) show the THz and OCT
en-face images of the test object, respectively.

2.1.2. Refractive index of the silicone test object at THz frequencies

The refractive index of the silicone test object was measured at THz frequencies using a
commercial THz time domain system (TeraPulse4000, Teraview Ltd, Cambridge, UK). This
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system was used for both spectroscopy and imaging of the test object. The system provides a
broadband pulse with a range of frequencies 0.06 - 4 THz. Since the refractive index of silicone
varies as a function of THz frequency, the measured refractive index was determined using a
weighted mean refractive index to represent the bulk properties of silicone across this frequency
range. The weighting was based on the spectral amplitude of each frequency component of the
pulse, as determined by spectral analysis. The bulk refractive index for the silicone across this
frequency range determined, by transmission spectroscopy on a piece of silicone with known
thickness, was 1.53 +0.08.

2.1.3. Refractive index of the silicone test object at OCT frequencies

OCT measurements were performed using a fiber-based, swept-source polarization-sensitive (PS)
OCT system with a standard bench-top configuration. The light source used was a wavelength-
swept laser (Axsun Technologies, Bellerica, MA, USA), centered at 1310 nm, with a full sweep
range of 130 nm at a 50 kHz sweep rate [38,39]. For comparison of the refractive index obtained
for the algorithm for the OCT wavelengths, a calibrated refractive index of the silicone was
measured by using a known thickness of several millimeters and measuring the optical path
length. The refractive index was found to be 1.43 + 0.04, which agrees with published values of
1.4 [32]. Small differences may arise based on the formulation of the silicone.

2.2. Imaging the test object
2.2.1. THz imaging of the silicone test object

We used the imaging module of the Terapulse4000 to collect a 3D data set from the test object.
The imaging module raster scans a THz pulse over a defined area (x, y) in which each pixel
contains the reflected time-domain signal (amplitude and phase). The THz pulse was incident on
the sample at 30° and focused into the sample using f2 optics. The THz images were scanned over
an area of 20 mm by 20 mm with a sample spacing of 0.2 mm. The front surface of the test object
(the surface at which the THz was incident) was placed at the focal point and then the z-position
of the test object was focused by maximizing the reflected signal from the embedded square TiO,
object which is approximately 1 mm deep within the silicone. Thus a three-dimensional dataset
(x, y, t) is obtained where the third dimension is time which, if the refractive index of the sample
is known, can be converted into a spatial dimension. A reference measurement is acquired from
a flat gold coated mirror, and is deconvolved from the sample pulse prior to further analysis of
the signal. Table 1 compares THz imaging characteristics to OCT.

Table 1. Comparison of the OCT and THz imaging systems

Imaging System Wavelengths Frequency Lateral Resolution Axial Resolution
OCT imaging 1310 nm 229 THz 25 ym (@1310nm) ~11 um (@1310nm)
THz imaging 5000 pum — 75 pm 0.06 THz - 4 THz ~75 um (@ 3 THz) 30 um (@ 3 THz)

2.2.2. OCT imaging of the silicone test object

The OCT system had a field of view of 5 mm by 5 mm. The angle of incidence for the OCT
system was perpendicular to the surface of the test object. The test object was mapped in the x-y
direction in steps of 5 pm. In the z-direction, 1152 pixels were obtained corresponding to an
optical path length of 8 mm in air. Due to the smaller field of view for OCT, the test object was
imaged at several locations around the boundaries of the embedded square and rectangle (see
Fig. 1(c)). The intensity value obtained from processing the OCT images is used for all images
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and data analysis. The resulting processed images were used to calculate the thickness of the
silicone and the depth of the embedded object.

2.3. Image analysis and registration
2.3.1. Determining depth and refractive index values for normal incidence of OCT and THz

Given two locations, / and 2, with unknown depths d; and d,, (as illustrated in Fig. 2) we
can calculate d, and d», and the unknown refractive indices, noct, and nty, of the material
using OCT and THz measurements at these two locations. THz and OCT measurements at
each of the locations / and 2, provide four known values, focti1, focT2, THz1, THZz2, Where ¢
represents the ‘time-of-flight’ for the time travelled by the electromagnetic radiation for the OCT
measurement and the THz measurement to the reflecting surface within the material, assuming
normal incidence. In the measurements performed, the THz signal was not normally incident on
the silicone, and the method to account for this is given in section 2.3.2. These four values can be
used to solve four simultaneous equations that relate to the depth d; and d> and the refractive
index in the optical regime (noct) and the THz range (nty,). The simultaneous equations were
obtained as follows:

tocr1 = d1 * nocr/c ()
tocr2 = do * nocr/c 2
tTHZ1 = d1 * i /C (3)
ttH2 = do * NrpZ/C 4)
N
9 Air
o
N1 (air)
t Nocr MNrTHZ
) THz30
TIQZ. » v tTHZ .a- o
mEms 2 Silicone
Location1 to(:T
(depth d,) -
Location 2 Air
(depth d,)

Fig. 2. Tllustration of the THz pulse incident on the front surface of the silicone at 30° and
refracted due to the refractive index nty, before being reflected from the embedded TiO,
layer at location 1 and silicone back interface at location 2. The angle #; is unknown in this
case since it depends on nty,, and nTy;, is assumed to be unknown. The time-of-flight for a
normally incident THz pulse is shown as tTy,, while the measured time-of-flight of the THz
pulse, incident at 30° is f1yz30.
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Rearranging Eq. (1)—(4) gives four simultaneous equations with four unknowns:

c*(tocr1 + tocr2)

= 5
nocr A+ (5)
c*(traz1 + trz2)
= - 6
NTH; A (6)
(1 +t
di = c*(tocr1 + trh:1) 7
nocr + NTH;
(1 +t
dy = c*(tocra + trHz2) 8)

nocr + NrH;

Solving these four simultaneous equations yields the depths d; and d; of the two locations, and
the refractive index noct and nty, for both OCT wavelengths and THz frequencies. For this
study the equations were solved using Matlab’s (Matlab, version 14, Mathworks, Natick USA)
Jsolve function.

2.3.2. Correction of THz time-of-flight for non-normal THz incidence

Unlike the OCT signal, which is at normal incidence to the surface, the THz pulse is incident
at an angle of 30° (¢;). The implication of this is that the measured time-of-flight for the THz
pulse, fTr,30 must be corrected to obtain the time-of-flight for normally incident THz radiation,
tth before being input into Eq. (6), (7) and (8). In order to use Snell’s law to determine fty;,
at normal incidence, the angle ¢, must be known (Fig. 2). However, determining ¢, requires
knowledge of the refractive index, which we assume is not known in this case. Instead an iterative
approach can be used to estimate J, using an initial first guess for nty;, that then allows f1y;, to be
calculated from #tp,30 with knowledge of foct and an initial guess for noct. This updated #1y,
is then used in Eq. (6)—(8) to determine the next iteration of depth values and the refractive index
values noct and ntyz. The updated nty, and noct are used to improve the determination of #1yy,
from t1y,30. The procedure is repeated iteratively until the values of #1y,, and subsequently d,
ds, noct and nty, converge to a desirable limit. The mathematical relationship between ¢ty and
tTHZ30 is shown in Eq. (9)—(12), and the full algorithm is shown schematically in Fig. 3.
From Snell’s law we have

9, =sin”! (sin(30) / nTHZ) 9)

where ny;; = 1 and ¢ for the THz pulse is 30°.
Using the trigonometric relationships and substituting for 1, we obtain

ITH, = tTHz30" COS (sin_l (sin(30) / nTHZ)) (10)
Given that the depth of a location is the same for THz as it is for OCT, we have
NTH; = NTH; *( tTHZ/ tocT) (1)
Substituting Eq. (11) into (10), we determine the series for fty,
tta; (i + 1) = traz30. cos (sin_1 ((Sin(30)‘tOCT)/(tTHz(i).HOCT))) (12)

Equation (12) can be solved iteratively by inputting an initial first guess for the noct and using
the iterative previous value of try,(n) as well as the known value of foct measured from the
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(truz) and return
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Fig. 3. Schematic flowchart of the iterative algorithm to determine the depth and refractive
index values from two locations using OCT and THz images, accounting for the angle of
incidence of the THz pulse if it is non-normal. The algorithm assumes initial values for the
refractive index at OCT wavelengths and THz frequencies and successively updates these
and determines the depth of the layers simultaneously.

two locations. The solution #1y, was successively updated until an acceptable convergence was
reached, defined arbitrarily as the limit in which the change from the previous value was less
than 0.0001 ps. In the study we performed, this was typically after 4-5 iterations. As mentioned
previously, the adjusted value for fry, was then used to solve Eq. (5)—(8) and the procedure
repeated, using the updated refractive index for THz and OCT in Eq. (11) and (12) until the
refractive index and depth from Eq. (5)—(8) converge. The flow of the full algorithm is given in
Fig. 3.

2.3.3. Calculation of layer depths in the silicone using combined THz and OCT

The iterative method of obtaining the depth and refractive index outlined in sections 2.3.1 and
2.3.2 was applied to measurements on the silicone object using five different regions labelled A,
B, C,D and E in Fig. 1. Regions A, B and C had no buried layers, so the reflected signal at depth
represented the full depth of the silicone and could be compared with a measured depth. Regions
D and E had the embedded TiO, square shape that led to reflections with shorter times-of-flight
so it could be used to test the efficacy of the algorithm with a range of depth locations. All regions
were 2.5 mm by 2.5 mm in the x-y direction. The actual thickness of the silicone at locations
A, B and C was measured using a micrometer. The micrometer thickness measurements were
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repeated ten times in each of the three locations A, B and C and then averaged to give a mean
measured silicone thickness at each location with a standard deviation of the mean.

To measure the depth of the embedded square, the test object was sliced into sections and
viewed under a microscope at eight times magnification. By calibration of the microscope
image, the distance from the front surface of the silicone to the front surface of the embedded
square could be determined at 10 locations within region D and region E. These were averaged
and a standard deviation obtained. The mean calculated depths and the refractive index values
determined from the algorithm for these ten unique pair combinations are given in Table 2
compared to the measured values for all regions A-E along with a percentage difference between
the two.

Table 2. Values of the depth and refractive index calculated from the iterative algorithm for each of
the ten unique pair combinations for the 5 locations A, B, C, D and E. The mean of each value is
calculated and presented with the standard deviation. These calculated values are compared to the
measured values and the percentage difference between the measured and calculated is given in
the bottom row of the table.

Pair Depth at location (mm) Refractive index

A B C D E nocT NTHz
[A, B] 3.137 2.966 1.423 1.493
[A, C] 3.115 3.145 1.428 1.509
[A, D] 3.132 1.299 1.418 1.502
[A,E] 3.116 1.296 1.418 1.517
[B, C] 2.954 3.155 1.430 1.499
[B, D] 2.975 1.305 1.420 1.487
[B, E] 2.960 1.302 1.419 1.502
[C, D] 3.145 1.291 1.427 1.510
[C,E] 3.129 1.289 1.427 1.525
[D, E] 1.292 1.297 1.408 1.524

Mean Calculated 3.125+0.011 2.964+0.009 3.143+£0.011 1.297+0.011 1.296+0.010 1.422+0.007 1.507+0.013
Value

Measured Value 3.05+£0.04 2.87+0.05 3.08 £0.06 1.26 £0.04 1.27+£0.04 1.43£0.04 1.53+£0.08
Difference (%) 2.5% 3.3% 2.1% 2.9% 2.0% —-0.6% -1.5%

2.3.4. Factors affecting the performance of the algorithm

To understand the limitations and performance of the algorithm, we examined several factors that
influenced the outcome of the final values. These were the depth of the locations, the refractive
index values used for the initial guess, and the number of iterations for convergence. The effect
of depth was examined by using a range of five depths, two shallower around 1 mm, and three
deeper around 3 mm.

To understand the influence of refractive index initial starting values, we tested the algorithm
with a range of starting points of nocrt ranging from 1.3-1.5, and nty, from 1.4-1.7, which
represented a range either side of the expected values. The results for this range of starting
refractive index initial estimates are given in Table 3. To observe the speed with which the
algorithm converges with each iteration, we present a case study for pair-combination [A, E]
where the values at each stage of the iteration are shown in Fig. 4 for 9 iterations compared to a
line showing the convergence value.
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Fig. 4. Plots showing the convergence of the algorithm over 9 iterations for (a) the THz
time-of-flight for region A (circles) and region E (triangles). A full line is plotted at
tTHz = 15.665 ps and dotted line at rry, = 6.647 ps showing the convergence value. (b) The
depth determined from each iteration of the algorithm for region A (circles) and region
E (triangles) with the full line at d; =3.116 mm, and dotted line at dp =1.296 mm. (c)
The refractive index from the algorithm after each iteration for nty, (circles) and nocr
(triangles), with a full line at nTy, = 1.517 and npoct = 1.418 showing convergence.

Table 3. The impact of the initial starting values of the refractive index for OCT (ngcT) and THz
(nTHz) on the outcome of the algorithm for the case example of pair combination [A,E]. A percentage
difference was calculated for each value compared to the measured value. Note that the measured
values for d; and d, are 3.05 mm and 1.27 mm respectively for regions A and E. The measured
refractive index for noct is 1.43, and measured refractive index for THz, nyy, is 1.53.

Difference between algorithm

Difference between algorithm
and measured refractive index

Initial starting values and measured depth (%) (%)

nocr

initial nTH initial dy dy nocrt NTHz
1.300 1.500 7.7 32 -5.9 -6.7
1.300 1.600 7.7 32 -5.9 -6.7
1.300 1.700 7.7 32 -5.9 -6.7
1.400 1.500 39 1.6 -2.5 -2.7
1.400 1.600 39 1.6 -2.5 -2.7
1.400 1.700 39 1.6 -2.5 -2.7
1.450 1.500 22 0.9 -0.9 -0.8
1.450 1.550 22 0.9 -0.9 -0.8
1.450 1.600 22 0.9 -0.9 -0.8
1.450 1.700 22 0.9 -0.9 -0.8
1.500 1.400 0.5 0.2 0.8 1.0
1.500 1.500 0.5 0.2 0.8 1.0
1.500 1.600 0.5 0.2 0.8 1.0
1.500 1.700 0.5 0.2 0.8 1.0
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Fig. 5. (a) Side-view photograph of the test object showing the embedded square silicone-
TiO, test object. THz and OCT were incident on the top surface. (b) B-scan from the OCT
image of the test object, showing a scattered signal from the top surface of the test object
and increased scatter from the embedded square. (c) B-scan THz image showing reflections
from the top surface of the test object, the top surface of the embedded square, and the
bottom surface of the test object. (d) The co-registered overlay of the THz and OCT images
showing the agreement between the two imaging methods, where the OCT image is in ‘hot’
colourmap for contrast.

2.3.5. Calibration and co-registration of the OCT and THz image information

The outcome from the algorithm is a set of four pieces of information: d; and d», noct, and nty;.
By assuming the medium is uniform prior to the embedded layers, the OCT and THz images
can then be scaled according to these refractive index values. These ‘calibrated’ images provide
the possibility of overlaying the images by co-registration since they are on equivalent distance
scales. To test this, 2D cross-sectional OCT and THz images, known as B-scan images, were
co-registered using Matlab’s imregconfig and imregister commands. The ‘multimodal’ option
was selected, which maximizes the mutual information between the two images, ignoring the
incommensurate intensities of the two modalities, using a one-plus-one evolutionary optimization
configuration. Rigid registration was selected since the scale was determined and calibrated by
the refractive index. The co-registered OCT and THz B-scan images are shown in Fig. 5 and
Fig. 6 together with the photograph of the arrangement and the individual THz and OCT B-scans.

As a further step to test the co-registration of the images, the depth of the embedded rectangle
was determined over a profile that was 1 mm wide along the direction shown in Fig. 1(a) by the
red dotted line. The depths extracted from the OCT and THz images along this profile were
combined to give a depth profile, shown in Fig. 7.
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Fig. 6. (a) Side-view photograph of the test object showing the embedded rectangular test
object. THz and OCT were incident on the top surface. (b) OCT B-scan image, along the
profile shown by the red dotted line in Fig. 1, showing a reflection from the top surface of
the test object and increased scatter from the embedded rectangle. (c) B-scan THz image
showing reflections from the top surface of the test object, the top surface of the embedded
rectangle, and the bottom surface of the test object. (d) The co-registered overlay of the THz
and OCT B-scan images showing the agreement between the two imaging methods, where
the OCT image is in ‘hot’ colourmap for contrast.
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Fig. 7. (a) Graph showing the depth of the embedded rectangle along the profile marked in
Fig. 1 with a red dotted line. The depth of the layer identified from the THz image is shown
as blue triangles, while the depth obtained with OCT images is shown as red circles. ‘OCT
1’ represents the data from the left hand OCT image in Fig. 6(b), while ‘OCT 2’ represents
the data from the right hand OCT image
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3. Results

The results for the algorithm are presented in Tables 2, 3 and Fig. 4. Table 2 gives the values
output by the algorithm for the range of pair locations used in this study compared to the
appropriate measured value. Table 3 displays the manner in which the initial starting values for
the refractive index of OCT and THz affect the algorithm. Figure 4 demonstrates the convergence
of the algorithm over 9 recorded iterations, for the example, pair combination of [A, E], showing
how the values converge in under 6 steps.

Figures 5 and 6 show the B-scans for the THz and OCT images of regions in the embedded
square and rectangle. The OCT images co-registered by automated image registration are overlaid
on the THz images to show the agreement in the two imaging modalities in Fig. 5(d) and Fig. 6(d).

Given the way the phantom was made, the rectangular inclusion was not parallel with the
surface. We took advantage of this to determine how accurately the depth of features that were
not used to calibrate the algorithm could be determined. The depths were first calibrated using
measurements taken from areas A-E as described above, and the results of the algorithm were
then applied to the varying depth of the top surface of the rectangle. These depth profiles, taken
from the THz and two OCT images are compared in Fig. 7 and show good agreement over depths
ranging from 1.3-1.8 mm.

4. Discussion

Overall the algorithm to extract depths and refractive index values using OCT and THz imaging
measurements at two unknown depth locations performed well. The mean depth of the silicone
test object and depth of the embedded layers calculated from the algorithm agreed within 3.3%
of the measured depths. The refractive index values agreed even more closely, within 1.5%.
Interestingly the depths from the algorithm were slightly overestimated compared to the measured
depth. This corresponded with the refractive index calculated from the algorithm being slightly
lower than the measured values.

It might be expected that the wider the depth range, the better the results. However, this was
not observed with the analysis. For example, the algorithm gave the same depth for region C
when the pair combination of [A, C] and [C, D] were used. The difference in measured depth
between regions A and C is 30 um, while the difference in depth between regions C and D was
measured as 1.82 mm. This robustness to the depth of the two locations is promising for the
technique to be used with samples that only exhibit a small but detectable variation of depths, for
example in skin layers.

The refractive index obtained from the algorithm for OCT was 1.422, which compared favorably
to the measured value of 1.43. The difference was just 0.6%. Similarly, for THz frequencies, the
mean refractive index obtained from all the pair combinations was 1.507 compared to the value
of 1.53 determined from the THz spectroscopy measurements. The difference, in this case, was
1.5%.

The results were almost invariant to the initial ny, value, as can be seen from Table 2, but did
depend on the initial value of noct. This may be because nocr is used in both the determination
of the corrected f1yy, as well as the solution of the four simultaneous equations. The outcome for
depth and refractive index was constant if nty, varied from 1.5 - 1.7. However, for noct ranging
from 1.3 - 1.5, the calculated values differed from the measured ones by between 7.7% and 0.2%
for the example pair [A, E].

The two examples of co-registration shown in Fig. 5(d) and Fig. 6(d) demonstrates very good
visual agreement between the OCT and THz B-scans images. This indicates the scaling of
images for the refractive index calculated from the algorithm works well, assuming the medium
is uniform, to establish the images on equivalent distance scales that then enables the overlay of
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the images. This similarity is supported by the fact the images can be co-registered using an
automated, unsupervised, rigid registration algorithm, after this scaling.

As a further demonstration of the ability of the algorithm to improve the characterization of
the samples, Fig. 7 clearly shows that the profile of the rectangle agrees closely for both the OCT
and THz images. This analysis shows that despite even with THz incident on the sample at 30°,
by accounting for the known angle of incidence the algorithm still operates successfully.

Using this algorithm, it is possible to combine OCT and THz images to overlay the comple-
mentary information they provide. OCT in the past has assumed to be able to extract thickness,
with the refractive index assumed from the literature or measured for the material. Potentially this
algorithm could be used with OCT alone at two different wavelengths; however, the advantage
of combining with THz is that the hydration properties may be obtained that informs the
functionality not just structure, and this may be of value to clinicians. Using this algorithm, it
may be possible to confirm these thickness measurements. This may be of value, for example,
in corneal applications, confirming the thickness of the cornea as well as providing enhanced
information from the THz that is sensitive to pathology. This may also advance the combined
OCT/THz modality in applications for the skin and breast cancer margin detection, as well as in
industry, for non-destructive testing and quality control purposes. The next step to achieving
this would be examining how the algorithm operates with multiple layered structures and with
layered gradients such as that found in the skin.

5. Conclusion

OCT and THz give different and complementary information that may improve diagnostic and
characterization capabilities beyond just using one of the modalities alone. We showed through
the use of a silicone test object with TiO,-silicone embedded layers that the THz and OCT images
may be used to extract structural information of the object, as well as a refractive index using an
iterative algorithm. This method overcomes the challenges of unknown refractive index values
and the impact these have on the uncertainty in calculating layer depth.

The algorithm we presented solves four simultaneous equations for four unknowns using
OCT and THz measurements at two locations. The outcome of the algorithm is the depth of
the two locations as well as the refractive index for the OCT wavelength and THz frequencies.
Quantitatively, the thicknesses and depths determined from the image agreed very closely to
within 3.3% with the measured values. Refractive index values obtained from the algorithm
agreed to within 1.5% of the measured values. The refractive index calculation was more
dependent on the initial estimate of the refractive index of OCT wavelengths than THz possibly
because of the more significant role this plays in the algorithm.

We presented overlaid THz and OCT images based on these refractive index values that aligned
well and showed, for the first time, that THz and OCT images could be automatically scaled and
co-registered with unsupervised methods, even without knowing the refractive index in either
regime. This allows the complementary information from the OCT structure and THz hydration
sensitivity to be overlaid to potentially enhance diagnostic capabilities in applications where the
two show promise.
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