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Abstract—The double Debye model can be used to capture casian population [10]. Mohs’s micrographic surgery (MMS)
the dielectric response of human skin in terahertz regime da to s currently the treatment method providing the highesecur
high water content in the tissue. The increased water propdion rate. However, this technique is intensively time-conswgni

is widely considered as a biomarker of carcinogenesis, whic d it ffici d d . f patholoai
gives rise of using this model in skin cancer detection. Thefore, 210 IIS Cure efliciency depends on experiences or patndlogis

the goal of this paper is to provide a specific analysis of the in determining the histological margin of cancerous region
double Debye parameters in terms of non-melanoma skin cance Therefore, accurate delineation of NMSC is essential fdr no

classification. Pearson correlation is applied to investa@te the only saving time and effort in terms of recurrent surgeries a
sensitivity of these parameters and their combinations to he biopsy but also simplifying the treatment modality [11]. o

variation in tumor percentage of skin samples. The most seiits/e lation bet terahertz i d their histol
parameters are then assessed by using the receiver operaiin correlation between teraherlz images an er nistolegy s

characteristic (ROC) plot to confirm their potential of classifying ~tions suggested the application of the THz imaging techmiqu
tumor from normal skin. Our positive outcomes support further in vivo to delineate tumor margins pre-operatively [12].
steps to clinical application of terahertz imaging in skin @ncer
delineation.

Preliminary studies demonstrated that the dielectric @rop

ties of human skin in terahertz frequencies can be modeled by
. INTRODUCTION two Debye relaxation processes, known as the double Debye
Intensive studies of terahertz (THz) radiation (T-ray) éavmodel [13]. The capability of the double Debye model to
continuously presented the potential of terahertz pulssing specify the pathology of tissue was initially investigatey
(TPI) and terahertz pulse spectroscopy (TPS) in medical gp4]. However, its outcomes were limited because the fitting
plications, especially cancer detection [1]-[3]. The THav®, procedure to extract the model parameters from measured
which is non-ionizing, only utilises a low power level withi optical properties was recognised mathematically difficul
safety guide [4]. As THz frequencie$.2 — 10 THz) lie in  [15]. To overcome this challenge, a further study by [16]
the excitation range of torsional and vibrational motions iproposed a global optimization-based approach to extnact t
molecular systems, TPl and TPS are capable of providigguble Debye model parameters which provide the optimal
spectroscopic information of biological tissue [5]. The-si fit to measured complex permittivities of human skin, both
nificantly high sensitivity of waves in the terahertz regitoe healthy and cancerous. Additionally, contrast values #s¢h
water is a well-known feature contributing to advantages parameters between the two types of skin tissue suggested
the imaging technique as biological tissues comprise lange possibility for skin cancer classification. Thereupthg
proportion of water [6]. aim of the present paper is to identify the potential appli-
Contrast images between healthy and abnormal tissues sgghts for skin cancer classification from the double Debye
as skin cancer and breast cancer have been previouslydtudigrameters via statistical analysis of pathological datien
A THz imaging system based on reflection was especialynd the receiver operating characteristic (ROC) plots e$¢h
used to non-invasively detect cancerous regions of humian skarameters. The global optimization-based approach pezbo
while ex vivoimages of this skin cancer also proved the abilitigy [16] is employed to extract the parameters of the double
of TPI to distinguish between basal cell carcinoma (BCC) arbebye model corresponding to a variety of skin samples. To
normal tissue [2], [7]. THz imaging might be also beneficiahe authors’s best knowledge, this paper is the first study in
to breast-conserving surgery as [8] investigated the pii$gi providing a specific statistical analysis of these pararsetts
of using THz pulses to correctly map breast tumor margingutcomes support further steps towards applying the double

Recent advances in THz technology triggered applicationsbebye model for THz imaging in order to assist the recent
other cancers occurring at less accessible areas suchvas catimor-removal surgeries.

and colon [9].
Non-melanoma skin cancer (NMSC), especially basal cell i i
carcinoma, is the most popular cancer occurring within Cau-The paper has the foIIowm_g structure. Section ,” preseat th
double Debye model, experiment data and applied parameter
ICentre for Health Technologies, University of TechnologydS extraction procedure. Section Il describe the statikticsal-

ney, Ultimo 2007, Australia; Emailcao.q.truong@student.uts.edu.au, ysis of correlation and classification possibility. Dissias)
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Table |
THE DOUBLE DEBYE PARAMETERS

Sample | BCC percentage (% £s €9 Eoco 71(ps) T2(ps)
Normal 0 27.13+ 10.00 | 464+ 0.18 | 2.89+ 0.19 | 430+ 2.27 | 0.11+ 0.02
BCC <30 4479+ 32.37 | 483+ 0.26 | 3.06+ 0.13 | 656 £ 5.34 | 0.12+ 0.02
BCC 30 — 50 5391+ 3469 | 4.77+ 0.02 | 292+ 0.06 | 8.25+ 5.67 | 0.12+ 0.01
BCC > 50 7311+ 5517 | 504+ 0.15 | 297+ 011 | 9.71+ 7.66 | 0.12+ 0.02
Il. PARAMETER EXTRACTION from (2). The global optimization-based approach by [16] is
A. The double Debye model employed to find the optimal solution. According to recent

studies,r; is reasonably constrained in the rangé — 20

References [L1], [13], [16] confirm the possibility of usin jcoseconds for all samples while the constraintrof is

the double Debye theory to predict the dielectric respon
of human skin in the terahertz regime. This approach | 0 — 150] femtoseconds [5], [18]. The extracted parameters

based on the molecular interaction between water molecuf? sthe double Debye model corresponding to all tumorous
of skin tissue and THz radiation. The double Debye mod@ mples are grouped by tumor percentage. T_he average values
. . of the double Debye parameters together with their standard
incorporates two Debye relaxation processes that représen in th includi les with less thafi

impact of an external electric field on water molecules. Undgrrors In three groups including samp . ’

the excitation caused by incident T-rays, natural tetredied 0—50% and more thais0% of tumor are recorded in Table.
structures of water molecules are reoriented by the brmké‘g
and reformation of multiple hydrogen bonds surrounding cen
tral water molecules in the slow relaxation process (on & tim
scale of picosecond) [11], [17]. The fast relaxation preceé. Correlation Analysis

is attributed to the reorientation of the single central evat Reference [11] ana|ysed the correlation between the ter-
molecules with a short moment (hundreds of femtosecondghertz absorption coefficients and tumor content of tissue
The double Debye model used for analytically describing thgmples for the purpose of evaluating the senility of TPI
relative complex permittivity of human skin is [5] for detecting tumor. The author found the highest corretati
) €2 —E€xo (1) r = 0.75 of the absorption at 0.5 THz for each BCC

1+ wr1 1+ wre’ samples with the percentage of tumor. Pearson correlation
Heree, is static permittivity at low frequency, is the lim- between each parameter of the double Debye model and
iting permittivity at high frequency, ang, is the transitional tumor percentage for all samples were also presented in
dielectric constant between two relaxation process.e, and Table Il. These parameters only provide the correlation up
€2 — €4 respectively represent the dispersion in amplitude & r = 0.62 that is still far lower than- = 0.75. However, it

the slow and fast relaxation processes corresponding to tHgé worth considering the fact that the correlationsrgfwith

IIl. STATISTICAL ANALYSIS

Er(w) =€ +

relaxation time constants; andrs. two parameters,, e, are significant @99, 0.65 respectively).
This suggests certain combinations of these parametetd cou
B. Experimental Data and Parameter Extraction improve the correlation with the BCC percentages of skin

The data used in this study were published by [11]. IBamples. Therefore, sever_al empirical non-linear ratatiips
particular, tissue samples were excised from mainly head & €s.€2,€, 71 Were considered as follows,

neck of ten patients undergoing MMS. Each sample includes 5. Es € 3
a certain proportion of BCC and adjacent normal tissue. & her LT (3)
are totally23 samples which includé3 containing tumor and e — £ —

. s 2 Ex
10 without tumor. A TPI system was used for spectroscopy 02 = Y (4)
measurements in transmission mode. The time-domain signal !
measured from this device are transformed into frequency- Ay = §BCC _ Apormal

) ) . ) - 5
domain spectra through Fourier transformation. Amplitude ypormal ®)

and phase recovered from these spectra facilitate directly BCC normal

measuring frequency-dependent refractive index of tissue Ay = w
5 =

and absorption coefficient. Further details of this experiment

procedure is fully described in [11]. The measured freqyendHere, 67 and 65 respectively stand for the values of
dependent complex permittivity is calculated through tble f 5, and 5, corresponding to a BCC-contained sample while
lowing relationship: spormal gnd §permal are values of; andd, for the healthy
Ew) = (n(w) — x(w))2. @) sample of the same patient with Fhat tumér. and d, are

. ) S continuously calculated for all 23 skin samples before wppl

The fitting procedure is based on minimizing the total SquUagg).6) to find A; and A, of each BCC sample. (5)-(6)
e .

are proposed based on the fact that the hydration profile of
i skin varies between patients while the double Debye model
cies in order to obtain the best fit to the permittivity dateepresents the dielectric response of water content irsdioe

6
55107‘mal ) ( )

error functionz |&,-(w;) — &(w;)|* over N sampled frequen-



tissue. The tumor is generally believed to be more high ROC curve
hydrated than normal tissue but this context may be or ‘ ‘ ‘ T

available when both the former and the latter belong to ti 0.9 U
same patient and maybe even the same examined body [ JIUEE SR Seih
As a result, the subtraction in (5)-(6) facilitates remaythe °% :
effect of different skin hydration backgrounds betweerngues 0% ;

on the changes due to the difference in tumor content. T O 1

correlation values of1, 2, A1, Ao with BCC percentages are z ] )i .
. . = r H
provided in Table II. g o5 : — 5
<% » :’_I—. n e ? 82
Table Il 0.4 “ el R
THE PEARSON CORRELATION VALUES OF MODEL PARAMETERS | : “
0.3 'y /,o ----- + - 77777 Tl
£s €2 oo | T1(ps) | T2(ps) o1 0o A4 Ao - I T,
0.2 -7 - S
044 | 063 | -0.1| 0.34 02 | 074|079 0.92] 0.85 1. 5
o .7 ——3,
& g
B. Classification Analysis 0 ol 02 03 04 05 06 07 08 09 1
i i i i 1-Specificit
The applied Pearson correlation in llI-A, which only ex: pechiely
amine the linear dependence between two variables, islyeadi .
not a complete measure for identifying potential indicatof!9: 1: ~ROC curves ofes,e2,€00,71,72,01,02 and the absorption

. e . . . coefficienta at 0.5 THz.
in classification. Thus, the receiver operating charastieri

(ROC) plot is commonly employed to explore the classifigatio

accuracy in medical community [19]. The ROC plots also IV. DISCUSSION

demonstrate the trade-offs between the sensitivity andi-spe

ficity. A threshold value chosen by averaging two conseeutiv AS can be seen in Table I, the impact of increased tumor
instances of original data is used to split the data into teygas Proportion inside skin samples on the variation of the deubl
rate sets which are compared with pathology to determine tRebye parameters generally results in the increases oé thes
correspondent sensitivity and specificity. Fig. 1 demastr values. In particular, average valuesgfconsistently increase
the ROC curves of;, 2,6, 71,72, 1,2 and the absorption due to the increase of BCC percentage while the similar trend
coefficienta at 0.5 THz respectively. Furthermore, the arelg also observed in the remaining cases 9t andr;. The
under the ROC curve (AUC) of a classification feature is dtgh variance ofes, 71, which are well-correlated, could be
independent index from any particular threshold value aste to overfitting. Constraining the variation rangerefwill
commonly used to assess the general performance of tagshelpful to reduce the variance of these two parametees. Th
feature. An AUC closer to 1 indicates a better classificatigfifferences ines, e are far smaller as compared to those in
ability. Specific AUC values of all ROC curves in Fig. 1 cafs,71 andrz. In fact, high frequency parameters like, e

be seen in Table Ill. According to Fig. 1, it is possible tére more dependent on refractive index and low frequency
parameters including,,7; and » are more sensitive to
Table Il absorption coefficient [5]. Thus, the more prevalent déffere
THE AREA UNDERROC CURVES(AUC). L . ..
between BCC and normal skin in absorption coefficient than
s | & e | 71 | 72 | o1 1 o o refractive index in THz regime can be reflected using the
0.89 | 0.69 | 0.46 | 0.727 | 0.46 | 0.95 | 0.93 | 0.91 double Debye model.

Despite that Pearson correlations of the five double Debye
determine the ROC point which provides the highest corrggarameters with tumor percentage are quite low, the combina
classification accuracy (CCR) with respect to each paramet@ens of these parameters even demonstrate far higher-corre
Table IV only demonstrates specific threshold values resiporiations than the previous study by [11]. Table Il particlylar
ble for the best CCRs @f;, €2, 41, > anda together with their demonstrates the higher sensitivity @f and §, to BCC per-
sensitivity and specificity due to the prominent AUC valués @entage than that of absorption coefficient at 0.5 THz, which
these parameters. indicates prominent potential of these combinations fan sk

Table IV cancer delineation. The very hi_gh standard_ errors of th@gb_
STATISTICAL MEASURES OF THE BEST CLASSIFICATION PERFORMANE paramete_rs as can be seen in Table I IImItS the SenSItIVIty
BASED ONROCANALYSIS. of each individual parameter to BCC content of samples.
However, the dependencies of the double Debye parameters on

Parameter Thzrzszhsld Se;j'g;'ty Spe;g'c'ty SCGC; tumor content may be non-linear whilst the Pearson coroslat
£s . . . . . . .
& 77T 5953 -0 5957 test is only based on a linear regression analysis. Thus the
31 5.80 92.31 90 91.30 may require further studies to clarify this assumption. On
02 5.24 84.62 90 86.96 the other hand, the aforementioned correlations between th
@ 119.88 8462 9 86.96 parameters are beneficial to the combinations of the double

Debye parameters. The exceptional correlations provided b



Ay (r =0.92) and A, (r = 0.85) suggest that the different

REFERENCES

nature of water profile between patients’ skin tissues dog$; s nakajima, H. Hoshina, M. Yamashita, C. Otani, and Ny

considerably affect the sensitivity of the double Debye eiod
to skin, especially tumorous tissue. Furthermore, the Gaugr

proposed in (5)-(6) is worth considering for further apgtic
tions in order to separate the cancer-related contrast fnem

natural differences between patients’ bodies.

The potential Debye-related parameters for skin cancer cla[S]
sification have been found through intensive analysis ptese
in section IlI-B. To be more specifig,, 41,2 possess the
highest AUC indices, which represent themselves as the mos
prominent explanatory variables for classification. Theuga
of AUC corresponding to the absorption coefficient at 0.%5]
THz is also recorded in Table Il for comparison with those
of g5, d1, 62, which highlights the supremacy of these Debye

parameters in terms of classification potential. This siopigy

is coherent due to the fact that the double Debye model matfy;

ematically incorporates the differences of both the freqye

dependent refractive index and absorption coefficient.ein r
ality, these optical properties also can be combined under
the form of time-domain impulse functions or frequency-7l]
domain power spectra. The contrast in these factors between
cancerous and normal tissue may also include either unknown
contributors besides water absorption or misleading featu [8]
[7]. Deeper analysis of ROC curves in Fig. 1 results in the bes
threshold values in Table 1V for detecting the BCC samplegg)

The best CCR with the sensitivifj2.31% and specificityd0%

corresponding t@;, which has the highest AUC, is obtained!
using the threshold valué, = 5.80. J, is also a potential
feature for classification since it highly correlates witiet
tumor percentage of skin sample=€ 0.79) as well as achieves (11]

impressive sensitivityg4.62%) and specificity $0%). In spite

of only having very low Pearson correlation with BCC content
€5 still expresses itself as a key classification feature wviih
statistical measures of performance similar to thosej-of
At the bottom line, as the notable classification outcomes
are simply based on a very basic method using threshétd!
values, applying more complex classifiers such as support
vector machine promise significant improvement of accuradi4l

V. CONCLUSION

We have provided a comprehensive analysis of the double
Debye model in terms of its sensitivity to tumor content gfie]
human skin and the potential of using its parameters toifjass
tumors from normal skin tissue. While there is no significant
correlation of each Debye parameter with the BCC percent?]
age of skin sample, the proposed combination coefficients
01,02, A1, Ao are significantly dependent on the tumor content

with the corresponding Pearson correlation uprte= 92%.

In addition, bothd; and 65, our proposed combination of
the double Debye parameters, acquire promising values of
AUC, sensitivity and specificity which confirm the striking[19]
potential of using these parameters to detect skin tumor.
Future studies will consider applying advanced classificat
algorithms together with intensive tests on THz images of sk

cancer.

“Terahertz imaging diagnostics of cancer tissues with andheetrics
technique,”Applied Physics Letterssol. 90, no. 4, p. 041102, 2007.
R. M. Woodward, B. E. Cole, V. P. Wallace, R. J. Pye, D. Dnéne,
E. H. Linfield, and M. Pepper, “Terahertz pulse imaging ineaetbn
geometry of human skin cancer and skin tissugysics in Medicine
and Biology vol. 47, no. 21, pp. 3853-3863, 2002.

V. P. Wallace, P. F. Taday, A. J. Fitzgerald, R. M. Wooddvas. Cluff,
R. J. Pye, and D. D. Arnone, “Terahertz pulsed imaging and-spe
troscopy for biomedical and pharmaceutical applicatforfsaraday
Discussionsvol. 126, pp. 255-263, 2004.

E. Berry, G. C. Walker, A. J. Fitzgerald, N. N. Zinovev, Khamberlain,
S. W. Smye, R. E. Miles, and M. A. Smith, “Do in vivo terahentzaging
systems comply with safety guidelines3gurnal of Laser Applications
vol. 15, no. 3, 2003.

E. Pickwell, A. J. Fitzgerald, B. E. Cole, P. F. Taday, R. Rye,
T. Ha, M. Pepper, and V. P. Wallace, “Simulating the respoate
terahertz radiation to basal cell carcinoma using ex vivecspscopy
measurementsJournal of Biomedical Optigsvol. 10, no. 6, p. 064021,
2005.

Z. D. Taylor, R. S. Singh, D. B. Bennett, P. Tewari, C. P.al,
N. Bajwa, M. O. Culjat, A. Stojadinovic, H. Lee, J. P. Hubs@mE. R.
Brown, and W. S. Grundfest, “THz medical imaging: in vivo hgtion
sensing,” IEEE Transactions on Terahertz Science and Technology
vol. 1, no. 1, pp. 201-219, 2011.

R. M. Woodward, V. P. Wallace, R. J. Pye, B. E. Cole, D. Dnéne,
E. H. Linfield, and M. Pepper, “Terahertz pulse imaging of &o\basal
cell carcinoma.,"The Journal of Investigative Dermatolqgyol. 120,
no. 1, pp. 72-78, 2003.

A. J. Fitzgerald, V. P. Wallace, M. Jimenez-Linan, L. Bow, R. J. Pye,
A. D. Purushotham, and D. D. Arnone, “Terahertz pulsed imggf
human breast tumorsRadiology vol. 239, no. 2, pp. 533-540, 2006.
K. Wang and D. M. Mittleman, “Metal wires of terahertz weaguilding,”
Nature vol. 430, pp. 376-379, 2012.

0] M. Mogensen and G. B. E. Jemec, “Diagnosis of nonmelanakin

cancer/keratinocyte carcinoma: A review of diagnosticuaacy of non-
melanoma skin cancer diagnostic tests and technolodiesfhatologic
Surgery vol. 33, no. 10, pp. 1158-1174, 2007.

V. P. Wallace, A. J. Fitzgerald, E. Pickwell, R. J. Pye, ®® Taday,
N. Flanagan, and T. Ha, “Terahertz pulsed spectroscopy miahubasal
cell carcinoma.,”Applied Spectroscopyol. 60, no. 10, pp. 1127-1133,
2006.

] V. Wallace, A. Fitzgerald, S. Shankar, N. Flanagan, &,B. Cluff, and

D. Arnone, “Terahertz pulsed imaging of basal cell carcinoex vivo
and in vivo,” British Journal of Dermatologyvol. 151, no. 2, pp. 424—
432, 2004.

E. Pickwell, B. E. Cole, A. J. Fitzgerald, M. Pepper, avid°. Wallace,
“In vivo study of human skin using pulsed terahertz raditid®hysics
in Medicine and Biologyvol. 49, no. 9, pp. 1595-1607, 2004.

C. B. Reid, E. Pickwell-MacPherson, J. G. Laufer, A. fbsan, J. C.
Hebden, and V. P. Wallace, “Accuracy and resolution of tHiecdon
spectroscopy for medical imagingPhysics in Medicine and Biology
vol. 55, no. 16, p. 4825, 2010.

B. C. Q. Truong, H. D. Tuan, H. H. Kha, and H. T. Nguyen, $8&m
identification for terahertz wave's propagation and refbecin human
skin,” in Communications and Electronics (ICCE), 2012 Fourth Inter-
national Conference qrpp. 364-368, Aug 2012.

B. C. Q. Truong, H. D. Tuan, H. H. Kha, and H. T. Nguyen, te
parameter extraction for characterizing interaction odittertz radiation
with human skin tissue JEEE Transactions on Biomedical Engineering
vol. 60, pp. 1528-1537, June 2013.

C. Ronne and S. R. Keiding, “Low frequency spectroscopyliquid
water using thz-time domain spectroscopjgurnal of Molecular Lig-
uids, vol. 101, no. 13, pp. 199 — 218, 2002. Molecular Liquids. &at
at the New Millenium.

J. T. Kindt and C. A. Schmuttenmaer, “Far-infrared eettic properties
of polar liquids probed by femtosecond terahertz pulse tepsmopy,”
The Journal of Physical Chemistryol. 100, no. 24, pp. 10373-10379,
1996.

T. Fawcett, “Roc graphs: Notes and practical constitema for re-
searchers,ReCALL vol. 31, no. HPL-2003-4, pp. 1-38, 2004.



