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Abstract—This paper proposes a low dimension feature extrac-
tion method for cancer classification with terahertz (THz) images
of freshly excised murine tumors. In THz imaging, the properties
of various tissue regions, such as cancer, fat, and muscle, are
embedded in the shape of reflected THz pulses. We propose to
extract such information by projecting the frequency domain THz
waveforms onto a series of ordered orthogonal basis. Experiment
results demonstrated that the proposed algorithm can achieve
reasonably accurate detection results for fresh tissues with three
regions.

Index Terms—Gram-Schmidt, basis expansion, dimension re-
duction, THz imaging, breast cancer

I. INTRODUCTION

Terahertz imaging has proven to be a promising technique
for breast cancer classification of excised tissues [1]-[4]. In
THz imaging, each pixel is represented by an ultra-narrow
pulse with bandwidth up to a few THz (0.1-4 THz). Different
tissues, such as cancer, fat, and muscle, have different impacts
on the reflected THz pulses at different frequency ranges.
Consequently, rich information is embedded in the THz pulse
regarding the physical properties of various tissues.

Various feature extraction methods have been employed in
existing works. In [2], each THz pulse is summarized into a
scalar by using the peak of the time domain pulse for block
tissue, or the integration of the frequency domain waveform
for fresh tissue. The one-feature technique shows promising
results for tumor with two regions (cancer and fat), yet it
cannot produce satisfactory results when three or more regions
are present in the tumor [2]. Other heuristic features, such as
the ratio of the minimum to the maximum point of the THz
waveform [5], the time width of the pulse, and the area beneath
the amplitude of the pulse [6] have presented fairly accurate
classification results. The choice of these parameters are rather
arbitrary and their effectiveness relies on the combination of
two or more heuristic features. Principal component analysis
(PCA) provides a systematic way of low dimension feature
extraction that requires the normalization and centralization
of all the waveforms [6], [7].

In this paper, we propose a new feature extraction algorithm,
where the low dimension features of samples with three or
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more regions are extracted by consecutively projecting the
frequency domain waveform onto a set of ordered orthonormal
basis. The ordered orthogonal projection (OOP) is imple-
mented by using a modified Gram-Schmidt (GS) algorithm.
Unlike conventional GS algorithms that use arbitrary orders
of basis [8], the proposed algorithm orders the basis based
on its residual energy. As a result, the first few basis vectors
captures the majority of the information, and it is sufficient to
use a low dimension vector (e.g. 5-dimension) to represent an
original waveform of thousands dimensions.

II. METHOD

Xenograft murine tumors were obtained using C57BL/6
black laboratory mice. These mice were kept on a high fat
diet to generate fat deposits that would later be injected
with EO771 murine-derived breast adenocarcinoma cells. Once
the xenografts tumors reached 1 cm in diameter, they were
excised and imaged at the pulsed THz imaging system in
the University of Arkansas. After imaging, the samples were
shipped to the Oklahoma Animal Disease Diagnostic Labo-
ratory (OADDL) to obtain the histopathology report of the
sample [2]. For this paper, the authors evaluated the proposed
algorithm using sample 9 section B, which has three regions:
cancer, fat, and muscle.

The proposed OOP algorithm utilizes the frequency domain
signals collected through the pulsed THz system. In orthogonal
projection, the selection of the basis is critical to the overall
performance. The proposed algorithm minimizes the dimen-
sion of the feature vector by ordering the basis based on its
residual energy. The first basis vector is chosen by normalizing
the average of the waveforms from all pixels. Subsequent
basis vectors are chosen as the ones that can minimize the
residual energy after projecting the waveforms onto the space
spanned by all previous and the candidate basis vectors. Such
an approach can ensure the majority of the energy is stored in
the first few basis vectors.

After the dimension reduction, the algorithm classifies each
pixel using an unsupervised Bayesian learning method with
Gaussian mixture model and Markov Chain Monte Carlo
(MCMQO) [9]. The classification results are evaluated by using
the method presented in [1].
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Fig. 1: Sample 9B fresh. (a) THz image. (b) Pathology image.
(c) Morphed Pathology. (d) 1-D Gaussian mixture model. (e)
5-D Gaussian mixture model.
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Fig. 2: ROC curves comparison: 1-D vs. 5-D Gaussian mixture
model for sample 9B fresh.

III. RESULTS

Fig. 1a represents the THz image of fresh sample 9B. Fig.
1b represents the pathology results for the sample once it was
fixed in paraffin. Fig. 1c summarizes the pathology results into
a mask with the help of image morphing [1]. Finally, Figs.
1d and le show the classification results using the 1-D and
5-D Gaussian mixture model, respectively. The 1-D result is
obtained by using the same approach as in [1] and [2], and the
5-D results are obtained by using the proposed OOP algorithm.
From Figs. 1c, 1d, and le, we can observe that there is a good
correlation between the classification results and the morphed
pathology.

To quantitatively evaluate the classification results, Fig. 2
shows the receiver operation characteristic (ROC) curves of
sample 9B fresh. Table I presents the area under the ROC
curves of sample 9B fresh. This area represents a measure of

the capability of the classification method to distinguish an
specific region from the rest of the tumor. Both Fig. 2 and Ta-
ble I show that the 5-D Gaussian mixture model considerably
outperforms their 1-D counterparts for all regions.

TABLE I: Area under the ROC curve for sample 9B fresh.

Region 1-D 5-D

Cancer | 0.8630 | 0.8858
Muscle | 0.7729 | 0.8292
Fat 0.7885 | 0.8810

IV. CONCLUSION

An OOP method has been presented in this paper for
low dimension feature extraction in THz imaging for cancer
classification. The algorithm provides a systematic way to
extract salient information embedded in high-dimensional THz
waveforms. Unlike other orthogonal projection algorithms,
the proposed algorithm can minimize the dimension of the
feature vector by ordering the orthogonal basis with respect
to it’s residual energy. Experiment results demonstrated that
the proposed algorithm achieve reasonable performance gains
over 1-D algorithm for samples with three regions.
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