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In this paper, an image processing method for improving the quality of optical coherence tom-
ography (OCT) images is proposed. Wavelet denoising based on context modeling and contrast
enhancement by means of the contrast measure in the wavelet domain is carried out on the OCT
images in succession. Three parameters are selected to assess the e®ectiveness of the method. It is
shown from the results that the proposed method can not only enhance the contrast of images,
but also improve signal-to-noise ratio. Compared with two other typical algorithms, it has the
best visual e®ect.
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1. Introduction

Optical Coherence Tomography (OCT) is a promis-
ing technology that can be applied to obtain
high-resolution microstructure images of biological
tissues.1�4 However, because of scattering and
absorption, especially for the high-scattering speci-
men, not only the incident light is rapidly attenuated
with it propagating into the tissue, but also the
backscattering light from the internal structure is
attenuated with it propagating out of the tissue,
which makes the backscattering light from the deep
tissue have much lower intensity than that of the
surface of the tissue. In addition, the basic human
visual properties of insensitive to low gray-level pixels
make it challenging to distinguish the exact internal
details of specimen for the unprocessed OCT images
due to a relatively low contrast in the deeper internal

tissue. Meanwhile, multiple kinds of noise during
OCT signal collecting process also reduce the visi-
bility in the deep tissue. Much work has been done to
enhance the contrast of OCT images, of which the
most common ways are logarithmic transform, his-
togrammatching, and other quantization methods in
the spatial domain.5,6 These quantization methods
apply the enhancement algorithm to all the pixels of
the images simultaneously, which may enhance
the noise in the OCT images when amplifying the
signal. Therefore, suppressing the noise before image
enhancement is especially essential. Denoising
methods in OCT images reported include Rotating
Kernel Transformation,7 I-divergence regulariz-
ation,8 and digital ¯ltering,9 such as the enhanced Lee
¯lter, median ¯lter, the symmetric nearest neighbor
¯lter, the adaptive Wiener ¯lter, etc. Among all the
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denoising methods, ¯ltering in the wavelet domain10

is regarded as the quite e®ective one.
In this paper, we propose a method of image

improvement in wavelet domain, in which a noise
reduction algorithm is applied before contrast
enhancement to suppress noise. Unlike enhancement
techniques in the spatial domain, wavelet-based
algorithms o®er the capability of enhancing image
components adaptively based on their spatial-
frequency properties. The method contains adaptive
wavelet denoising method based on context model-
ing11 and contrast enhancement method by means of
the contrast measure in the wavelet domain.12 Com-
pared with histogram matching and the deconvolu-
tion method by Wiener ¯lter, it is demonstrated that
the adaptive image improvementmethod can not only
suppress the noise in the image, but also enhance the
image contrast to make it have better visual quality.

2. Method

Wavelet transform has been widely employed in
di®erent applications including signal processing and
image processing in the past years. The advantages of
wavelet-based methods lie in that it can decompose
the signal into di®erent subbands by wavelet trans-
form so that one can process the signals in the
di®erent subbands with an appropriate method in
the wavelet domain, while ignoring or reducing the
contribution of other subbands.

In the spatial domain, a degraded image gðx; yÞ
can be modeled as

gðx; yÞ ¼ fðx; yÞ þ nðx; yÞ; ð1Þ
where fðx; yÞ and nðx; yÞ are the original or noise-free
image and noise, respectively.When a degradedOCT
image gðx; yÞ is transformed into the wavelet domain,
its wavelet coe±cientswði; jÞ of di®erent levels can be
calculated by an appropriate wavelet ¯lter. Hori-
zontal, vertical, and diagonal details are separated
into the high-frequency subbands HLm, LHm, and
HHm, whose coe±cients are correspondingly rep-
resented by Dk

mði; jÞ ðk ¼ 1; 2; 3Þ, respectively, and
m is the decomposition level. Approximation coe±-
cients in the low-frequency subband can be expressed
asAmði; jÞ. Therefore, for the degraded image, in the
wavelet domain, its wavelet coe±cients at the mth
level can be given as

w ðoÞ
m ði; jÞ ¼ y ðoÞ

m ði; jÞ þ v ðoÞ
m ði; jÞ; ð2Þ

wherew
ðoÞ
m ði; jÞ are the observed coe±cients, y

ðoÞ
m ði; jÞ

are unknown noise-free coe±cients, v
ðoÞ
m ði; jÞ are noise

coe±cients, o 2 fLL;HL;LH;HHg is the subband
orientation. Modular square wavelet threshold is
applied to each w

ðoÞ
m ði; jÞ in all the high-frequency

subbands to approximate to y
ðoÞ
m ði; jÞ, and the

denoised coe±cients �w
ðoÞ
m ði; jÞ are obtained by

�w ðoÞ
m ði; jÞ

¼
sgnðw ðoÞ

m ði; jÞÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w
ðoÞ
m ði; jÞ

� �
2 � T

ðoÞ
m ði; jÞ

� �
2

h ir
;

w
ðoÞ
m ði; jÞ

��� ��� � T
ðoÞ
m ði; jÞ;

0; w
ðoÞ
m ði; jÞ

��� ��� < T
ðoÞ
m ði; jÞ;

8>>>>><
>>>>>:

ð3Þ
where sgn represents the signum function, and the

threshold T
ðoÞ
m ði; jÞ at the location (i0; j0) can be

calculated by the formula

T ðoÞ
m ði0; j0Þ ¼

�2
n

�Xði0; j0Þ
; ð4Þ

and �n, �X are the standard deviations of the noise
and the signal, respectively. �n can be estimated by
using the robust median estimator in the highest
subband HH1 of the wavelet transform,

�n ¼ Medianðjwði; jÞjÞ
0:6745

; wði; jÞ 2 subband HH1;

ð5Þ
and the estimation of �2

Xði0; j0Þ is11
�2
Xði0; j0Þ

¼ max
1

2Lþ 1

X
½k;l�2Bi0 ;j0

wmðk; lÞ2 � �2
n; 0

0
@

1
A;

ð6Þ
whereBi0;j0 denotes a set of points whose context falls
in a moving window. The moving window is selected
from the matrix of the context of all points in a
subband of the mth level with Pm �Qm wavelet
coe±cients, and point (i0; j0) is just located in the
center of the moving window with a width of 2Lþ 1.
L ¼ maxð50; 0:02PmQmÞ is chosen to ensure that
enough points are used to estimate the variance
�2
Xði0; j0Þ. Therefore, the threshold can be calculated

according to the image itself to make the denoising
method adaptive to di®erent images.
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After processing the wavelet coe±cients to
reduce the noise, a contrast enhancement algorithm
is applied to improve the signal of internal tissue.
In the algorithm, a parameter of contrast measure
at the mth level in wavelet domain is de¯ned as13

�C
k
mði; jÞ ¼

�D
k
mði; jÞ

�Amði; jÞ
; ð7Þ

where �D
k
mði; jÞ and �Amði; jÞ are the denoising

wavelet coe±cients in the high-frequency subbands
and in the low-frequency subbands at the mth level,
respectively. If the image enhancement control fac-
tors are supposed to be �k

mði; jÞ, the contrast of the
enhanced image Ĉ

k
mði; jÞ can be described as

Ĉ
k
mði; jÞ ¼ �k

mði; jÞ�C k
mði; jÞ: ð8Þ

Under the hypothesis that all the image enhance-
ment control factors in one decomposition level are
identical (�k

mði; jÞ ¼ �m), we use the enhancement
equation,12

D̂
k
mði; jÞ ¼ �m

Âmði; jÞ
�Amði; jÞ

�D
k
mði; jÞ

¼ �m

ÊLm

�ELm

�D
k
mði; jÞ; ð9Þ

where D̂
k
mði; jÞ and Âmði; jÞ are the enhanced

wavelet coe±cients in the high-frequency subbands
and in the low-frequency subbands at the mth level,
respectively. �ELm

¼ ½PP �Amði; jÞ�=ðPm �QmÞ is
the intensity mean in low-frequency subband which
contains Pm �Qm coe±cients, and ÊLm

can be cal-
culated as14

ÊLm
¼ 65þ � �ELm

: ð10Þ
Finally, utilize the enhanced coe±cients of all levels
D̂

kði; jÞ and Âði; jÞ to reconstruct the processed
image by inverse wavelet transform.

The total proposed method can be summarized
as follows:

(1) Project gðx; yÞ into the wavelet domain with M
levels to obtain the degraded wavelet coe±-
cients wði; jÞ in each subband. Let m ¼ M .

(2) Obtain the denoisingwavelet coe±cients �w
ðoÞ
m ði; jÞ

in the mth decomposition level according to
Eqs. (3)–(6).

(3) Calculate the intensity mean in the low-frequency
subbands �ELm

and obtain the enhanced intensity
mean ÊLm

according to Eq. (10).

(4) Get D̂
k
mði; jÞ according to Eq. (9). Remain

�Amði; jÞ, which means Âmði; jÞ ¼ �Amði; jÞ.
(5) Utilize the D̂

k
mði; jÞ and Âmði; jÞ to calculate

the enhanced low-resolution residual of the
(m� 1)th level, Âm�1ði; jÞ, by inverse wavelet
transform.

(6) Let m ¼ m� 1, and repeat (2)–(5) to calculate
the low-resolution residuals of all the decompo-
sition levels untilm ¼ 1 to obtain Â0ði; jÞ, which
is the processed image g 0ðx; yÞ.

In short, the whole method is decomposing the
degraded image gðx, yÞ into di®erent levels by
wavelet transform, after denoising and contrast
enhancement in the wavelet domain, then executing
inverse wavelet transform to reconstruct the
improved image. The °owchart of the method is
shown in Fig. 1.

3. Results

To demonstrate the feasibility of the method, the
images obtained from a time-domain OCT system
are processed. For comparison, after reducing the
noise for OCT images by the noise reduction
algorithm in the wavelet domain, deconvolution
method by Wiener ¯lter and histogram matching
method are also applied to the denoising images.
The wavelet function used for wavelet transform-
ation in this paper is the near-symmetric symmlet
4-tap wavelet and 4-level 2D wavelet decomposition
is done. Figures 2(a)�2(d) show the original OCT
image of the orange tissue, the deconvolution result
by Wiener ¯lter, the result of histogram matching,
and the result of our method, respectively. The
enhancement factors � and � used in the orange
image are 1.5 and 1.8, respectively. It can be seen
that all the processed images have better visual
e®ect, while Fig. 2(d) has the best contrast which

( , )g x y ( , )g x y′( , )w i jWavelet 

transform
Denoising

Contrast

enhancement

Wavelet

reconstruction 

( , )w i j ˆ ( , )w i j

Fig. 1. The °owchart of the method.
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makes the internal structure details of the pulp be
seen much more clearly.

Signal-to-noise ratio (SNR), region contrast
(RC), and regions' intensity ratio (RIR) are selected
to evaluate the e®ectiveness of denoising, edge
enhancement, and the internal image enhancement
of the above algorithms, respectively. The SNR is
calculated as follows:

SNR ¼ 10 log10½max ðXsÞ2=�2
b �; ð11Þ

where maxðXsÞ and �2
b represent the average of the

maximum gray value of each column and the var-
iance of the background noise in the OCT image on
a linear intensity scale, respectively.

RC can be calculated as in Ref. 13:

Cr ¼
1

N

X
jcðx; yÞj logð1þ jcðx; yÞjÞ; ð12Þ

where cðx; yÞ, the local contrast at point (x; yÞ, is
de¯ned as

cðx; yÞ ¼ 4gðx; yÞ � fgðx� 1; yÞ þ gðx; y� 1Þ
þ gðxþ 1; yÞ þ gðx; yþ 1Þg; ð13Þ

gðx; yÞ is the gray value of point (x, yÞ in the image,
r represents a certain region of the image, and N is
the total number of pixels in region r.

RIR is de¯ned as the ratio of the signal intensity
in the internal tissue to that of the surface, which
can be expressed as

RIR ¼
1
N1

P
x;y2internal gðx; yÞ

1
N2

P
x;y2surface gðx; yÞ

; ð14Þ

where N1 and N2 are the number of pixels in the
internal and surface regions, respectively. The higher
the RIR is, the better the enhanced internal detail is.

Region 1 marked in Fig. 2(a) represents the
background whose intensity is used to calculate �2

b ,
and regions 2�8 are regarded as the sample areas.
The calculated results of the above three evaluating
parameters of Figs. 2(a)�2(d) are shown in Table 1.
The RC of each image is the average value of the
RCs in regions 2�6. Regions 7 and 8 stand for the
surface and the internal tissue, respectively, and the
RIR is calculated by them. The SNR, RC, and RIR
of all processed images in Fig. 2 are improved,
except the SNR in Fig. 2(c). The SNR and RC of the
image processed by the proposed method can reach
up to 49.48 dB and 15.92 from 41.76 dB and 2.47 of
the unprocessed image, respectively, which are
obviously much higher than those of other images
(42.27 dB and 6.42 by the histogram matching
method, 39.54 dB and 6.31 by the deconvolution
method). The improvement of RIR from 0.25 to 0.44
by our method illustrates that the internal signal are
obviously enhanced.

Another OCT unprocessed and enhanced images
of the skin of hoptoad are shown in Fig. 3, and the

200µm1 

2 

3 
4 

5 6 
7 

8 

(a)

200µm 

(b)

200µm

(c)

200µm

(d)

Fig. 2. The OCT images of orange pulp tissue. (a) The original OCT image. (b)�(d) The images processed by histogram matching,
deconvolution with Wiener ¯lter, and the proposed method, respectively.

Table 1. Evaluated results of three aspects of images in Fig. 2.

Fig. 2(a) Fig. 2(b) Fig. 2(c) Fig. 2(d)

SNR (dB) 41.76 42.27 39.54 49.48
RC 2.47 6.42 6.31 15.92
RIR 0.25 0.28 0.26 0.44
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calculated results of the evaluating parameters of
these images are shown in Table 2. Compared with
42.48 dB and 1.96 in the unprocessed image (shown
in Fig. 3(a)), the SNR and RC are increased to
49.92 dB and 14.37 by using the proposed method
(shown in Fig. 3(d)), respectively. The histogram
matching method (shown in Fig. 3(b)) can only
provide about 45.11 dB in SNR and 8.25 in RC, and
the values by using the deconvolution method
(shown in Fig. 3(c)) is only about 44.59 dB and 8.02.
The RIR also has an improvement from 0.27 to 0.32
by the proposed method. The enhancement factors
� and � used here are 1.6 and 1.5, respectively.

4. Discussion

From the above results, we can see that by using the
noise reduction and contrast enhancement algor-
ithm in succession, the SNR of the OCT images of
orange pulp tissue and hoptoad skin can be
increased by 7.72 dB and 7.44 dB, respectively. The
RC of the OCT images of orange pulp tissue and
hoptoad skin can be increased more than ¯vefold
and sixfold. The improvement of the SNR and RC
demonstrates that the proposed method can

enhance the edge and keep the sharpness of the
image besides denoising. The increase of RIR proves
that the proposed method can enhance the internal
depth information.

It is worth noting that the enhancement factors �
and �, which are used to adjust the contrast and the
global dynamic range of the image, respectively,
play a crucial role in the enhancement algorithm.
They are chosen by experience, which are evaluated
by the visual e®ect at ¯rst. It is shown from the
experimental results that � and � should be in the
range of 1�2 for the purpose of getting optimal
visual e®ect. If they are smaller than 1, there will be
no obvious enhancement in the processed image,
whereas the larger value (> 2) will lead the entire
image to be extremely bright and the high gray
values to be compressed. For simplifying calculation
and reducing complexity, the same � and � are
applied to each level in this study. The suitable
value of � and � for each image which makes the
algorithm adaptive is worth paying more attention
in further research.

The spectrum of the light source applied in OCT,
including superluminescent light-emitting diodes
(SLD), ampli¯ed spontaneous emission (ASE),
swept light source, etc., is usually non-Gaussian or
not smooth; so the point response in the inter-
ferogram will have sidelobes, which may a®ect the
processed results. A sidelobe suppression algor-
ithm15 can be used to preprocess the images if there
are signi¯cant sidelobes in the images.

In the above wavelet-based contrast enhance-
ment algorithm, the detailed coe±cients are

200µm 1 

2

3 4 

5 

6

7 

8 

(a)

200µm

(b)

200µm

(c)

200µm

(d)

Fig. 3. The OCT images of hoptoad skin. (a) The original OCT image. (b)�(d) The images processed by histogram matching,
deconvolution with Wiener ¯lter, and our proposed method, respectively.

Table 2. Evaluated results of three aspects of images in Fig. 3.

Fig. 3(a) Fig. 3(b) Fig. 3(c) Fig. 3(d)

SNR (dB) 42.48 45.11 44.59 49.92
RC 1.96 8.25 8.02 14.37
RIR 0.27 0.28 0.29 0.32
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ampli¯ed while the approximation coe±cients
remain the same. When being transformed into the
wavelet domain, the edges of tissues with obvious
structures are separated into the high-frequency
subbands, so they can be enhanced. For the tissues
with single structure or small refractive index gra-
dient, their gray values for the continuous pixels in
the OCT image are close to each other or have little
changes, so they are mainly separated into the low-
frequency subbands when being transformed into
the wavelet domain and cannot be enhanced.
Therefore, the method has better e®ect on OCT
images which have obvious structure variation, such
as cells and tissues with sandwich structure.

5. Conclusion

An image improvement method in the wavelet
domain has been proposed to improve the quality of
OCT images. The processed OCT images of orange
pulp tissue and hoptoad skin demonstrate that our
method can improve the visual e®ect better than
two other typical methods. The improvement of
SNR, RC, and RIR shows that the method can
achieve the goals of noise reduction and contrast
enhancement simultaneously.
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