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a  b  s  t  r  a  c  t

Medical  images  play  a significant  role in  modern  diagnosis  but often  suffer  from  non-uniformity  and
low-luminance,  which  always  affects  the  results  of diagnosis  and  even  leads  to  misdiagnosis  in  real
applications.  To  obtain  a clear  and  accurate  view  of  the  medical  images,  a  new  method  based  on
luminance-level  modulation  and  gradient  modulation  (LM&GM)  is  proposed  in  this  paper.  LM&GM  is
a  two-stage  approach  that,  first,  increases  the  visual  perception  using  the  luminance-level  modulation
(LM)  operation  by compressing  the range  of  luminance  levels  of  the  input  image,  and  second,  uses the
eywords:
uminance-level modulation
radient modulation
edical images

gradient  modulation  (GM)  operation  to  enhance  the  details  of  the  previous  step  result.  Experimental
results  on  CT  images,  X-ray  images  and  MRI  images  from  medical  image  datasets  and  quantitative  anal-
yses  by  structural  similarity  index  measurement  (SSIM),  average  gradient  (AG),  relative  enhancement  in
contrast  (REC)  and information  entropy  (IE)  demonstrate  that  the  results  of  the  proposed  method  are

lm  th
mage enhancement competitive  and  overwhe

. Introduction

Medical imaging is one of the most widely used techniques
or diagnosis, interpretation, and monitoring of disease associated
ith underlying tissues in the human body [1,2]. The suitability of

ach medical imaging modality is highly dependent upon the tissue
hat is to be imaged. In general, X-rays are the most commonly used
maging modality for high-density tissues, such as bones, while

agnetic resonance imaging (MRI) and computed tomography (CT)
re always used for lower density tissues in the human body. How-
ver, due to the restrictions of several factors such as system cost
nd the inherent properties of the medical imaging, the obtained
mages always have the properties of low contrast, inadequate
rightness, and complex noise. Contrast enhancement of medical

mages is a very practical and promising means to improve image
uality and can increase the accuracy and efficiency in real medical
pplications [3]. A large number of methods have been proposed
o improve the quality of medical images, such as details detection,

ontrast enhancement, and gray-level transformation [4–6].

Wavelet transform and further developed techniques play an
mportant role in medical image processing such as compression
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ose  of  the  existing  methods.
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[7], segmentation [8], enhancement, etc. Ref [9]. introduced a med-
ical image resolution enhancement method based on dual-tree
complex wavelet transform, nonlocal means filter, and singular
value decomposition (DTCWT-NLM-SVD). The dual-tree complex
wavelet transform was used to obtain high-frequency subbands,
which were used for obtaining the enhanced image combined with
the input low-resolution image. An NLM filter was used to weaken
the artifacts produced by DTCWT, and SVD was  used to enhance
the contrast of the image. DTCWT-NLM-SVD achieved the effec-
tive result and avoided artifacts simultaneously; but had long-time
costs because of complex computation structure. Ref [10]. put for-
ward a graph structure of model images that first adopted wavelet
filtering to obtain sparser representations of magnetic resonance
images, and then improved the reconstruction performance. This
method was consistent with fully sampled images in terms of image
intensities and details; but brought about long computation time
due to redundancy.

Total variation (TV) methods are one kind of traditional image
enhancement methods and are also widely used in medical image
processing. A total generalized variation (TGV) was introduced
in [11], which suggested the second derivative of the image was
further improved versus of the conventional TV, which used the
first derivative. This method could preserve the sharp edges of the

images effectively but might cause unexpected halos and artifacts.
S. J. Liu et al. [12] proposed a joint constraint in the TV frame-
work (JCTV) to model both local sparse and nonlocal similarity
of the patch. The image patch was  utilized as the unit to improve
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he adaptability of TV norm and the linear minimum mean square
rror was used to improve the reconstruction performance. This
ethod overcame the staircase effects but omitted the isotropic

V due to the difficulty in decomposing TV-norm in the anisotropic
ersion. Ref [13]. proposed a novel total variation-based �0 min-
mization (TV-�0) model for base and detail decomposition. The
V-�0 method adopted dynamic range modification in the base
ayer and detail magnification in the detail layer. The method
nhanced the details of images but brought halos and artifacts.

Histogram equalization (HE)-related methods are also useful
or image enhancement. Global histogram equalization (GHE) [14]
as a straightforward method to enhance the informative regions

nd the most-frequent gray levels where the most detail infor-
ation occurred in the image. However, GHE might bring about

ver-enhancement of the greatest frequent gray levels. A novel
verage intensity replacement adaptive histogram equalization
AIR-AHE) for MRI  image contrast enhancement was  proposed
n Ref. [15], which consisted of partial contrast stretching, con-
rast enhancement, window sliding neighborhood operation and
ew pixel centroid replacement. This method could effectively
nhance potential white matte hyper-intensities (WMHs) of MRI
mages to classify the most possibly correct WMHs. However, the
omputational time of this method was long due to the iteration
peration. Ref [16]. proposed a two-dimensional histogram equal-
zation method (2DHE) for image contrast enhancement. 2DHE was
ased on histogram equalization and utilized contextual informa-
ion around each pixel to enhance the contrast of the input image.
DHE could increase brightness but may  also be invalid in revealing
omplete global information and details.

Other types of contrast enhancement methods have also been
dopted for enhancing medical images. Ref. [17] proposed a
ocal and global gray-level S-curve transformation (LGS-Curve).
his method applied gray-level S-curve transformation technique
ocally in medical images obtained from various modalities and
nhanced the contrast by increasing the difference between the
aximum and minimum gray levels in an image. However, the LGS-

urve method reduced the clarity of small details and caused block
ffects. Histogram-modified local contrast enhancement (HMLCE)
as proposed in [18] to adjust the levels of contrast enhance-
ent, which in turn gave the resultant image a strong contrast

nd improved the local details present in the original image for
 more relevant interpretation. This method incorporated two-
tage processing, both histogram modifications and a local contrast
nhancement technique, but caused significant halos and artifacts.

The aforementioned methods may  work well for some images,
uch as 8-bit images in the range of luminance levels of 0–255
19,20]. However, in real applications, the situations of medical
mages are always complex, especially those that belong to the
igh dynamic range, because these images are stored in DICOM

ormat. Digital imaging and communications in medicine (DICOM),
hich is a standard format for medical image storage and commu-
ication, is widely used in the field of medical radiation diagnostic
21,22]. The images in DICOM format include 8-bit images and high
ynamic range (HDR) images, the familiar types of which are 12-bit

mages with 4096 luminance levels and 16-bit images with 65,536
uminance levels. Due to the specific characteristics of the imag-
ng environment and principles, the DICOM images always possess
he peculiarities of nonuniform luminance levels of pixels and low
ontrast. The above methods are not completely valid for these high
ynamic range images.

In order to obtain a generally applicable enhancement method
or DICOM format medical images, a new contrast and details

nhancement method based on luminance-level modulation and
radient modulation (LM&GM) is presented in this paper. The
M operation is applied to compress luminance-level range to
btain a better visual quality by protecting the difference between
ng and Control 48 (2019) 189–196

the luminance levels, and GM operation uses an improved fast
local Laplacian filters to enhance the details of the image. The
experimental results show that LM&GM can improve contrast and
enhance details on the visual effects and avoid staircase artifacts
when simultaneously compared with the state-of-the-art methods.
The objective evaluation and computational time comparison also
show the desirable enhancement performance of LM&GM superior
to the other methods.

2. Materials and methods

2.1. State-of-the-art method

Local Laplacian filters (LLFs) which were first proposed in Ref.
[23] by Paris et al., can achieve high-quality enhancement results
by setting a wide range of parameters. However, the speed of these
filters was quite slow despite adopting heuristic approximation to
reduce the runtime. Fast local Laplacian filters (FLLFs), which are
regarded as the accelerated pattern of LLFs by designing a theo-
retically grounded subsampling, were proposed by Mathieu Aubry
for the first time [24]. FLLFs have been widely used in the field of
natural images enhancement. The process of FLLFs is shown below:

L� (O) = (1 − �)L�(rj(I)) + �L�(rj+1(I)) (1)

where j is a condition such that �j ≤ g ≤ �j+1 and the coefficients
are interpolated by the precomputed pyramids j and j + 1. g =
G�(I)(x, y) is the coefficient of the Gaussian pyramid at level � and
position (x, y). The remapping function rj(i) for g = �j at sampling
point �j is sampled as sparsely as possible without losing accu-
racy. {L�(rj(I))} is a set of precomputed pyramids at level � and � is
calculated by g = (1 − �) �j + ��j+1. The remapping function rj(i) is
shown as below:

rj(i) = g + sign(i − g)t(
∣∣i − g

∣∣) (2)

where t (x) = c−1
M (cI(x)), where c (·) is  the cumulative distribution

function (CDF) that is calculated by the probability density function
(PDF) [25]

CDF(i) =
i∑

k=0

PDF(k) (3)

where the PDF is the probability density of each luminance-level in
an image, and it can be calculated by:

PDF (i) = n (i)
H × W

(4)

where n (i) is the number of pixels at luminance level i and H × W
is the size of the image.

2.2. Description of the proposed method

In order to shrink the range of luminance levels of the
input image, enhance the visual quality and protect the effective
information of the original image, a luminance-level modula-
tion (LM) operation is proposed in this part. Consider an input
image V =

{
v (m, n) |1 ≤ m ≤ H, 1 ≤ n ≤ W

}
with size H × W and

a luminance-level set of [vl, vu], where v(m, n) ∈ [vl, vu]. The lumi-
nance levels of the enhanced image OLM can be compressed into the
interval [ol, ou], where OLM =

{
o (m, n) |1 ≤ m ≤ H, 1 ≤ n ≤ W

}
,

o(m, n) ∈ [ol, ou] and ou < vu. The LM operation takes into account
every luminance level of the input image, and restrains the lumi-

nance levels that have a large difference with other luminance
levels into a suitable range using mapping. Let V = {v1, v2, . . .,  vN}
and O = {o1, o2, . . .,  oN} be the sorted set of N distinct luminance
levels of the input image V and output image OLM , where v1 = vl <
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2 < . . . < vN = vu and o1 = ol < o2 < . . . < oN = ou. The mapping
s defined as:

i = ϕ(vi) = vi + ωf (i) (5)

here i = 1, 2, . . .N  and ω is a parameter for modulating the
ompression degree of the luminance levels. Using Eq. (5), each
uminance-level of the input image V is transformed to a corre-
ponding output luminance-level to create an enhanced output
mage OLM . In detail, f (i) is defined as:

(i) =

⎧⎪⎨
⎪⎩

i−1∑
j=1

(g
′
j − gj), i > 1,

0, otherwise.

(6)

here gj ∈ GV =
{

g1, g2, . . .gN−1
}

and g
′
j

∈ GOLM
=

g
′
1, g

′
2, . . .g

′
N−1

}
. GV and GOLM

are the set of the differences
f each sorted luminance levels and the recalculated differences,
espectively. gj = vj+1 − vj , and g

′
j

is calculated as:

′
j = k +

[
gj − k

]S[gj−k]
,  withS (x) =

{
˛, otherwise,

0, sgn (x) = 1.
(7)

here k = min
{

GV

}
+ (max

{
GV

}
− min

{
GV

}
) · ˇ.  ̨ and  ̌ are

he parameters that control the compression degree of luminance
evels and that determine the starting point at which the luminance
evels need to be compressed, respectively.

FLLFs are effective for enhancing natural images; but may  fail
n medical images’ enhancement. To enhance the details and edges
f the DICOM format medical images, a gradient modulation (GM)
peration based on improved FLLFs with modified remapping func-
ion, is adopted after LM operation. The gradient modulation (GM)
s calculated as below:

˚�(OGM ) = (1 − �)L�(rj(OLM )) + �L�(rj+1(OLM )),

withrj (i) = g + sgn

(
exp(−

(
i − �j

)2

2
)

)
t

(
exp(−

(
i − �j

)2

2
)

)
.

(8)

here t (x) = c−1
G(M)

(
cG(I) (x)

)
, G (M) and G (I) are the gradient of the

odel function and the input image, respectively. OLM is the result-
ng image of luminance-level modulation and c (·) is the cumulative
istribution function calculated by Eq. (3). The output result Ofinal

s obtained by collapsing ˚(OGM ):

final = ˚−1 (OGM ) (9)

.3. Evaluation criteria

Four objective evaluation criteria are utilized to compare the
erformance of the proposed method against other methods. The
riteria are the structural similarity index metric (SSIM), the aver-
ge gradient (AG), the relative enhancement in contrast (REC) and
he information entropy (IE).

SSIM [26] is an index measuring the similarity of the original
mage x and processed image y, calculated by:

SIM(x, y) =
(

2�x�y + c1
)(

2�xy + c2
)(

�2
x + �2

y + c1
)  (

�2
x + �2

y + c2
) (10)
here �x, �y are the average of x and y, respectively; �2
x , �2

y and

xy are the variances and the covariance, respectively. c1 = (k1L)2

nd c2 = (k2L)2 are two  constants where k1 = 0.01 and k2 = 0.03,
nd L is the dynamic range of the pixel-value.
ng and Control 48 (2019) 189–196 191

AG measures the gradient magnitude of an image and takes the
variation of each of the adjacent pixels into account. AG is given as
follows:

AG = 1
(H − 1) (W − 1)

∑
x

∑
y

∣∣G (x, y)
∣∣

√
2

(11)

where H × W is the size of the image and G (•) is the gradient vector
of the image.

REC [14] represents the ratio of the contrast between the input
image and the enhanced image. The formula for REC is

REC = Cprocessed

Coriginal
(12)

where C is the average contrast of all 3 × 3 blocks units. Coriginal

and Cprocessed are the contrast of the input image and the processed
image, respectively. The REC value of the original image is 1.

IE is an important factor that evaluates the quality of the infor-
mation in an image. The formula of IE is given by:

H(Z) = −
∑
z ∈ Z

P(z) log(P(z)) (13)

where Z represents the set of image pixel values, z is the pixel of the
image and P(z) represents the probability one pixel value appears.

3. Experiments

3.1. Selection of parameters

The function of  ̨ and  ̌ are controlling the compression degree
of luminance levels and determining the starting point at which the
luminance levels need to be compressed, respectively. From (5)-(7)
in Section 2.2,

lim
˛→1

S (x) ≈ 1 ⇒ g
′
j ≈ gj ⇒ f (i) ≈ 0 ⇒ oi ≈ vi ⇒ OLM ≈ Iin (14)

lim
ˇ→1

k ≈ max
{

Gv
}

⇒ gj − k ≤ 0 ⇒ S (x) = 1 ⇒ OLM ≈ Iin (15)

Eqs. (14) and (15) represent the series of connected results for
the condition that  ̨ = 1 and  ̌ = 1. When  ̨ = 1, the recalculated
difference g

′
j
is equal to gj , so the function f (i) = 0, meaning that the

compressed image is the same as the input image. When  ̌ = 1, the
threshold k is equal to the maximum of the luminance levels’ differ-
ence from the original image, which leads to the compare function
S (x) = 1; therefore, the result by (15) is the same as the result by
(14). The value of k is more than or equal to the minimum of GV ,
and  ̌ is usually more than zero. Generally, the range of  ̨ and  ̌ is
0-1.

The processed results of LM for different values of  ̨ and  ̌ are
shown in Figs. 1 and 2, from which one can see that the enhanced
result becomes better visually as  ̨ gets smaller when  ̌ = 0.01,
and the same trend is seen as  ̌ changes when  ̨ = 0.5. From the
comparison of Fig. 1 (d) and (e), the results are similar visually for

 ̨ = 0.5 and  ̨ = 0.1, whereas, theoretically, the too small value
of  ̨ may  cause over-compression and affect the quality of the
image, as  ̨ is used for compressing the luminance levels range.
Consequently, the parameters  ̨ and  ̌ are set to be 0.5 and 0.01,
respectively.

Figs. 3 and 4 show the original images, the processed results
by LM,  and the corresponding histograms of luminance-level dis-
tribution. In the experiment, the parameters ω,   ̨ and  ̌ are set
to be 1, 0.5, and 0.01, respectively. Figs. 3(a) and 4 (a) show the

images and global luminance-level histograms, in which the hori-
zontal and the vertical axes represent the luminance levels of the
images and their corresponding probability density, respectively.
The LM operation can keep the overall trend of probability density
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Fig. 1. The original breast MRI  image and images processed by LM for different values of  ̨ with  ̌ = 0.01: (a) Original image; (b) Enhanced result for  ̨ = 0.9; (c) Enhanced
result  for  ̨ = 0.7; (d) Enhanced result for  ̨ = 0.5; (e) Enhanced result for  ̨ = 0.1.

Fig. 2. The original breast MRI  image and images processed by LM for different values of  ̌ with  ̨ = 0.5: (a) Original image; (b) Enhanced result for  ̌ = 0.5; (c) Enhanced
result for  ̌ = 0.3; (d) Enhanced result for  ̌ = 0.1; (e) Enhanced result for  ̌ = 0.01.

cessed
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Fig. 3. The original heart CT images, pro

nchanged before and after processing. We  crop the square area of
he heart CT image and the buttock MRI  image and show the rele-
ant three-dimensional histograms in Figs. 3(b) and 4 (b). Further,
he line-scan data, represented as a red line, are shown in Figs. 3(c)
nd 4 (c); specifically, the horizontal and vertical axes represent
he location and the corresponding luminance-level. The compar-
son results show that the LM operation can enhance the contrast

f medical images, while simultaneously preserving the difference
etween different luminance levels of the images.
 results and corresponding histograms.

3.2. Description of results

In this section, some experiments on the real CT images and
MRI  images from medical images database [27] are taken to inves-
tigate the performance of our proposed method LM&GM. LM&GM
is compared with the related state-of-the-art methods: 2DHE [16],
HMLCE [18], LGS-Curve [17] and FLLFs [24]. The four objective

image quality criteria described in Section 2.3 are used. In the
experiments, the parameters are set as ω = 1,  ̨ = 0.5,  ̌ = 0.01,
and jmax = 10. All the above methods are performed on a PC
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Fig. 4. The original buttock MRI  images, p

quipped with Intel Core i5-4590 CPU 3.3 GHz, memory 4GB, and
he methods are coded in MATLAB software on Windows 7 32-
it.

The enhancement results of a chest CT image with size
00 × 512, a diastolic heart CT with size 512 × 512, and a mam-
ogram with size 2294 × 1914 are shown in Fig. 5. One heart
RI  image with size 256 × 244 and a buttock MRI  image with size

40 × 440 and the enhanced results are shown in Figs. 6 and 7,
espectively. From the experimental results we  can conclude that

DHE can improve the brightness but may  also be invalid in reveal-

ng complete global information and details. HMLCE can slightly
nhance the details of the image but causes significant halos and

able 1
he values of the evaluation criteria by different enhancement methods for the medical i

Images Metrics
Results of different Methods

Original 2DHE 

Chest CT

SSIM 1.0000 0.9877 

REC  1.0000 1.5024 

AG  5.0068 7.5583 

IE  6.4985 3.4427 

Heart CT

SSIM 1.0000 0.9961 

REC  1.0000 1.4535 

AG  51.2485 63.1354 

IE  4.4751 4.6736 

Mammograms

SSIM 1.0000 0.9884 

REC  1.0000 1.2123 

AG  5.3445 9.4225 

IE  0.6773 2.6399 

Cardiac MRI

SSIM 1.0000 0.9937 

REC  1.0000 2.9037 

AG  16.3090 47.5390 

IE  7.1782 5.0597 

Buttock MRI

SSIM 1.0000 0.9882 

REC  1.0000 1.4677 

AG  149.8942 221.3285 

IE  2.1809 2.5480 
ed results and corresponding histograms.

artifacts. The results of LGS-Curve are overly bright and cannot
adequately show the whole contents of the enhanced image. The
results of FLLFs are clear but lack of some textures and smooth areas
that presented in the original image. As seen from Figs. 5(f), 6 (f)
and 7 (f), the results of LM&GM can not only increase the contrast
of the images but can also enhance the details of the images, which
show better visual assessment than the other methods.

Accuracy measurement is necessary for further comparison
between the proposed method and existing methods. The evalu-

ation criteria of SSIM, AG, REC, and IE are employed to compare the
enhancement effects of these methods. Table 1 records the values of
SSIM, AG, REC, and IE of the enhanced images of each enhancement

mages.

HMLCE LGS-Curve FLLFs LM&GM

0.8698 0.6254 0.9978 0.9991
1.0387 1.4764 1.3756 1.6267
5.1595 7.2330 7.1105 8.4538
6.8412 6.3131 5.8911 7.3231
0.4438 0.4882 0.9978 0.9970
1.1308 1.5232 1.2882 1.4345
61.6046 51.1136 53.0349 113.3996
5.7705 5.0259 3.8870 6.8880
0.7604 0.4718 0.9966 0.9973
1.4941 1.1753 1.0080 1.2289
5.6737 6.8010 6.0120 24.4777
4.4260 4.1436 0.3097 4.7170
0.3364 0.6754 0.9978 0.9991
1.0276 4.1740 2.7076 4.4026
16.3294 19.3090 20.0845 49.7931
6.8321 7.2028 7.0565 7.7078
0.6407 0.4892 0.9977 0.9945
1.2101 1.6621 1.3930 1.6758
149.7068 175.3217 156.1062 247.2245
6.2573 6.5593 1.7135 7.0504
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Fig. 5. Enhancement results of real high-bit DICOM format images: (a) Original images; (b) Results of 2DHE; (c) Results of HMLCE; (d) Results of LGS-Curve; (e) Results of
FLLFs;  (f) Results of LM&GM.
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Fig. 6. Enhancement results of real high-bit DICOM format heart MRI  image: (a) Original image; (b) Result of 2DHE; (c) Result of HLMCE; (d) Result of LGS-Curve; (e) Result
of  FLLFs; (f) Result of LM&GM.

Fig. 7. Enhancement results of real high-bit DICOM format buttock MRI  image: (a) Original image; (b) Result of 2DHE; (c) Result of HLMCE; (d) Result of LGS-Curve; (e) Result
of  FLLFs; (f) Result of LM&GM.
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ethods. The higher values of SSIM, AG, and IE illustrate the bet-
er capability of LM&GM for enhancing the details, textures, and
ontrast in comparison with the other methods. The RECs of the
esults show that LM&GM also has a beneficial effect on medical
mage enhancement.

Fig. 8 shows the computational time of 2DHE, HLMCE, LGS-
urve, FLLFs and the proposed LM&GM. For ensuring reliability,
ll the time data are obtained by taking the average of ten
imes the experimental results. The LM&GM method has a better
ime-consuming performance than 2DHE, HLMCE and LGS-Curve.
hough the time of LM&GM is slightly longer than that of the exist-
ng FLLFs, the enhanced images of LM&GM are better than that of
he FLLFs in terms of both the visual assessment and quantitative
valuation.

. Conclusion

A novel medical image enhancement method based on
uminance-level modulation and gradient modulation is proposed
n this paper. The main contributions of this paper include two
spects: first, the proposal of a novel luminance-level modulation
LM) operation, which could shrink the dynamic range of lumi-
ance levels instead of clipping the fraction of high-brightness by

 predefined threshold, and second, the gradient modulation (GM)
peration adopted improved fast local Laplacian filter is used to
nhance the details and textures of the images further. The per-
ormance of the proposed method was compared with popular
nhancement methods such as 2DHE, HMLCE, LGS-Curve and FLLFs,
oth qualitatively and objectively, which illustrates that LM&GM

s superior to the other methods in enhancing details, increasing
ontrast and avoiding artifacts and halos. The time comparisons
etween different methods also demonstrate the advantages of
tability and practicability of LM&GM.
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