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Abstract—Raw ultrasound (US) signal has a very high dynamic range (HDR) and, as such, is compressed in B-mode
US using a logarithmic function to fit within the dynamic range of digital displays. However, in some cases, hyper-
echogenic tissue can be overexposed at high gain levels with the loss of hypo-echogenic detail at low gain levels.
This can cause the loss of anatomic detail and tissue texture and frequent and inconvenient gain adjustments,
potentially affecting the diagnosis. To mitigate these drawbacks, we employed tone mapping operators (TMOs)
in HDR photography to create HDR US. We compared HDR US produced from three different popular TMOs
(Reinhard, Drago and Durand) against conventional US using a simulated US phantom and in vivo images of pa-
tellar tendon pathologies. Based on visual inspection and assessments of structural fidelity, image entropy and
contrast-to-noise ratio metrics, Reinhard and Drago TMOs substantially improved image detail and texture.
(E-mail: yiming.xiao@concordia.ca) © 2018 World Federation for Ultrasound in Medicine & Biology. All rights
reserved.
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INTRODUCTION

As a cost-effective and accessible imaging modality, ul-
trasound (US) allows physicians to obtain diagnostic images
in real time. Before US images can be displayed on the
monitor, a logarithmic function is used to compress the
image intensities to fit within the restrictive dynamic range
of the digital display because usually the original signal
has a much higher dynamic range. However, with this
simple dynamic range compression technique, it can be
difficult to clearly display body regions that contain tissues
with a wide range of echogenicity, such as at the pres-
ence of bones or metals in one image. In other words, either
hyper-echogenic regions of the image become overex-
posed (too bright) or hypo-echogenic regions become
underexposed (too dark). This has three major impacts.
First, it can lead to the loss of anatomic detail and tissue
texture that may be instrumental for diagnosis, especial-
ly considering US images are often archived as snapshots
of the display in the clinic. Second, gain adjustment is time

consuming and can further lead to inter- and intra-
physician inconsistency for the same and across different
clinical cases. Previous studies (Peters et al. 2013; Potter
et al. 2008) revealed that variability in gain settings can
greatly affect clinical evaluations. Furthermore, such in-
consistency may hinder the potential of US as a modality
in longitudinal study of diseases. Lastly, as gain adjust-
ment is typically performed multiple times during the same
session and between sessions, it can be inconvenient for
certain examinations that require switching the operat-
ing hand between the control panel and the scanning region.
To facilitate US examinations, there is an extensive liter-
ature (Perperidis 2016) on techniques to improve image
contrast. Some have proposed improving image quality
through spatial and frequency compounding (Cincotti et al.
2001); others employed speckle removal (Achim et al.
2001) or tissue harmonic imaging to enhance scan con-
trast (Shapiro et al. 1998). Other groups also aimed to
automatically optimize the image dynamic range or gain
control to minimize unnecessary user interaction with the
scanner. More specifically, Lee et al. (2015) proposed
adaptively adjusting the dynamic range value by manipu-
lating input images similar to a reference image. With
respect to gain adjustment, another group (Lee et al. 2006)
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suggested optimizing the time gain compensation (TGC)
by assuming that log-compressed echo signals attenuate
uniformly along the depth. Integrating various metrics and
estimates of ultrasound physical and imaging properties,
Moshavegh et al. (2015) performed automated gain ad-
justments to address the drastic attenuation variations
between different media. Unfortunately, to date, the afore-
mentioned issues stemming from the restrictive dynamic
range of B-mode US display are still not resolved, and a
new technique is needed.

For optical cameras, on the one hand, a long expo-
sure helps in photographing objects in the dark, but at the
cost of saturating image detail in the well-lit regions. On
the other hand, a short exposure is required for photo-
graphing fine detail in the bright light. To improve image
detail under uneven lighting conditions of the same scene,
high-dynamic-range (HDR) photography combines pho-
tographs taken under multiple exposures into a single
picture with extended dynamic range. To properly display
the photo, a tone mapping operator (TMO) is typically used
to adapt the HDR image into a smaller dynamic range.
These image processing techniques are now commonly
used in mobile phones and computers to improve the quality
of photographs. HDR techniques are highly pertinent in
US imaging given the high dynamic range of the raw
radiofrequency (RF) signal.

In this study, we proposed employing tone mapping
on the Hilbert-transformed RF data to improve the visu-
alization of image features with a wide range of
echogenicity at the convenience of no 2-D manual gain
adjustments for the conventional log-compression tech-
nique. We compared three different popular tone mapping
techniques (Drago et al. 2003; Durand and Dorsey 2002;
Reinhard and Devlin 2005) first on a simulated US phantom
image and then for the application of imaging patellar
tendon pathologies, because the tendon images typically
contain various tissue types, including bones, muscles,
tendons and potentially liquids, and such a large range of
echogenicity requires appropriate gain adjustments to prop-
erly display the image content. HDR ultrasound is expected
to facilitate diagnostic procedures in the clinic.

METHODS

Tone mapping operators
Many tone mapping techniques have been intro-

duced in the past (Eilertsen et al. 2017), which can generally
be classified as global and local types.Aglobal TMO applies
the same intensity mapping function over the entire image.
In contrast, a local operator applies the mapping function
that varies spatially depending on the image characteris-
tics of the target pixel’s neighborhood. Although the global
operators tend to be more computationally efficient, the
local operator can better bring up local image contrast. For

the work described here, we used three popular tone mapping
operators for the application of imaging patellar tendon
pathologies, including the TMOs of Reinhard and Devlin
(2005), Drago et al. (2003) and Durand and Dorsey (2002).
Although the first two are global TMOs, the last is a local
TMO. Inspired by photoreceptor physiology, Reinhard and
Devlin (2005) used sigmoid functions that modeled the
retinal response of cones and rods for the luminance com-
pression. Based on logarithmic compression of luminance
values, imitating the human response to light, the technique
of Drago et al. (2003) intends to compress image inten-
sity by adaptively varying the logarithmic bases depending
on the local luminance. To do so, a bias power function is
introduced to dynamically determine the logarithmic bases,
resulting in good preservation of detail and contrast. Lastly,
the TMO of Durand and Dorsey uses an edge-preserving
bilateral filter (Tomasi and Manduchi 1998) to decom-
pose the original image into a base layer and a detail layer.
The contrast of the base layer, which has low-spatial-
frequency contents, is reduced and recombined with the
detail layer that preserves the high-frequency structural detail.
The technique is fast and addresses the halo artifacts (objects
appear glowing in the image) and diffusion at disconti-
nuities in some earlier local tone mapping methods.

Phantom US simulation
To assess the performance of different dynamic range

reduction techniques, we first simulated an ultrasound image
of a tissue-mimicking phantom using the Field II soft-
ware package (Jensen 1996). The phantom is a cube
36 × 40 × 10 mm (height × width × thickness); 1.2 × 105

scatterers with Gaussian scattering strengths are distrib-
uted uniformly in the phantom. Six spherical lesions with
radii of 3 mm and three point scatterers were placed inside
the phantom. As illustrated in Figure 1, region 1 is a cyst
lesion (no scatterers), and the amplitudes of regions 2–6
are that of the background multiplied by factors of 2, 5,
10, 100 and 1000, respectively. The focus of the US beams
was placed at the depth of the second point scatterer. Hilbert
transformation was applied to the simulated RF signal, and
different tone mapping operators mentioned earlier and the
log-compression method were used on the amplitude modu-
lated image. Finally, the image intensities were linearly
scaled to the range [0,255] to fit the dynamic range of a
typical digital display. As seen in Figure 1, with log com-
pression, the contrast of the lesions with lower amplitudes
disappears as the gain decreases, and in the uncompressed
images, only the lesion with the most hyper-intensive
signals can be seen. It will be explained in the Results that
this issue is resolved using the proposed HDR techniques.

Patient data acquisition
The Ministère de la Santé et des Services Sociaux

provided ethical approval to collect data from human
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patients at Concordia University’s PERFORM Centre.
Eight university athletes between the ages of 18 and 25
y who had symptomatic patellar tendons were recruited.
They had recently been diagnosed in the clinic and
undergone on-site ultrasound inspection and MRI scans
of their injured knees. All of these patients suffered from
mild or moderate tendinosis in one or both of their
patellar tendons, and intra-substance tears were ob-
served in four patients. On receipt of informed consent,
ultrasound scans of their injured patellar tendons were
obtained by an experienced fellowship-trained musculo-
skeletal radiologist (M.B.) using the E-cube R12 scanner
(Alpinion, Bothell, WA, USA) with an L3-12 linear
transducer at the center frequency of 11 MHz and sam-
pling frequency of 40 MHz, and the raw beam-formed
RF signals (16 bits) were saved. For each injured knee,
longitudinal ultrasound of the patellar tendon was ob-
tained, and two US frames acquired at two adjacent
positions by moving the transducer slightly in the trans-
verse direction were used for our experiments. Thus, 22
sets of RF signals in total were saved. The pathologies
seen in US images were confirmed and manually con-
toured by the same radiologist (M.B.). Amplitude
demodulation was performed using Hilbert transforma-
tion of the beam-formed RF signal, and then the results
were processed with HDR tone mapping operators men-
tioned earlier, as well as the traditional log-compression
method. All resulting images were linearly scaled to the
range [0,255] to fit the dynamic range of the digital
display.

Evaluation metrics
Three metrics were used to evaluate the reproduc-

tion of image detail from the original HDR data and the
richness of image detail, as well as image quality for in-
specting pathologies. The raw US signals contain rich image
detail with an extended intensity range. To evaluate the
quality of replicating this detail through tone mapping, we
employed the structural fidelity metric (Yeganeh and Wang
2013) to compare the raw HDR image and tone mapped
images. The local structural fidelity is defined as
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Fig. 1. Simulated US data of a phantom. Top row: Log-compressed scans of the phantom at different gains. Bottom left: Image
before compression. Bottom right: Construction of the phantom.
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where T1 = 0.5 and T2 = 4. The final structural fidelity is
the average of all local measurements over the entire image,
with a range of [0,1] and 0 being the worst quality of tone
mapping.

With improved tone mapping, subtle structural details
can be better delineated. To assess the improvement in the
richness of image detail, we used image entropy:

Entropy p log pi ii
= − ( )∑ (3)

where pi is the normalized image intensity histogram counts
of the ith bin. In total, 256 bins were used. A higher entropy
value represents richer detail in an image.

Lastly, in addition to the overall appearance of the
image, we also measured the contrast-to-noise ratios
(CNRs) of relevant image features. Relevant regions of in-
terest (ROIs) were used to compute the CNR, which is
defined as

CNR
S SA B

A B
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+
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where SA and SB are the spatial means of the image in
regions A and B, and σ A

2 and σ B
2 are the variances of

regions A and B, respectively. A higher CNR means better
visual contrast between adjacent regions A and B. For the
simulated phantom, CNRs of the lesions were measured
against the background. For the in vivo tendon data, we
evaluated the CNRs between the tendinosis-affected and
healthy tendons, and between the torn tendons and

tendinosis-affected tissues. To do so, the healthy tissue,
tendinosis-affected regions and torn regions of the patel-
lar tendons were manually segmented in B-mode US
images obtained from log compression at −13-dB gain,
which was used by the physician M.B. while imaging the
tendons for diagnosis.

The metrics were measured for US images pro-
cessed by the three TMOs previously mentioned, as well
as conventional log compression at 0 dB (no gain adjust-
ment) and the optimal gain assessed through visual
inspection (–17 dB for the simulated phantom and −13 dB
for tendon images). To ensure the quality of evaluation,
averaged values of the metrics from all relevant images
were reported for the in vivo scans. One-way analysis of
variance and multiple comparison tests were performed
for the in vivo scans with respect to each metric.

RESULTS

Simulated phantom image
The results of different dynamic range reduction tech-

niques are illustrated in Figure 2, where both Reinhard and
Drago TMOs have visibly increased the lesion contrast as
well as that of the point scatterers in comparison to the
log-compression technique. On the contrary, the image con-
trast with the Durand TMO appears to be the weakest
among the three HDR methods. To confirm the observa-
tion, the detailed quantitative evaluations listed in Table 1
were made. The evaluations revealed that all TMOs im-
proved the structural fidelity and image entropy of the LDR

Fig. 2. Different tone mapping operators for the simulated phantom. Tone-mapped results are depicted together with the log-
compressed images at 0 and −17 dB.
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images, whereas only Reinhard and Drago TMOs effec-
tively improved the CNRs of the majority of the lesions
except the cyst lesion in region 1. The CNRs measured
for the Durand TMOs appear to be worse than the rest of
the groups. Both qualitatively and quantitatively, Reinhard
and Drago TMOs are better choices for reproducing image
detail from Hilbert-transformed RF data. Note that lesion
6 (bottom right lesion) appears larger than its real size and
also has a blurry boundary because of convergence of the
ultrasound wave at high depths (i.e., large point spread
function).

In vivo tendon images
To qualitatively assess performance of the tone

mapping operators, we visually compared the results from
different tone mapping operators against the log-
compression images at 0 and −13 dB for three patients’
patellar tendons. Patient A, as illustrated in Figure 3, had

moderate tendinosis without tear, whereas patients B and
C, as illustrated in Figures 4 and 5, had moderate tendinosis
with small tears in the tendon. Without dynamic range com-
pression, only the bright signals at tissue interfaces (e.g.,
at bone surfaces) can be displayed (top left of Fig. 4). Dif-
ferent log-compressed images were then generated from
the RF signal and visually inspected by M.B. to provide
the best contrast for diagnosis. A −13-dB level of log com-
pression (illustrated in Figs. 3–5) was found to provide
optimal image quality. The second rows of Figures 3–5
illustrate the results of different TMO techniques. By visual
inspection, the Reinhard and Drago TMOs substantially
improved overall image contrast and that of the patholo-
gies. Compared with the other two techniques, the Durand
TMO better preserved image detail even in the hypo-
echoic regions of the image, but at a slight cost of the
contrast of the tendon pathologies. To confirm the visual
evaluation, we measured the structural fidelity, image
entropy and CNRs between healthy and tendinosis-
affected tissue, as well as between the tear and tendinosis,
for all 22 US images, and their averaged values are re-
ported in Table 2. With all 22 sets of scans, one-way
analysis of variance and multiple comparison tests re-
vealed that in terms of structural fidelity, all three TMOs
outperformed the log-compression techniques (p < 0.05),
with the Durand TMO achieving the highest score.
Reinhard and Drago TMOs ranked first and second in the
measurement of image entropy (or image texture) among
the group (p < 0.05), but the results of the Durand TMO
did not statistically differ from those of log compression
at −13-dB gain. In terms of CNRs between the healthy and
tendinosis-affected tissues, the Durand method is signifi-
cantly worse than the Reinhard and Drago methods

Table 1. Evaluation of all intensity range reduction
techniques on the simulated phantom: SF, image
entropy and contrast-to-noise ratios of regions 1–6*

Log(0 dB) Log(−17 dB) Reinhard Drago Durand

SF 0.5301 0.6185 0.7850 0.8278 0.8377
Entropy 6.2667 6.5394 7.1248 7.1435 6.9307
CNR1 3.5430 3.8950 3.3496 3.1899 2.0005
CNR2 1.3855 1.4527 1.5304 1.5174 0.6740
CNR3 2.8023 2.9464 3.0962 3.0700 1.3453
CNR4 3.9351 4.1271 4.5571 4.6188 1.8398
CNR5 8.0562 8.7449 11.4429 9.3000 3.2145
CNR6 10.9338 11.7368 13.2426 9.3740 5.1461

SF = structural fidelity; CNR1–CNR6 = contrast-to-noise ratios of regions
1–6.

* The highest values are in boldface.

Fig. 3. Different tone mapping operators for patient A. Tone-mapped results are depicted together with the image without in-
tensity compression and log-compressed images at 0 dB and −13 dB. Segmentations of tendon pathologies are shown on the

right in the top row.

ARTICLE IN PRESS
High-dynamic-range US ● Y. Xiao et al. 5



(p < 0.05), with no difference from the log-compression
results at 0 and −13 dB. For the CNR between torn and
tendinosis-affected tissues, the Durand method underper-
formed the Reinhard method, Drago method and log
compression at −13 dB (p < 0.05), but did not differ from
log compression at 0 dB. Although there were no statis-
tical differences among the group when the Durand
technique was excluded, the average CNRs of the Reinhard
and Drago TMOs are higher than the rest. Based on both
qualitative and quantitative evaluations, the Reinhard and
Drago techniques were optimal for tendon imaging.

Fig. 4. Different tone mapping operators for patient B. Tone-mapped results are depicted together with the image without in-
tensity compression and log-compressed images at 0 dB and −13 dB. Segmentations of tendon pathologies are shown on the

right in the top row.

Fig. 5. Different tone mapping operators for patient C. Tone-mapped results are depicted together with the image without in-
tensity compression and log-compressed images at 0 dB and −13 dB. Segmentations of tendon pathologies are shown on the

right in the top row.

Table 2. Mean SF, image entropy and contrast-to-
noise ratios between healthy and tendinosis tendons
(CNRht) and between torn and tendinosis tendons
(CNRtt) for all intensity range reduction techniques*

Log(0 dB) Log(–13 dB) Reinhard Drago Durand

SF 0.8926 0.9362 0.9493 0.9582 0.9681
Entropy 7.3196 7.5308 7.7013 7.8179 7.5320
CNRht 1.7391 1.7911 1.8602 1.8490 1.3411
CNRtt 1.5506 1.6318 1.6396 1.6440 1.3173

SF = structural fidelity.
* Highest values are in boldface.

ARTICLE IN PRESS
6 Ultrasound in Medicine & Biology Volume ■■, Number ■■, 2018



DISCUSSION

We used structural fidelity to evaluate the quality of
tone mapping because the commonly used structural sim-
ilarity (SSIM) index (Wang et al. 2004) can be affected
by variations in dynamic ranges (Yeganeh and Wang 2013)
and, thus, is mostly used for LDR images. Still rarely used
in the medical domain, this metric has also been em-
ployed successfully to assess windowing setting for
visualization of CT scans (Yeganeh et al. 2012). After
review of images at different gains, the best contrasts were
selected at gains of −17 and −13 dB for the simulated
phantom and tendon images, respectively. By examining
the structural fidelity and image entropy for log-compressed
images in the range [–50,0] dB with a step size of 1 dB,
we found that structural fidelity and image entropy reach
maximum values at −17 and −16 dB for the phantom and
at −13 and −12 dB for the in vivo data. These are consis-
tent with the visual inspection and the choice by the
physician.

Previously, there have been other attempts to augment
the dynamic range and improve image resolution of B-mode
ultrasound signals by using the filtered-delay multiply and
sum (F-DMAS) beam-former (Matrone et al. 2015; Ramalli
et al. 2017), but these techniques still require signal com-
pression and gain adjustment. In comparison, our technique
focuses on mapping of the beam-formed signals to improve
visualization. Compared with the rest of the dynamic range
reduction methods tested, the Durand TMO provided the
best tone mapping quality in terms of structural fidelity
measures. This is evidence that it is capable of even pre-
serving speckle patterns in the darker regions from the log-
compression images at 0 dB in Figures 3, 4 and 5. However,
it failed to improve the image contrast of the lesions in
the simulated phantom and tendon pathology. This may
largely be due to the fact that, unlike conventional pho-
tographs of natural scenes, US images are composed of
speckle patterns, which are characteristic with respect to
the tissue’s biophysical properties and the surrounding en-
vironment. Although in some problems, speckles are often
regarded as noise and are subject to reduction, the pat-
terns can be helpful in certain scenarios. For example, as
the tendons are structures composed of tight collagen fibers,
in US images, they appear more texturized in the healthy
state. Although the TMO helps to enhance structural detail,
the speckles are also emphasized. Thus, both the re-
stricted room for tissue contrast increase due to the limited
dynamic range of the display and the enhanced speckles
contributed to the low CNR measurements. Yet, by visual
inspection of Figures 3–5, the contrast of the tendinosis-
affected tissue and small tears is still stronger than that
of the log-compressed images at 0 dB.

Although direct analysis of raw RF signals (e.g., image
segmentation) can further facilitate tissue classification,

the introduced HDR US is not intended to offer such high-
level interpretation, but to improve the image display that
fully exploits the RF signal in comparison to the conven-
tional method. As a result, unlike direct analysis, its
performance is not affected by such factors as the com-
plexity of image content and image characteristics (e.g.,
noise level). However, qualitative and quantitative anal-
ysis can be conducted on the HDR US. Unlike HDR
photography, where a series of images taken at different
exposures are required, the Hilbert-transformed RF signals
from the ultrasound scanner inherently contain the full
image detail with extended intensity range. Thus, with
access to the RF data, fusing US scans from different gain
settings is exempt, and this is especially advantageous in
terms of operational and computational efficiency. There-
fore, it does not reduce the imaging frame rate. With current
computational advancements, it is easy to replace the ex-
isting log compression with suitable TMOs to enhance the
displayed images, without the constant need to re-adjust
image gains. Moreover, additional image processing, such
as de-noising (Coupe et al. 2009), can be performed in com-
bination with the tone mapped images to further enhance
image quality.

For this study, we focused on in vivo tissue, as it is
more relevant in the clinic, but the method can also be
applied for imaging ex vivo tissue for certain studies.
However, as ex vivo tissue exhibits altered biomechani-
cal and acoustical properties, further evaluation is needed
to assess the performance of HDR US in the relevant ap-
plications. To illustrate the performance of HDR US, we
employed objective metrics that were used to assess the
level of image detail and image quality. The limitations
of this study lie in the relatively small patient cohort and
the lack of correlation between the metrics and clinical
assessments. However, the latter requires a larger group
of clinicians and more elaborate study protocols. In the
future, we intend to conduct more thorough studies on the
clinical impacts of the introduced method. More specif-
ically, we will compare HDR US against the conventional
log-compression method in terms of qualitative diagno-
sis and quantitative assessment of lesion size based on a
large group of clinicians with various levels of experi-
ence and more patient data while using corresponding MRI
scans as the reference.

CONCLUSIONS

We proposed to employ HDR processing on US
imaging for the first time. Through assessments with ob-
jective image quality metrics and visual inspection using
a simulated phantom image and in vivo images of patel-
lar tendon pathologies, we found that HDR US can enhance
anatomic detail and texture, as well as improve the
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contrast of tendon pathologies in comparison with con-
ventional US. Of the three popular HDR processing
techniques tested, the Reinhard (Reinhard and Devlin 2005)
and Drago (Drago et al. 2003) TMOs outperformed the
Durand TMO (Durand and Dorsey 2002). The proposed
technique does not require manual gain adjustments and,
as such, can potentially result in more convenient and less
user-dependent sonography. It can potentially help estab-
lish B-mode US in longitudinal studies. Besides tendon
imaging, the benefits of HDR US may also be easily ex-
tended to other applications. With further investigation of
its clinical performance using a larger cohort of patients
and physicians, the proposed HDR US could have great
potential in enhancing the diagnostic value of
ultrasonography.
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