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Abstract
Over the last five decades bone ultrasound has been extensively used to give new understanding into 
bone. However, the actual contribution of ultrasound to bone disease treatment in clinical practice 
remains relatively limited.

This review aims to resolve why ultrasound has not been established as a clinical tool to diagnose 
or treat bone disease. An overview of published ultrasonic techniques used on bone at key sites in 
osteoporosis and osteoarthritis is provided to investigate applicability of ultrasound in a clinical 
setting.

An electronic literature search was conducted via MEDLINE and Embase to identify publications 
utilizing bone ultrasound. After removing duplicates, abstracts of 2,951 articles were screened, and 
64 articles that met the inclusion criteria, based on abstracts, were selected. Full text of all selected 
articles was evaluated based on inclusion criteria and ten articles met the inclusion criteria.

Even though a substantial amount of research has been conducted in the field of bone ultrasound, 
these techniques are not frequently used in clinical practice. The published literature comprises 
an inclusive toolbox for future work towards clinically applicable ultrasonic techniques, yet no 
integrated ultrasonic technique exists that could be directly utilized in the clinic at all bone disease 
critical sites. The ultimate challenge for the implementation of ultrasonic techniques on the key sites 
is to adapt the current techniques to in-vivo measurements and to ensure that they can produce 
reliable results for different population groups. Accordingly, this highlights the necessity of extensive 
validation of each specific integrated system and rigorous clinical trials.
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Introduction
Assessing bone quality is one of the key factors in the diagnosis and treatment of different bone 

disease including osteoporosis and osteoarthritis. Mechanical behavior of bone (i.e. bone stiffness, 
bone brittleness, bone porosity) and geometrical characteristics of bone (i.e. cortical thickness, 
femoral neck length) are the most important factors to measure in assessing bone strength [1,2].

Osteoporosis is a debilitating disease that makes bones to become weak and fragile and affects 
200 million people worldwide [3,4]. Unfortunately, half of people with osteoporosis are only 
diagnosed and treated because they suffer a fracture, which could have been potentially prevented 
by earlier diagnosis and treatment. The Dual X-ray Absorptiometry (DXA) Bone Mineral Density 
(BMD) criteria for diagnosing osteoporotic patients are not sensitive enough, as more than 50% 
of old women with osteoporotic fractures do not encounter the BMD criteria measurements for 
osteoporosis [5-9]. It is clear that there are important factors for assessing bone health that are not 
part of DXA measurements, which include structural parameters such as cortical thickness and 
porosity, together with material properties [10,11].

Bone health assessment, especially at the femur, is important for decision making in osteoarthritic 
patients. Osteoarthritis (OA) which affects the hips is the most common form of arthritis [12]. In 
some people, the harm and pain in the hip may be extremely severe to permit hip replacement 
surgery. In cementless joint replacement, the stiffness and strength of bone are critically important. 
An implant must be inserted with enough force to ensure a stable “press-fit”, without too much 
force that could fracture the bone. Both the stability of the press-fit and the likelihood of fracture are 
dependent on the bone quality [13-15]. In addition, in the longer term after the operation, differences 
in the stiffness of the implant and bone can cause thinning of the bone around the implant, a process 
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called stress shielding [16]. Therefore, assessing the bone mechanical 
properties can improve the outcome of orthopedic operations in the 
short-term and long-term and reduce the risk of failure [17].

Ultrasound is an imaging technique which is non-invasive and 
portable with low machine manufacturing costs [18]. Utilizing 
ultrasound for bone assessment has been discussed since the 1950s 
[19]. Ultrasonic wave speed and attenuation are affected by the 
medium they travel through [20]. Therefore, the geometrical and 
mechanical properties of bone can, in theory, be quantified by a pair 
of transducers which respectively emit and receive the ultrasonic 
waves [21,22], although the complexity of the interaction means that 
the relationship between the measured signal and the underlying 
properties is not straightforward, making extracting the bone 
properties a challenge.

Characterizing the bone quality using ultrasound has been 
investigated extensively at different sites, especially at the calcaneus. 
A number of quantitative ultrasound techniques at the calcaneus are 
being utilized in a number of clinics for assessing fracture risk, where 
DEXA is not available [23]. However, this method is not recommended 
as a diagnosis tool yet, according to the NICE guidelines in the UK 
[24]. Bone mechanical properties can be different at various sites [25]. 
Therefore, there is a need for a device to accurately measure the bone 
strength at high risk sites in bone disease (i.e. the forearm, proximal 
femur and vertebrae).

Ultrasound techniques would appear to have many advantages 
over existing bone assessment techniques: They are relatively low in 
cost, non-invasive, portable and avoid ionizing radiation. However, 
despite a large amount of research and the release of several systems 
onto the market, ultrasound devices have not been adopted widely 
into healthcare [23,24]. Therefore, the aim of this review is to evaluate 
the technology readiness and effectiveness of the currently available 
ultrasound techniques in assessing bone health in clinically relevant 
scenarios.

Method
An electronic literature search of all articles published up until 

January 2020 was conducted via MEDLINE and Embase to identify 
publications utilizing ultrasound for assessing the bone. The search 
included MEDLINE and Embase using the keywords (*ultrasound 
[Abstract] OR ultrasound [Abstract] OR ultrasound* [Abstract]) 
AND (*bone [Abstract] OR bone [Abstract] OR bone*) AND 
(*rigidity [Abstract] OR stiffness [Abstract] OR stiffness* [Abstract] 
OR *elasticity [Abstract] OR elastic it* [Abstract] OR *strength 
[Abstract] OR *thickness [Abstract] OR thickness [Abstract] OR 
porosity [Abstract] OR poros* [Abstract]) in December 2019. There 
was no limitation in terms of publication date. Only studies that full 
texts published in English are included in this search.

Ultrasound has been utilized extensively to assess bone quality at 
different bones in different parts of the body. However, site-specific 
measurements have been proven to have the highest predictive power 
[26]. Therefore, the focus of this review is on studies that have utilized 
ultrasonic techniques to assess the bone quality at the main sites for 
osteoporosis and osteoarthritis (i.e., hip, forearm, and vertebrae) [27]. 
Therefore, this review considered original papers on assessing bone 
quality using ultrasound at fracture sites including the forearm, femur 
and vertebrae. Studies that measured bone quality at other sites (e.g., 
calcaneus, tibia, etc) or from cadavers were excluded. Selected papers 
were assessed in terms of the ultrasound classes and the frequency 

range. Furthermore, the outcome of the studies and their applicability 
for utilizing as a clinical method and limitations were investigated.

Results
A total of 1,711 articles were identified from MEDLINE and 

2,383 articles from Embase. Duplicates were removed, abstracts of 
3,029 articles were screened, and 69 articles that met the inclusion 
criteria based on abstracts, were selected (Figure 1). Full texts of all 
remaining articles were evaluated based on inclusion criteria. Only 
10 articles met the inclusion criteria (Table 1). The included papers 
covered a range of studies utilizing both transverse transmission and 
axial transmission techniques at the forearm and femur. Eight studies 
measured bone quality at the forearm and two studies determined 
bone quality at the femur using in vivo ultrasound. Four studies 
utilized axial transmission techniques whereas six studies used 
transverse transmission techniques. Three studies investigated the 
geometrical parameters of bone and six studies explored the material 
properties of bone.

Transmission techniques
Based on the included studies, ultrasound techniques can be 

broadly divided into two classes by their specific arrangement 
of transducers: Transverse transmission techniques and axial 
transmission techniques. In transverse transmission techniques, 
a pair of transducers typically faces each other on two positions 
of a skeletal site and the mechanical behavior of the skeletal site is 
estimated based on the Broadband Ultrasonic Attenuation (BUA) 
and Speed of Sound (SOS) [28-31]. The signal transmission through 
the bone in response to an ultrasonic excitation is compared against 
a calibration signal which has been transmitted through water or any 
other known reference medium and the speed of sound is measured.

Axial transmission techniques or guided wave techniques utilize a 
specific configuration of transducers placed along the long bone axis. 
Transducers generate and receive guided waves through the cortical 
bone [1,32,33]. Guided waves are mechanical stress waves that 
propagate through the long bones within the structural boundaries 
and are, in some cases, highly sensitive to changes of cortical thickness.

In the last two decades, research into characterizing bone strength 

Figure 1: Review flow chart (Prisma 2009).
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Reference Method (Numerical/
Experimental/Both)

Experimental 
method Wave type Frequency Anatomical 

position Outcomes Limitations

[32] Experimental Phantom/In-
vivo/Ex-vivo

Guided 
waves

0.4-1.6 
MHz Radii

Introduced a new technique that 
utilised inversion method based on 
genetic algorithm using multi-mode 
guide waves with blind mode-order.

Their algorithm does not work in the 
case of soft tissue thickness is more 
than 10 mm. The probe should be 
perfectly aligned with long bone.

[1] Experimental Phantom/In-
vivo

Guided 
waves

0.4-1.6 
MHz Radii

Introduced new technique to 
measure the thickness and porosity 
of cortices in long bones.

Their algorithm does not work in the 
case of soft tissue thickness is more 
than 10 mm. The probe should be 
perfectly aligned with long bone.

[45] Experimental In-vivo Guided 
waves

0.4-1.6 
MHz Radii

Technique which was introduced 
in [1] was utilised to assess the 
relationship of ultrasound results 
on Radii with traumatic and non-
traumatic fractures and BMD.

Their algorithm does not work in 
the case of soft tissue thickness 
is more than 10 mm. The probe 
should be perfectly aligned with 
long bone. Although there are 
significant differences between the 
results of traumatic fractured, non-
traumatic fractured and healthy 
participants, the average values are 
not very different. More studies with 
bigger sample size are necessary 
to validate the predictability of the 
device.

[33] Experimental In-vivo Guided 
waves 400 kHz Tibiae/Radii

This study discriminated subjects 
with fracture history from non-
fractured by introducing a low 
frequency axial transmission 
ultrasound. The study showed 
that speed of the sound in axial 
transmission can better distinguish 
fractured with non-fractured subjects 
compared to other techniques such 
as DXA and peripheral Quantitative 
Computed Tomography.

Data are not on bone status at the 
fracture time. Fractured group was 
very small.

[47] Experimental In-vivo Transverse 
waves 5 MHz Femora

Utilised radiography to measure the 
thickness of cortex and the estimate 
the mechanical properties based on 
Time of Flight (ToF).

The method needs radiography 
which is invasive and not accessible 
in all health centres. The thickness 
measurement with radiography 
may not be very accurate. The 
effect of accuracy in the thickness 
measurement on characterised 
bone material properties should be 
investigated.

[29] Experimental In-vivo Transverse 
waves

600/550 
kHz Femora

A QUS device was developed in 
order to measure bone quality in-
vivo at the proximal femur. QUS 
measured transmitted and reflected 
signals. Furthermore, scattered 
signals from the inner layers of the 
bone were measured. Though, 
validity of these signals has not 
yet been assessed. The quantified 
material properties were validated 
against BMD results from DEXA 
which is not accurate in all cases.

Device is very big which is not 
clinically applicable in this setting. 
Device includes water bath, which 
can be replaced with ultrasonic gel 
which is more clinically applicable. 
The device was able to assess the 
trabecular properties of femoral 
head. Therefore, cortical bone 
thickness and material properties 
were not considered. The quantified 
material properties were validated 
against BMD results from DEXA 
which is not accurate in all cases.

[30] Experimental In-vivo Transverse 
waves

Not 
mentioned Tibiae/Radii

The speed of sound in tibia and 
forearm was compared between 
normal and obese children which 
was not significantly different 
between two groups. Bone strength 
that was measured with developed 
QUS was lower in children with 
obesity. However, the severity of 
obesity did not affect the results.

Bone strength was just considered 
as the only factor which affects the 
speed of sound; however, different 
factors (e.g. cortical thickness, 
cortical properties and trabecular 
properties) are the factors that 
affect both bone strength and 
speed of sound. The device 
specifications were not mentioned 
comprehensively in the manuscript.

[31] Experimental In-vivo Transverse 
waves 5 MHz Radii Elasticity of cortical bone was 

calculated using speed of sound.

It is necessary to measure BMD 
using DEXA as well as speed 
of sound with ultrasound. It is 
necessary to have radiography 
from the same patients in order to 
measure the geometry of cortical 
bone. Method is not validated.

Table 1: Included studies, methodologies, measured values, and disadvantages of the method.
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has increasingly focused on pulse-echo techniques [29,34], i.e., those 
where an ultrasonic wave is both transmitted and received at the same 
location. This is in part due to the successful use of parameters that 
are based on ultrasound reflections. Since ultrasound waves are easily 
scattered by small particles, the inhomogeneous structure reflects 
ultrasound to an extent that is significantly dependent on its structure 
[35]. In a study by Barkmann et al. [29] a pulse-echo technique was 
utilized to assess the mechanical properties of trabecular bone at the 
femoral head and the results were compared against BMD.

The transverse transmission technique has been utilized in 
cancellous bone at the distal radius and a pulse-echo technique has 
been utilized more recently in order to evaluate the quality of bone 
at the femoral head [36,37]. Amplitude and Time of Flight (TOF) 
of the transmitted signals were measured to analyze the density 
and elasticity of the bone at the femoral head and echo signals were 
analyzed to calculate bone thickness and soft tissue thickness [37,38].

Frequency range
Bone is a highly attenuating medium for ultrasonic waves. This 

means a gradual loss of flux in ultrasonic waves, which is high in bone 
compared to soft tissues. Therefore, most investigations utilized low-
frequency ultrasound in the 400 kHz to 5 MHz range.

The sensitivity of for axial transmission measured parameters to 
different frequency ranges was assessed by Muller et al. [39]. They 
concluded that the nature of the propagating waves with different 
frequencies causes the difference in the parameters that they 
can identify. Bidirectional axial ultrasonic measurement showed 
stronger correlations with bone mineral density than conventional 
measurements in the higher frequency devices. Bidirectional axial 
transmission is an ultrasonic technique which utilizes ultrasonic 
pulses transmitted in two opposite directions on a bone surface and 
the signals are received at two ends [40]. Low-frequency devices have 
shown to be more sensitive to cortical thickness. These results show 
that different frequency ranges in axial transmission approaches 
imitate different bone properties [41,42].

A study by Eneh et al. [43] investigated the sensitivity of the speed 
of sound in a radial direction to the porosity using 2.25 and 5.00 MHz 
frequencies. Although the speed of sound was changed by porosity in 
both cases, ultrasonic waves with lower frequency (2.25 MHz) were 
more sensitive to change in porosity. Consequently, a multifrequency 
technique can be the way forward in imaging various bone properties. 
Multi-frequency approaches in pulse-echo technique can reduce the 
uncertainty in the bone assessment considerably [44].

Measured parameters
The parameters measured vary in the included studies. The 

measurements include: Cortical thickness and cortical porosity 
at the forearm [1,32,45,46], cortical mechanical properties at the 
forearm [31,47], and trabecular porosity at the proximal femur [48]. 
Furthermore, three studies only compared the signals to find any 
significant difference between fractured and non-fractured groups 
[30], osteoporotic and healthy groups [28] and healthy and obese 
children [33].

Discussion
Although bone ultrasound has been vastly researched in the last 

few decades, ultrasound techniques have not become well-established 
in clinical practice yet [23,24]. Only ten out of 3,029 articles focused 
on assessing bone health at critical sites using in vivo techniques. This 
highlights the slow translation these techniques into clinical practice.

Targeted away from key sites
Ultrasound has been utilized extensively to assess bone quality at 

different bones in different parts of the body. However, site-specific 
measurements (i.e. hip, forearm, and vertebrae) [43], have been 
proven to have the highest predictive power [26]. Hip and vertebral 
fractures need a long time of care after fracture and cause life-long 
disabilities in many cases [27,49]. Hip bone health is also key in 
decision making in osteoarthritis. However, studies focused on the 
most common fracture sites/key arthritis site are few.

Eight out of ten studies in this review characterized the material or 
geometrical parameters of the forearm and two studies characterized 
the material parameters of proximal femur. Although vertebral 
fracture needs a long time of care after fracture and cause life-long 
disabilities in many cases, no study in the literature investigated bone 
quality in vertebrae using ultrasound [27,49], probably due to the 
practical difficulty in applying ultrasound techniques to the spine.

Proximal femur: Although proximal femoral fractures have the 
highest morbidity and mortality of osteoporotic fractures [27], the 
proximal femur has been investigated less using ultrasound than 
other sites. This is likely due to the proximal femoral shape being 
irregular and the bone being bounded by a huge amount of soft 
tissue. Therefore, wave propagation through the proximal femur is 
much more complex than through other critical sites. Consequently, 
more advanced signal processing techniques are required to calculate 
ultrasonic properties [50,51], and regular signal processing techniques 
to measure Quantitative Ultrasound (QUS) variables fail as a result of 
multipath transmission [50,51].

Assessing bone at the femoral neck is important in osteoporosis 
diagnosis. However, the femoral neck has an irregular shape and is 
not very accessible. Therefore, assessing bone at the femoral shaft 
would be more feasible. Alternatively, geometrical parameters of 

[28] Experimental In-vivo Transverse 
waves 5 MHz Radii

The validity of the previous study 
[10] was assessed. The combination 
of speed of sound and BMD works 
better in discriminating healthy 
with patients with osteoporosis or 
metabolic bone disease than any of 
these parameters alone.

It is necessary to measure BMD 
using DEXA as well as speed 
of sound with ultrasound. It is 
necessary to have radiography 
from the same patients in order to 
measure the geometry of cortical 
bone.

[46] Experimental In-vitro/in-vivo

Transverse 
waves 
(pulse 
echo)

2.25 MHz Tibiae and 
Radii

An in vivo ultrasonic method was 
employed to measure the cortical 
bone thickness. Furthermore, the 
appropriateness of two different 
signal processing methods (the 
envelope and cepstral methods) was 
compared. A fairly small variation in 
the SOS among participants was 
found in this research. 

The material properties of cortical 
bone were assumed to be constant 
in different subjects. However, this 
could be different as a result of aging 
or disease.
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bone at the femoral neck do not necessarily correlate with the femoral 
shaft. The mechanical properties of bone are different in the femoral 
shaft and femoral neck [52].

Therefore, the relationship between the changes in mechanical 
and geometrical properties of bone at the femoral neck and femoral 
shaft needs to be investigated. If biomechanical changes at the 
femoral neck and femoral shaft follow similar trends, monitoring 
bone properties at the femoral shaft could be helpful in assessing the 
risk of hip fracture. Otherwise, there is a need for techniques that are 
able to capture the femoral neck for diagnosing osteoporosis.

Pulse-echo techniques have been utilized to directly measure the 
Speed of Sound (SOS) through the proximal femur [29,34,48]. The 
measurement principles were similar to the other technologies such 
as forearm calcaneus ultrasound, with the size and precise structure 
of the device modified to the femur. The device includes a large water 
bath with an adaptable C-arm which surrounds the femoral area 
[29,47]. The results of this system for characterizing the mechanical 
behavior of the femur were compared against DXA measurements, 
which may not have been sensitive enough measurements of bone 
quality to compare against [53]. There is increasing evidence that 
cortical thickness and porosity, measured by computed tomography, 
are more reliable metrics of bone quality [54], and perhaps these 
should have been the metrics for ultrasound to be compared against 
in this study.

There were some other limitations of this device. The device 
required a water bath, which makes using this as an everyday clinical 
tool more challenging. Furthermore, the device is designed to assess 
the mechanical behavior of the trabecular bone at the femoral head, 
whereas the strength of the bone is also dependent on the cortical 
properties in the femoral neck [55].

Vertebrae: Osteoporotic fractures commonly occur in the 
vertebrae; however, ultrasound techniques have been rarely used to 
characterize the geometrical and material properties of vertebrae. 
Vertebrae have an irregular shape which makes diagnosing 
osteoporosis and fractures using ultrasound techniques challenging 
[56]. Pulse-echo techniques can potentially be utilized on the lateral 
side of vertebrae however, the complex shape of the vertebrae, 
especially centrally, makes signal processing more difficult [57].

Important parameters
A few studies demonstrate that cortical thickness and porosity 

at fracture sites such as the femoral neck and forearm can improve 
the identification of individuals with high fracture risk [36,58-
60]. However, there is no assessment of the importance of each 
parameter (cortical thickness, cortical porosity, trabecular porosity 
and mechanical properties) in bone strength. The strength of any 
structure (e.g. bone) is dependent on both material and geometrical 
properties. Measuring either the material properties or geometrical 
parameters can add valuable information on bone quality.

To validate the significance of quantifying the mechanical or 
geometrical properties of the bone in assessing bone quality, it 
is necessary to investigate the effect of these parameters on bone 
strength. Therefore, a parametric study on the effect of various 
material and geometrical parameters on bone strength is necessary. 
This can be performed by a numerical or finite element study on a 
validated model at various fracture sites.

Ultrasound could be useful for collecting geometrical and 

material parameters that would aid assessment of bone health [61,62].

Failure in measuring geometrical parameters: Cortical 
thickness has been recently highlighted as a key determinant factor 
of bone strength [36,58], and it has been suggested that it should be 
included in evaluation of bone quality [59]. Guided wave ultrasound 
techniques have been recently developed which aim to quantify 
the cortical thickness and porosity of forearm [1]. The guided wave 
technique involves propagating waves in long bones [63]. Therefore, 
the method is not applicable on vertebrae.

Furthermore, soft tissue thickness more than 10 mm can create 
difficulties in the optimization techniques being used [1]. Soft tissue 
thickness at the femur is normally higher than 10 mm; therefore the 
method is difficult to apply at the femur. Optimization methods need 
to be improved to be able to deal with a wider range of geometry.

Failure in measuring material properties: Bone Mineral Density 
(BMD) measurements of bone from DXA scanning are indicators of 
the material properties of bone in different subjects [64]. However, 
bone elasticity, fragility and strength are not just dependent on BMD 
[65]. Therefore, there is a need for a method to consider the material 
properties of bone (i.e. elasticity, fragility and strength), in addition to 
BMD measured by DXA.

Ultrasound can measure the elasticity of bone based on wave 
speed and density. A number of studies utilized this method to 
calculate the material properties of cortical bone at the forearm 
[28,31]. The geometry of the radius is assumed to be a cylinder. DXA 
and radiography have been utilized to measure BMD and thickness 
of cortical bone, respectively. These data, along with the speed of 
sound measured by ultrasound were utilized to assess the mechanical 
properties of cortical bone [28,31]. The results were compared against 
published values of in vitro studies, where the results in 60% of a 
diverse group of patients with bone and joint symptoms showed a 
broader range of results than results of 90% of volunteers without 
symptoms. The necessity to utilize radiography and DXA, in addition 
to ultrasound, makes this method more difficult to implement as a 
clinical technique.

Compromising between material and geometrical properties? 
New techniques have been developed to address the challenge of 
measuring both material and geometrical properties applying multi-
variable optimization algorithms. This has been achieved by different 
approaches, including pulse-echo [66-68], and multi-site axial 
techniques [69-71]. These techniques have been demonstrated ex vivo 
and have to be adopted for clinical applications to be utilized as in 
vivo techniques.

Potential solutions to the challenges
Although extensive research has been performed on the 

mechanical characterization of bone, there is still more fundamental 
research required on the bone characterization. Finite Difference 
Methods (FDM) and Finite Element Methods (FEM) can be cost-
efficient ways to investigate the best transmission techniques, wave 
modes and wave frequencies for characterizing the material and 
structural parameters of bone structure at fracture sites. Furthermore, 
parameter analysis on FDM/FEM will allow us to have better 
understanding of the effectiveness of different parameters in bone 
strength (i.e. structural and material parameters).

Micro-cracks in bone have come to attention recently as an 
important parameter in bone fracture risk in patients with bone 
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disease [65]. Micro-cracks in bone are made by daily cyclic loading 
[72]. The density of cracks typically increases exponentially with age 
and significantly increases with the beginning of menopause [73]. 
The quantity of microcracks has a significant effect on the mechanical 
properties of bone including its stiffness [74], strength [75], and 
toughness [76]. Currently there is no clinically applicable available 
method for quantifying micro-cracks. It is worth investigating 
whether ultrasound techniques could be used to quantity micro-
cracks.

Conclusion
Bone strength has been investigated using ultrasound in many 

studies in the literature. However, few of these studies focused on 
techniques that can be used for the diagnosis of osteoporosis, fracture 
risk prediction and decision making in osteoarthritic treatment. 
Studies often focused on sites that are easy to measure rather than the 
key fracture sites. Ultrasonic technology has not developed enough 
yet to assess bone at key sites (i.e. femoral neck and vertebrae) in bone 
disease.

Optimization techniques have to be improved to enable them to 
be applied to the proximal femur, a site important in both osteoporosis 
and osteoarthritis. Furthermore, wave transmission techniques need 
to be improved in order to transmit better through the soft tissue. 
There is also a need for an ultrasonic method that can cope with the 
complicated geometry of vertebrae and the femoral neck.

Most of the methods in the literature are only applicable in vitro 
and are not clinically applicable in vivo. Many techniques are relatively 
new and need further validation. Overall, the techniques have to be 
moved towards more clinically applicable and cost-effective methods.
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